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• Cluster mode particles (1–3 nm) were ob-
served in preschools.

• Candle burning produces primary cluster
mode particles.

• Indoor VOCs are the controlling factors in
production of cluster mode particles.

• Emission rate of the particles varies with
the type of the cleaning products.

• Opportunities exits to reduce exposure to
particles in preschools.
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This study is thefirst study that reports the cluster particle (1–3 nm) formation (CPF) in twomodern preschools located
in Nur-Sultan city of Kazakhstan from October 28 to November 27, 2019. The average particle number concentration
and mode diameter values during major CPF events in Preschool I and Preschool II were found to be 1.90 × 106 (SD
6.43× 106) particles/cm3 and 1.60 (SD 0.85) nm, and 1.11× 109 (SD 5.46× 109) particles/cm3 and 2.16 (SD 1.47)
nm, respectively. The ultraviolet PM concentration reached as high as 7 μg/m3 in one of the measurement days. The
estimated emission rate in Preschool I for CPF events was 9.57 × 109 (SD 1.92 × 109) particles/min. For Preschool
II, the emission rate was 7.25×109 (SD 12.4×109) particles/min.We identified primary cluster particles (CPs) emit-
ted directly from the sources such as candle burning, and secondary CPs formed as a result of the oxidation of indoor
VOCs or smoking VOCs. The secondary CPs are likely to be SOA. Indoor VOCs were mainly emitted during cleaning
activities as well as during painting and gluing. Indoor VOCs are the controlling factors in the CPF events. Changes
in the training and cleaning programs may result in significant reductions in the exposure of the children to CPs.
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1. Introduction

Ultrafine particles (particles with an aerodynamic diameter
smaller than 100 nm) in great quantities are hazardous for pulmonary
and extra-pulmonary systems such as the heart and brain through
ouei Torkmahalleh).

alleh, K. Turganova, Z. Zhigulin
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inhalation (Oberdörster et al., 2004; Slezakova et al., 2019; Rim
et al., 2017; Naseri et al., 2019). Although studies show that these
small particles contribute very little to the overall mass of particles,
they cause a greater adverse impact on human (Fonseca et al., 2014;
Morawska et al., 2008).
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Exposure to ultrafine particles (UFPs) was investigated at homes,
schools, offices and aged care facilities (Morawska et al., 2017a), and
their primary sources were identified and discussed. Moreover, a secondary
formation of UFP appears to be a significant source of secondary organic
aerosol (SOA) as a result of the reaction between O3 and volatile organic
(Slezakova et al., 2019; Sarwar et al., 2003a). However, less attention was
made to study the exposure of preschool children toUFPs, particularly SOA.

In preschools, children spend up to 7 h per day, and therefore, it is im-
portant to estimate the particle concentrations in the preschools due to
their immature respiratory systems. Preschool children are exceptionally
vulnerable to diseases caused by inhaling air pollutants. (Oliveira et al.,
2017) Moreover, due to themore frequent inhalation rate, children breathe
inmore PMmass concentration per weight in comparison to adults (Gaspar
et al., 2018).

Several studies examined the air quality in schools in different countries
(Daisey et al., 2003; Ramachandran et al., 2005; Godwin and Batterman,
2007). Chithra and Nagendra (2012) investigated the air quality in 8
schools in Chennai, India. PM analysis data indicated that the measured
values often exceeded the guidelines proposed by the National Ambient
Air Quality Standards. Indoor-to-outdoor (I/O) ratios were always higher
than 1, suggesting that the source of PM inside the classrooms were indoor
activities of occupants. Sohn et al. (Yang et al., 2009) monitored the air
quality in three different school buildings in Korea, including the measure-
ments of PMs, CO and CO2 gases, and VOCs. The concentration of PM10 in
classrooms was the highest compared to the laboratories and computer
rooms by less than 50%, while the concentration of CO2 and VOCs in the
classrooms were three to four times higher than those in the laboratories
and computer rooms, suggesting that the main source of the pollutants
were indoor activities and consequent particle resuspension. It was also
proposed that poor ventilation causes the higher PM values. Independent
studies in Portugal, Central Europe, and Turkey in elementary schools
and preschools found that the detected indoor concentrations of VOCs
were several times higher than that outdoors, suggesting that the source
of VOC was present indoors (Pegas et al., 2010; Kotzias, 2005; Sofuoglu
et al., 2011). Pegas et al. (2010) in their study discovered that when glue
and paints were used in the class, VOC concentrations increased signifi-
cantly.

Amouei Torkmahalleh et al. (2021) summarized some key findings
about indoor air quality in preschools. Morawska et al. (Morawska et al.,
2017b) studied the exposure of preschool children to PM10, PM2.5, and par-
ticle number concentrations. They found that average PM2.5 concentration
inside the preschools was 52.3 μg/m3 (comparing to the outdoor 7.60 μg/
m3), for the occupancy period and indicated that indoor sources were the
primary source of the particles. In Poland, Błaszczyk et al. (2017) investi-
gated air quality in rural and urban preschools. They found that average
PM2.5 concentrations within preschools ranged from 18.5 to 42.4 g/m3

for urban preschools and from 20.0 to 41.9 g/m3 for rural preschools, re-
spectively. Coal and wood burning in residential stoves used for heating
in cold seasons were discovered to be a source of indoor pollutants.

