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HIGHLIGHTS GRAPHICAL ABSTRACT

e Wide range of morphologies found in
indoor quasi-Ultrafine Particles (QUFP).

e Average indoor qUFP sizes ranged
35-103 nm and were mainly of irregular
shape.

e Si, Fe and S found in qUFP from all in-
door locations.

e Indoor qUFP originated from indoor
sources, vehicular emissions and soil.

e EDS beam damaged fragile sulphur rich
nanoparticles.
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ABSTRACT

Particles in the nanoscale range have intrinsic physicochemical characteristics that define their interaction with the human body and ultimately their toxicity. Whilst
research has focused on engineered nanomaterials or ambient ultrafine particles, little is known about the morphology, size and elemental composition of particles in
the nanoscale range collected in indoor environments, where humans spend the longest time. This study aims to characterise the physicochemical properties of quasi-
ultrafine particles (QUFP), with an aerodynamic diameter <250 nm, collected with a Sioutas impactor from 5 indoor environments (3 homes and 2 offices).
Morphology, size and elemental composition of individual particles were imaged using a Transmission Electron Microscope coupled with X-ray energy dispersive
spectroscopy. Most of the single particles and their aggregates were of irregular shapes, and some fibrous rods, elongated rods, spheres and hexagons were also
observed. ImageJ software was used to analyse the surface area, roundness and circularity of the particles, as well as individual particle diameter for the spherical
particles. For the non-spherical shaped particle, the particles were manually measured to characterise the maximum Feret diameter. Particle main dimensions (i.e.
diameter for spheroids and maximum Feret diameter for irregular particles) ranged from 35 + 59 nm to 103 + 160 nm. Shapes for non-spherical particles were
assigned by visual description. Si, Fe and S were found in nanoparticles from all indoor locations. Other abundant constituents were K, Cr, Na, Ca, Cl found in 60-80%
of locations. Minor constituents of indoor nanoparticles were Cu, Sn, Ti, Mo, Al, P, Be, F, Zn, Rb, Pb, Mn and Co. Sources were related to indoor emissions, e.g.
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printers, stainless-steel tools, electronics, cooking, house chores, particle re-suspension, aerosol and cleaning products as well as to penetration of outdoor nano-
particles from vehicular emissions, soil and secondary aerosols. Detailed investigation of the physicochemical properties of these particles can help understand their

associated hazard and their fate in the human body.

1. Introduction

Airborne Particulate Matter (PM) is a heterogeneous mixture of
various substances with different shapes and sizes ranging from a few
nanometres to tens of micrometres. Research has shown that nanosized
particles can have properties intrinsic to their size that are not shared by
large particles or by particles with the same bulk chemical composition
(Auffan et al., 2009; Handy et al., 2008).

PM can be generated from combustion and non-combustion sources
(Pope and Dockery, 2006). Particles in the ultrafine fraction can be
formed through nucleation, gas to particle reactions, evaporation of
larger particles, or during incomplete fuel combustion (Brouwer et al.,
2004; Li et al., 2003). Ultrafine particles (UFP) are being generated
continuously and in large numbers by both natural and anthropogenic
sources present in the urban and rural areas as well as in indoor
environments.

Recent studies focusing on the indoor environment have suggested
that personal exposure in a non-smoking suburban indoor environment
can be similar or higher than exposures outdoors (Wallace and Ott,
2011). Indoor airborne particles may arise from indoor sources such as
cooking (Dennekamp et al., 2001; Shehab et al., 2021), other combus-
tion sources (e.g., smoking, gas heaters, use of candles, oil lamps and
incense) (Vu et al., 2017a), use of consumer products that produce
aerosol (e.g. sprays and cleaning products) (Fromme, 2012; Ogulei et al.,
2006; Vu et al., 2017a) and cleaning activities (e.g. dusting, vacuum
cleaning) (Vu et al., 2017a). In office environments, nanosize particles
are emitted from printers and photocopiers (Khatri et al., 2013). Other
sources of indoor particles include penetration from the outdoors (which
can be removed by deposition, adsorption, and other mechanisms), from
appliances that are operated by electric motors and re-suspension of
particulate matter from house dust by humans and pets (Fromme, 2012;
Hanninen et al., 2004; Ogulei et al., 2006; Szymczak et al., 2007; Wal-
lace and Ott, 2011). The morphology and elemental composition of
particles provide information on their characteristics and sources (Kang
et al., 2009).