SOA can also contribute considerably to UFP concentration indoors. Pi-
oneers in indoor SOA observation were Wechsler and Shields (Weschler
and Shields, 1999), who stated the mechanism of SOA formation as a result
of ozone and indoor gas (D-limonene) reaction. The chemistry of “terpe-
noids” indoor gas group ozonolysis was found to result in SOA formation
(Bahreini et al., 2005; Chen and Hopke, 2010; Sarwar et al., 2003b;
Waring et al., 2011; Coleman et al., 2008; Destaillats et al., 2006;
Donahue et al., 2007; Fadeyi et al., 2013; Leungsakul et al., 2005;
Librando and Tringali, 2005; Presto et al., 2005; Sarwar and Corsi, 2007).
Terpenoids can be presented by various gases such as D-limonene
(Błaszczyk et al., 2017; Sarwar et al., 2003b; Waring et al., 2011;
Coleman et al., 2008; Destaillats et al., 2006), monoterpenes (Donahue
et al., 2007; Fadeyi et al., 2013; Leungsakul et al., 2005) and terpene mix-
ture (Librando and Tringali, 2005). Although ozone concentration is deter-
mined by the outdoor conditions, Terpenoids can be produced by the
indoor consumer products and cleaning products (Kotzias, 2005; Sofuoglu
et al., 2011; Presto et al., 2005; Sarwar and Corsi, 2007). Ones originated
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from detergents are claimed to be one of the major indoor SOA source
(Waring and Siegel, 2013; Walser et al., 2007), which can be detrimental
for the human health (Rohr, 2013; Kephalopoulos et al., 2007).

Study of Morawska et al. (2009) observed SOA formation in the
Australian school. It was found out that monoterpene from the detergent
product was a source of SOA formation, which vastly contributed to ultra-
fine particles concentration indoors. Moreover, it was highlighted that
most of the SOA precursors were found within the primary school class-
rooms, owing to the liquid materials presence used for both cleaning and
art classes. The case was identified to have a wider scope, sincemost of pre-
schools and primary schools use liquids (e.g. glue, paintings) for art activi-
ties, and detergent (Stabile et al., 2021) are used for cleaning at most types
of the educational organizations.

So far, most of the previous studies on indoor UFPs reported particle
number concentrations down to 6 nm (Bhangar et al., 2016; Mullen et al.,
2011). However, source-specific studies were conducted to examine the
size distributions of particles below 3 nm referred to as cluster mode parti-
cles. Such studies reported the production of a copious amount of UFPs
from candle burning (2.3–64 nm) (Wallace et al., 2019), gas stove particles
(2.5–20 nm) (Pedata et al., 2016), stir-frying and cleaning (1 nm-20 μm)
(Patel et al., 2020), and peeled orange (1–4 nm) (Wu et al., 2019). Newpar-
ticle formation in the range of 1–3 nm is referred to as “cluster mode” par-
ticle formation. This mode of particles was reported in urban environments
(Yao et al., 2018), and then efforts were shown to investigate new particles
in indoor environments. Ahonen et al. (2017) reported new particle forma-
tion between 1 and 2 nm in cleanrooms to be up to 105 particles/cm3 while
the sub 7 nmparticles were in the order of 104 particles/cm3, suggesting the
formation of new particles indoors in the absence of human activities.
Vanhanen et al. (2016) constantly observed particles/clusters in the size
range of 1.15–1.54 nm up to 5× 103 particles/cm3 in a laboratory without
significant emissions. In a very recent study,Wu et al. (Wu et al., 2019) pre-
sented temporal trends in the concentration and size distribution of cluster
mode particles down to 1 nm in an office with a HVAC system. They re-
ported peeling mandarins to be a strong source of cluster mode particle for-
mation in the range of 1.4 nm. Patel et al. (2020) observed the formation of
1–3 nm particles in range of 106 particles/cm3with themode size of 1.6 nm
during different cooking activities. The major source of new particles was
concluded to be ozonolysis of monoterpenes in the office. Nevertheless, fur-
ther investigations are required to understand the major sources of cluster
mode particles indoor (primary vs. secondary sources). No study so far
demonstrated the source of new particles (1–3 nm) in preschools.

This study aimed to investigate the formation of the cluster mode parti-
cles and their emission rates in two preschools (Preschool I and Preschool
II) in Nur-Sultan (Astana), the capital of Kazakhstan, and also to identify
the potential sources of such particles in the preschools. In Preschool I,
the choices of the activities were typically made by the children based on
their interests. While, in Preschool II, predefined programs were practiced
by the mentors. Thus, two different approaches were practiced in the two
preschools that could result in different source and exposure profiles.

2. Methodology

2.1. Sampling sites

Two preschools located in a residential building (20 m away from each
other) in Nur-Sultan, the capital of Kazakhstan, were chosen. The pre-
schools opened to the residential building. Preschool I had three classrooms
with some windows that could open to the outside as needed. However,
during the sampling period, given the low outside temperature, the win-
dows were closed. Preschool II had two classrooms with a connecting hall
between them. None of the windows at Preschool II could open to the out-
side. There was only a small backroom in Preschool II connected to the
classroom where the measurements took place. The backroom could be
opened to the outside as needed. The children at Preschool II were taken
out occasionally in the afternoon through the back room. The door to the
outside was not tightly closed, and therefore, there was an opportunity
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for particles to penetrate inside. There was air conditioning in the small
back room to adjust the indoor temperature.

On the west side of the residential building, a highway with mild traffic
existed. Also, an open space parking lot was located on the west side of the
building. The highway and the parking lot were closer to Preschool I com-
pared to Preschool II. A dedicated smoking zone existed on the north side of
Preschool II at 5mdistance from the back door of Preschool II. People resid-
ing in the residential building, as well as the surrounding buildings, fre-
quently smoked during the sampling period from morning till the evening
time. This smoking zone was occupied frequently by approximately 5 to 6
persons per half an hour.

A combustion unit was located approximately 1 km away at the north
side of the two preschools to provide heating for several commercial sectors
near the preschools. Fig. S1 shows the locations of the two preschools, the
highway, and the parking lot.

The measurements in Preschool I were conducted from October 28 to
November 1, 2019 and November 16 and 17, 2019 (for background mea-
surements). In total, five days of weekdays and two days of a weekend
(for the backgroundmeasurements) were spent for the experiments. In Pre-
school II, monitoring was performed for 9 days from November 18 to No-
vember 27, 2019 including Sunday, November 24, 2019 (for the
background measurement).

2.1.1. Preschool I
The sampling was conducted in a classroom where a higher population

of children were present, and the children spent most of their time in that
room. The volume of the room in preschool I was approximately 30.6 m3.
There were two windows in the room. Typically, daily activities included
playing, dancing, drawing, eating breakfast and lunch, microwaving,
cleaning the floor using a vacuum cleaner, dust cleaning from tables and
chairs, etc. Briefly, in Preschool I, during the morning, the children played
with cards and pieces, did gluing, painting, etc. and before noon, they
danced with music and blew off some candles. During noontime, the chil-
dren left the preschool facility to a nearby gym. Approximately at 1 pm,
they returned to the preschool and ate their lunch meals which were al-
ready heated in the microwave by the mentors. In the afternoon, the kids
again played games, and occasionally the birthday cake was served, and
birthday candles were blown off. Children in the range of 2 to 6 years old
were admitted to Preschool I. The approximate total number of people in
the room, including kids and mentors, was 18. The measurements were
conducted during the working hours from 9:30 am, when children usually
came to the preschool, to 4:00 pm, when children left the facility. Fig. S2
shows the location of the instruments inside Preschool I.

2.1.2. Preschool II
The detailed information about Preschool II is found in the supplemen-

tary materials.

2.2. Measurements and instrumentation

2.2.1. Indoor monitoring
The instruments inside the classroomwere placed about 1 m away from

the window and about 1 m high from the floor, at the breathing zone of the
children. Figs. S2 and S3 show the indoor sampling locations in Preschools I
and II, respectively.

2.2.1.1. Preschool I. Indoor temperature, RH, CO, and CO2 were monitored
using IAQ-Calc™ Indoor Air Quality Meter (Model 7545, TSI, USA) with
one-minute logging intervals. A Scanning Mobility Particle Sizer (SMPS)
(Model 8533, TSI, USA) was utilized in this study to investigate the particle
number size distribution. The SMPS was equipped with a Nano (short)
DMA. The reading intervals of SMPS were 75 s, including 60s scan time
and 15 s for purging. The maximum total particle concentration detectable
by SMPSwas 107 particles/cm3, according to themanual of the instrument.
When the short DMA was used, the size range of the SMPS was adjusted
from 1 nm to 10 nm. A Condensation Particle Counter (CPC) (Model
3

3007, TSI, USA) with 1 min logging interval was used in this study to
count the particles larger than 10 nm. In this case, total particle number
concentrations from 1 nm to the upper size of CPC were estimated. The
CPC measures the total particle number concentration up to 10-
5 particles/cm3. However, for concentrations larger than this value shown
by the CPC, a correction equation was applied (Eq. (1)).

y ¼ 6� 10−19x4 − 10−12x3 – 4� 10−8x2 þ 0:9xþ 9660:1 (1)

where x is the cpc measured concentration above 1.00 × 105 particles/
cm3, and y is the corrected concentration (particles/cm3).

2.2.1.2. Preschool II. Supplementary material presents the measurements
and instrumentation regarding Preschool II.

2.2.2. Outdoor monitoring

2.2.2.1. Preschool I. An integrated air quality monitoring station (Model
AQS1, Aeroqual, New Zealand) was installed at the west side of Preschool
I, 2 m away from its window, to monitor nitrogen dioxide (NO2) and
ozone (O3) concentrations. Meteorological data, including wind speed,
wind direction, outdoor temperature, and RH were recorded by AQS1
and were accessible with 1 min logging intervals through a cloud system.
The recommended operating temperature by the manufacturer of the
AQS1 was −10 °C. However, during the monitoring period in Preschool
I, the outdoor temperature in Nur-Sultan was higher than−10 °C.

2.2.2.2. Preschool II. The detailed information about Preschool II is found in
the supplementary materials.

2.3. Cluster particle formation (CPF)

In this study, a CPF event refers to when particles smaller than 3 nm are
produced. However, if the concentrations of the sub-3 nm particles are
above 106 particles/cm3 it is considered a major CPF event. If the concen-
tration is less than 106 particles/cm3, it is considered a minor CPF event.

2.4. Indoor air exchange rate and emission rate calculation

The air exchange rate was calculated using the CO2 decay period with
the following equation:

Ln
Cin,t − Cin,bð Þ

Cin,max − Cin,bð Þ ¼ −AER∗t (2)

where AER (air exchange rate) is the negative slope obtained from the

graph of Ln Cin,t−Cin,bð Þ
Cin,max−Cin,bð Þ versus time (in min).

Cin and Cin,0 represent the peak and initial (background) indoor CO2

concentrations, respectively, and t is the time difference between initial
and peak concentrations. AER is the air exchange rate (as obtained through
the CO2 decay test).

Emission rate was calculated using the following formula, which was
applied in several papers for calculating emissions rates for different indoor
sources (Amouei Torkmahalleh et al., 2018; Wallace et al., 2004):

LnΔC ¼ Ln
S

V aþ kð Þ þ Ln 1 − exp − aþ kð Þtð Þ½ � (3)

whereΔC represents the difference of themeasured indoor and background
concentrations, (a + k) is the decay rate, calculated from the Eq. (4).

Ln
Cin,t − Cin,bð Þ

Cin,max − Cin,bð Þ ¼ − aþ kð Þ ∗ t (4)

Cin and Cin,0 represent the peak and initial (background) indoor particle
concentrations, respectively.
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The y-intercept of the graph LnΔC versus Ln[1 − exp (−(a + k)t)]
is Ln S

V aþkð Þ. Value of S, emission rate, is calculated. Eq. (3) is a simplified

form of the mass-balance equation and assumes a constant emission rate,
removal rate, and air exchange rate over the time of Δt. Furthermore,
Eq. (3) ignores the coagulation of the particles, and thus, the estimated
emission rate is considered as the lower limit of the emission rate in the pre-
schools. The emission rate was estimated for the size range of 1–30 nm.
3. Results

In this section, the particle number concentration values shown by the
counter plots were created using SMPS data. The figures presenting total
particle number concentrations were plotted using both CPC and SMPS
readings.
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3.1. Preschool I

Fig. 1a shows the contour plot for October 30, 2019. This figure shows
the production of a copious amount of small particles (smaller than 3 nm)
throughout the day from 9:30 am to 3:30 pm suggesting the sustained pres-
ence of the precursors of the new particles. Fig. 1a also shows a significant
increase in the particle number (PN) concentration for particles larger than
3 nm around 11:42 am attributed to the candle burning. However, the can-
dle events did not dominate the measured total particle number concentra-
tion and particle mode diameter, suggesting that a different source rather
than combustion (candle burning) was present throughout the day that pro-
duced a copious amount of small particles.

Figs. S5 and S6 present the total particle number concentration (from
1 nm to 1 μm, combined SMPS and CPC) and particle mode diameter
(1–30 nm, only SMPS) with time, respectively, on October 30, 2019. The
average total particle concentration and the average mode diameter were
, nm

6 7 8 9 10 11

ents conducted on October 30, 2019, and particle number size distribution (Fig. 1c)
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2.81 × 106 (SD 9.90 × 105) particles/cm3 and 1.32 (SD 0.14) nm, respec-
tively.

Fig. 1a demonstrates a continuous major CPF event in Preschool I as the
average particle mode diameter was 1.32 (SD 0.14) nm. Significantly high
concentrations of the sub-3 nm particles were observed such that the con-
centration of the new particles (1–3 nm) was on average 2.81 × 106 (SD
0.99 × 106) particles/cm3. While most of the particles produced during
candle burning were higher than 3 nm, particles between 2 and 3 nm
were also observed during the candle event. Nucleation of particles larger
than 3 nm in the order of 104 particles/cm3 was also observed between
12 and 12:30 pm when the mentors microwaved the children's lunch.
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Fig. 1c shows a unimodal particle size distribution with a mode diameter
to be at 1.32 nm. At that period, the CPF event was observed.

We also observed the continuous major CPF event on October 29, 2019
(the whole day) (Figs. 2a, S7, and S8). Two nucleation events due to candle
burning events were observed at 11:53 am and 1:24 pm on October 29,
2019. On this day, the average particle number concentration andmode di-
ameters were 1.11 × 106 (SD 1.83 × 106) particles/cm3 and 1.41 (SD
0.33) nm, respectively. The morning candle burning was practiced every
day during the candle game, while the occasional afternoon candle burning
was because of the birthday celebration of the children. Fig. 2c shows a
unimodal particle size distribution with a mode diameter to be at 1.25 nm.
 nm

6 7 8 9 10 11

cted onOctober 29, 2019, and particle number distribution (c) for October 29, 2019,



Fig. 3. The contour plot (a) and the ozone concentration (b) for the measurements conducted on October 31, 2019, 2019.
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The CPF event became less visible and discontinued on October 31,
2019, as shown by Figs. 3a, S10, and S11 (the contour plot, variations of
particle number concentration, and particle mode diameter with time, re-
spectively). On this day, two nucleation events were observed at approxi-
mately 11 am, and 11:55 am, consistent with the previous days. Particles
from the candle burning nucleated with the average mode diameter larger
than 3 nm (on average 4.8 (SD 2.83) nm). However, particles down to 2 nm
were observed consistent with the observations reported by Wallace et al.
(Wallace et al., 2019). In this study, the particle mode diameter was
24 nm in the morning (Fig. S11) in the absence of any particular source.

Fig. 3a shows the production of a significant number of particles from
the candle burning around 11:53 am that grew to larger sizes with time
until 1 pm. However, the concentration of these particles decreased with
time, creating a banana shape trend. This banana shape could be attributed
to the coagulation of the candle particles with time, particularly from 12 to
1 pm, when no indoor activities were conducted. This particle growth with
time coincided with decreases in particle number concentration. Similar
observations were made for other days in this study such that a banana
shape trend in particle diameter was observed for candle burning particles
around noon (Figs. 1a and 2a).

The presence of secondary organic aerosol (SOA) in an indoor environ-
ment has been well explained (Weschler and Carslaw, 2018). Literature re-
ports that usually, the diameter of such particles is less than 500 nm
(Weschler and Carslaw, 2018). Very recently, Wu et al. (2019) observed
new particle formation (NPF) events in an office and concluded that the
major source of new particles was ozonolysis of monoterpenes in the office.
To better understand if the newparticles observed in this study are SOA,we
studied the variations of outdoor ozone concentration during CPF and non-
CPF events. We examined the outdoor ozone concentrations during several
days of this study. Fig. 1a and b shows that CPF occurred throughout the
day on October 30, 2019, when the ozone concentration was on average
47.27 (SD 11.13) ppb (below 50 ppb in the morning and also above
50 ppb in the afternoon). On October 29, 2019, the ozone concentration
was relatively higher than the ozone concentration on October 30, 2019.
It varied between 50 and 60 ppb during the day with an increasing trend
from the morning to the afternoon. Again, CPF was observed the whole
day on October 29, 2019, similar to October 30, 2019. However, the ob-
served concentration of the particles was lower on October 29 compared
to the October 30, 2019 (1.26 × 106 (SD 0.19 × 106) particles/cm3)
6

even the ozone concentration was higher (54.25 (SD 2.36) ppb on October
29, 2019, and 47.27 (SD 11.13) ppb on October 30, 2019). On October 31,
2019, when the ozone concentration increased to approximately 50 ppb, no
CPF eventswere observed. The average total particle number concentration
reduced to (2.8 × 104 (SD 1.01 × 104) particles/cm3 (Fig. S10).

On November 1, 2019, in the afternoon (after 2 pm), compared to the
morning, the particle concentration considerably increased while the
mode diameter decreased, suggesting a reverse association between the
particle number concentration and particle mode diameter (Figs. S12 and
S13). In the morning, the mode diameter values were larger than 2 nm
with an average value of 2.38 (SD 0.79) nm in diameter and 8.16 × 105

(SD 4.33 × 105) particles/cm3, in concentration indicating the minor
CPF events. However, after 2 pm, the concentration increased to
(4.65 × 106 (SD 3.74 × 106)) particles/cm3, and the average mode diam-
eter decreased to 1.23 (SD 0.12) nm (Fig. 4c). While a major CPF event was
observed only in the afternoon (Fig. 4a), an insignificant difference was ob-
served between the morning (55.4 (SD 9.5) ppb) and the afternoon (57 (SD
8.79) ppb) ozone concentrations.

The findings in Preschool I shows that the major CPF occurred at out-
door ozone concentrations close to 50 ppb and higher. However, we ob-
served cases, when the ozone concentration was higher than 50 ppb and
no major CPF events, were found. Since no strong associations between
CPF events and ozone concentrations within the studied range of the
ozone concentration were observed, we concluded that another factor
could control the major CPF events. Studies report that children's activities
like painting, applications with glue, also spicy food can contribute to the
SOA formation (Bhangar et al., 2011; Long et al., 2000b; Morawska et al.,
2003; Wallace, 2006). Recent studies showed that SOA could be produced
due to the reaction of indoor ozone and carbonyl and terpenes from cooking
additives and condiments (Klein et al., 2019; Liu et al., 2017).

Measurements were performed over a weekend (November 16 and 17,
2019), when no children and indoor activities were present to examine the
effect of indoor VOCs.

Figs. 5, S15, and S16 present the contour plot, total particle concentra-
tion, and mode diameter variations with time on Sunday, November 17,
2019, the weekend study I. The average particle number concentration
was 1.2 × 104 (SD 4.6 × 104) particles/cm3. The average mode diameter
for that day was on average 7.8 (SD 4.8) nm. Certainly, no CPF event was
registered for this day (Fig. 5a), although in the late afternoon, the ozone
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concentration exceeded 50 ppb (Fig. 5b). A gradual increase in the particle
diameter was observed over the time that could be due to the coagulation of
the traffic particles with the mode diameter around 6 nm, formed early in
the morning (before 10 am). Fig. 5a shows that in the morning before
10 am. The size of these particles increased to approximately 18 nm around
2:30 pm, creating a banana shape in Fig. 5a.

Figs. 6, S18, and S19 present the contour plot, total particle number con-
centration, and average mode diameter variations with time on Saturday,
November 16, 2019, weekend study II. In the morning from 11 am to
12:30 pm, when the outdoor ozone concentration was below 50 ppb, the
mode diameter of particles fluctuates between 6 and 30 nm, with the aver-
age mode diameter to be 14.42 nm. Nevertheless, when the outdoor ozone
concentration increased after 12:30 pm, a sudden decrease in particlemode
7

diameter was observed such that the particle mode diameter varied from 3
to 8 nm with an average value of 5 nm. The average particle concentration
registered for this day was 1.71 × 105 (SD 2.14 × 105) particles/cm3.
Overall, no CPF event was observed during this weekend experiment.

Table 1 shows a comparison of particlemode diameter and total particle
concentrations during major CPF events, normal (no CPF events) weekdays
and weekends in Preschool I. Major CPF events included October 29, Octo-
ber 30, and November 1, 2019 (in the afternoon). November 1, 2019, in the
morning, was considered as the minor CPF event. The normal day included
October 31, 2019. For the weekends, the average of the observations on
Saturday and Sundaywas considered. The average particle number concen-
trations in the range of 1–3 nm, 1–10 nm and larger than 10 nmwere found
to be 1.90 × 106 (SD 6.43 × 106) particles/cm3, 1.25 × 106 (SD



Fig. 5. The contour plot (Fig. 5a) and the ozone concentration (Fig. 5b) for the measurements conducted on November 17, 2019-Weekend study I.
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9.20×105) particles/cm3, and 2.13×103 (SD 1.74×103) particles/cm3,
respectively, suggesting that clustermode particles predominated the parti-
cles in Preschool I. The average mode diameter during the CPF events was
found to be 1.60 (SD 0.85) nm, while this value increased to 3.85 (SD 2.55)
nm and 7.8 (SD 4.8) nm, during no CPF events and weekends (Fig. 6c), re-
spectively. Table 1 also shows approximately 18 to 25 °C difference be-
tween the outdoor/indoor temperature that can create a pressure
gradient for the penetration of outdoor ozone and particles to the indoor.

3.2. Preschool II

The results for Preschool II are presented in the supplementary mate-
rials.

4. Discussion

4.1. Emission rates

To provide a thorough comparison of the examined preschools, emis-
sion rate analyses were performed for the CPF events in both preschools.
The average air exchange rate in Preschool I was 1.99 × 10−1 (SD
2.00 × 10−2) min−1, while for Preschool II, this value was on average
twice lower 1.10× 10−1 (SD 5.60× 10−2) min−1. While the indoor/out-
door temperature difference was higher in Preschool II compared to Pre-
school I, the lack of windows limited the ventilation rate in Preschool II
that led to the lower values of the air exchange rate. The emission rate
was estimated for October 29 morning and afternoon, and October 30 in
Preschool I, and for November 20 morning and afternoon and November
25 in Preschool II.

The estimated emission rate in Preschool I for 1 to 30 nm size particles
was 9.57 × 106 (SD 1.92 × 106) particles/min. The emission rate value
during the morning of October 29th was 3.41 × 107 particles/min which
is higher than the value in the afternoon of the same day (1.47 × 10-
6 particles/min) due to candle burning in the morning. In comparison, for
Preschool II for the same size range, the results varied significantly from
2.60 × 103 to 2.16 × 107 particles/min and on average constituted
7.25 × 106 (SD 12.4 × 106) particles/min. The peak of 2.16 × 10-
7 particles/min appeared on themorning of November 20th due to cleaning
8

activities at this time. He et al. (2004) reported the emission rate for the
sweeping floor to be 1.2 × 1010 particles/min, which is very close to our
values for both preschools. According to Stabile et al. (2021), depending
on the type of the cleaning product the emission factor ranged from 0 to ap-
proximately 2.4 × 1010 particles/min (1.1 × 1011 particles/m2). The ob-
served variability in the emission rate in Preschool II could be due to
using different brands of cleaning products.

However, there are other two limitations contributing to reduced emis-
sion factor value. Firstly, the gas is not well-mixed in the room, so that the
non-uniform distribution of particles in the environment could be a poten-
tial cause for such small values. Secondly, no coagulation is considered dur-
ing the calculations of the emission rate.

4.2. Sources of the CPs

During the weekend studies in the two preschools, particles larger than
3 nmwere observed (Figs. 5a, 6a, and S22), and thus, CPF eventswere elim-
inated. This observation suggests that major CPF events observed during
the weekdays could be attributed to indoor sources except for smoking par-
ticles. We identified two classes of CPs, including primary CPs emitted di-
rectly from the sources such as candle burning and secondary CPs formed
as a result of the oxidation of indoor VOCs or smoking VOCs by infiltrated
ozone. The secondary CPs are likely to be SOA. Indoor VOCs were mainly
emitted during cleaning activities with detergent solutions and painting,
gluing, and using markers during the daily children's activities in the pre-
schools. Infiltrated VOCs from smoking could also contribute to the SOA
formation.

Our observations in the two preschools showed that no CPF events took
place in the absence of the indoor activities, even at ambient ozone concen-
trations as high as 50 to 60 ppb. While No major CPF events were observed
during indoor activities at ozone concentrations below 30 ppb. Despite the
uncertainties in the frequency and intensity of CPF events, we concluded
that indoor VOCs are the controlling factors in the CPF events.

We did observe an inconsistency in CPF events. For example, on Octo-
ber 31 and in the morning of November 1, we did not observe major CPF
events (except minor CFPs from candle burning), although similar indoor
activities would be expected to occur as the days with CPF events. On the
other hand, on October 30 and 29, 2019, major CPF events occurred
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Table 1
A summary of particle mode diameter, number concentrations, outdoor ozone concentrations, and indoor/outdoor temperature for Preschool I.

Factor Major CPF events⁎ Minor CPF events⁎⁎ Normal days (no CPF)⁎⁎⁎ Weekend (no indoor
activities)⁎⁎⁎⁎

Average mode diameter (nm) 1.60 (SD 0.85) 2.38 (SD 0.79) 3.85 (SD 2.55) 7.8 (SD 4.8)
Average total particle concentration (particles/cm3) 1.90 × 106 (SD 6.43 × 106) 8.16 × 105 (SD 4.33 × 105) 3.35 × 104 (SD 3.12 × 105) 1.71 × 105 (SD 2.14 × 105)
Outdoor ozone concentration (ppb) 52.10 (SD 7.98) 51.41 (SD 1.44) 46.26 (SD 9.25) 47 (SD 8.7)
Average outdoor temperature (°C) 9.61 (SD 4.80) 0.95 (SD 0.20) 9.80 (SD 2.58) −3.06 (SD 1.52)
Average indoor temperature (°C) 25.49 (SD 2.05) 24.01 (SD 0.19) 23.17 (SD 0.42) 22.82 (SD 0.69)

⁎ October 29, October 30, 2019, and November 1 afternoon, 2019 were taken as the major CPF events.
⁎⁎ November 1, 2019, in the morning was taken as the minor CPF event.
⁎⁎⁎ October 31, 2019, was taken as Normal days (no CPF).
⁎⁎⁎⁎ November 16 and 17, 2019 were taken as weekends (no CPF).
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throughout the day. This inconsistency could be due to the variability in
VOC emissions from indoor activities, including painting, gluing, colored
pencils for drawing, spicy food, and cleaning activities that did not occur
daily at a precise schedule in Preschool I. According to the manager of Pre-
school I, in the morning from 9 am to 12 pm, students did painting and glu-
ing based on their choice and interest. Thus, it was not practiced
consistently for all children daily.

Major CPF events occurred more frequently in Preschool I compared to
Preschool II such that the average PNC and mode diameter during the
major CPF events in Preschool I were 1.90 × 106 (SD 6.43 × 106) parti-
cles/cm3 and 1.60 (SD 0.85) nm, respectively, while these in Preschool II
the average PNC and mode diameter during the major CPF events were
found to be 3.61 × 108 (SD 3.15 × 108) and 3.25 (SD 3.58) nm respec-
tively. The training program in Preschool I was children-driven. They
could choose the tools to play based on their interest at any time. In the af-
ternoon, occasionally, group paintings were conducted. Cleaning the toilets
and sinks was done occasionally during the day with water and detergents.
Major cleaning with detergents was practiced daily after 5 pm when the
children left the facility, and thus, it was not captured in our study. In Pre-
school II, the activity program and their schedule were already assigned by
the management and mentor team of the preschool. Thus, activities such as
painting and gluing that contribute to indoor VOCs were practiced less fre-
quently. This difference in the activity curriculum could impact the emis-
sions of the particles and the exposure of the children to CPs.

Another factor that adds to the inconsistent CPF events refers to the type
of the detergent that was used in the preschools. Stabile et al. (2021) re-
cently tested 20 different brands of cleaning detergents in a chamber
study and reported the resulting particle concentrations and emission fac-
tors down to 4 nm. Ten out of 20 detergents showed no production of par-
ticles. Similarly, Patel et al. (2020) found no CPF events down to 1 nm
during several bleach mopping.

The effect of smoking on the formation of SOA has been well explained
(Laursen et al., 2021). Literature reports that smoke from cigarettes can
penetrate indoors and form SOA. However, no clear information exists if
the SOA from smoking contributes to the CPF. A comparison between the
UVPM concentration variations in preschool II (Figures in supplementary
material) and the corresponding contour plots (Figures in supplementary
material) show that the time at which peak concentration of UVPMwas ob-
served does not coincide with the time at which the major CPF events were
observed. However, further investigation is required to understand the con-
tribution of smoking to CPF events.
4.3. Minor CPF events

In this study, major CPFs took place over an extended time period while
theminor CPFwas observed discretely with time. Previous studies reported
the presence of the sub-3 nm particles in even clean air (Laursen et al.,
2021). The presence of the sub-3 nm particles indoors, particularly during
the background measurements or the clean air in the laboratory, could be
due to the traffic emissions that establish the background concentration
(Rönkkö et al., 2017). However, this observation should be dominant
mainly during the rush hours. If the sub-3 nm particles are observed
through the day discreetly (minor CPF in the present study) other reasons
than source emissions could be responsible for this observation. Patel
et al. (Patel et al., 2020) concluded that the instrument may detect ions in-
stead of particles smaller than 2 nm. A more plausible reason was proposed
by Laursen et al. (Laursen et al., 2021) who concluded that uncertainties
due to the loss corrections resulted in sharp concentration peaks (noises)
at the lowest detection range (between 2 and 3 nm). They explained that
when there exist a few particles at lower size limit sharp peaks in concentra-
tions may appear due to the loss correction and can be considered as noises
rather real existing particles (Laursen et al., 2021). However, the authors
observed that if the emission of sub 3 nmparticles in particular at the lowest
detection limit is high such as candle burning particles then the noises may
disappear.
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5. Practical implications

For reducing children's exposure to CPs, it is recommended to replace
candles with electronic candles and organic sources like markers, glue, or
even spicy foods with other alternatives. The cleaning with detergents is
recommended to be conducted before the children enter the preschools
and after they leave the facility. Furthermore, the choice of the cleaning de-
tergents is very important as a recent study showed that zero emissions can
occur depending on the type of detergents (Stabile et al., 2021). Art activi-
ties such as gluing, painting, and drawing are suggested to be conducted in
the seasons with a low ambient temperature that favors lower ozone pro-
ductions and lower VOCs evaporations. The two factors promoting the
ozone infiltration and specific to Nur-Sultan city of Kazakhstan was the rel-
atively high wind speed and the prevailing westerly wind (on average
240 °C) towards the windows of the preschools, and also high-
temperature difference between indoor and outdoor up to 40 °C creating
a driving force for the ozone infiltration.

6. Limitations of this study

The emission rate values presented in this study should be considered as
lower limit values as the particle coagulation rate has not been considered
in the model.

In this study, gas concentrations, including indoor ozone and indoor
VOCs, were not measured. Particularly, the data for indoor VOCs can help
us to understand the SOA formation better.

No exposure assessment was done in this study. However, as future
work exposure and dose assessment based on the particle surface area
data obtained in this study will be conducted.

7. Conclusion

The formation of the cluster particles (1–3 nm) in preschools was dem-
onstrated in this study. The CPF events were divided intomajor (concentra-
tions higher than 106 particles/cm3) and minor (concentrations lower than
106 particles/cm3) events depending on the concentration of the sub-3 nm
particles. We divide the cluster particles (CPs) in preschools into two cate-
gories, primary CPs and secondary CPs. Primary CPs are directly emitted
from sources such as candle burning, and smoking while secondary CPs
are likely to be SOA that result from the oxidation of the indoor VOCs gen-
erated from painting, markers, gluing, and more likely cleaning activities,
by the infiltrated ambient ozone. We observed that both ambient ozone
concentration and indoor activities generating VOCs matter for the CPF
events, with indoor activities to be the controlling factor. We conclude
that the activity curriculum of the preschools impacts the exposure of the
children to the indoor particles, particularly CPs. A preschool designed to
give more freedom of activities to the children is likely to have a higher
level of CPs because of the random children's activities and arbitrary
choices of playing. Opportunities exist to reduce the emissions of CPs in pre-
schools.
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