UFPs are increasingly studied because they have been considered to
be associated with adverse health effects. Exposure to UFP has been
associated with respiratory effects, ability to generate oxidative stress
and inflammation to the lungs (Oberdorster et al., 2005b; Pope, 2000),
as well as with cardiovascular (Araujo et al., 2008; Donaldson et al.,
2001), metabolic (Stewart et al., 2010), neurological (Heusinkveld et al.,
2016) and reproductive systems (Campagnolo et al., 2012; Hou and Zhu,
2017; Wing et al., 2020). Characteristics of nanosized materials influ-
ence their fate and behaviour in the environment and their potential to
induce toxicity in human and different environmental receptors (Stone
etal., 2010). Therefore, whilst the main property to define toxicity in the
assessment of toxicity of bulk particles mainly relies on dose
(Oberdorster et al., 2005a), in the case of UFP, physicochemical prop-
erties such as size, shape and chemical composition of nanosized parti-
cles might be important parameters to consider when assessing their
toxicity (Gatoo et al., 2014). For example, a study by Renwick et al.
(2004) showed that ultrafine BC and TiO, particles administered to rats,
induced inflammation and epithelia damages to a greater extent than
their bulk particle counterpart (Renwick et al., 2004). Similarly, a study
comparing silver wires and spherical particles found that wires strongly
affected alveolar epithelial cells, whereas spherical particles showed no
effect (Stoehr et al., 2011).

People spend about 85-93 % of their time indoors (Delgado-Saborit
et al., 2011; Hoppe and Martinac, 1998; Lazaridis, 2011; Okam, 2017),
as such indoors contribute a significant amount to PM exposure

(Delgado-Saborit, 2019; Vinzents et al., 2005). It is now widely recog-
nized that a significant proportion of personal exposure to particles
occurs in the indoor environment (Delgado-Saborit, 2019). Indoor PM
are characterised by chemical compounds of which some could be toxic.
In a study by Long et al. (2001), rat alveolar macrophages (AMs) treated
with either indoor or outdoor PMj 5 released significant amounts of
tumour necrosis factor (TNF) compared to control AMs. However, a
comparison of paired indoor/outdoor data in that study reported
significantly greater TNF releases elicited by indoor PMj 5 samples than
by the corresponding outdoor samples (Long et al., 2001). As such, Long
et al. (2001) suggested that some particles of indoor sources may be
more bioactive than the particles of outdoor origin in his experiment
(Long et al., 2001).

Over the past decade, indoor studies on particle concentration levels,
size distribution, and source contribution have received increased
attention (Ali et al., 2022; Diapouli et al., 2013; Manigrasso et al., 2019;
Marval and Tronville, 2022; Morawska et al., 2017; Vardoulakis et al.,
2020; Zhang et al., 2021). The toxicity of particles will likely differ
depending on their characteristics such as size, shape, and chemistry
(Albanese et al., 2012). However, only few studies have carried out
physicochemical characterisation of indoor particles (Arora and Jain,
2015; Glytsos et al., 2010; Pipal et al., 2021; Vu et al., 2017a). In
addition, information on the physicochemical properties of UFP typi-
cally found in indoor environments is required to guide the design of
toxicological studies that investigate potential toxic effects associated
with indoor particles. Therefore, to protect people against the possible
risk associated from inhalation of ultrafine particles found in indoor
environments, the physical and chemical properties of these particles
need to be characterised so their toxicity can be investigated.

This study aims to characterise the physicochemical signatures of
indoor particles typically found in the nanosized range that could inform
future studies to evaluate their toxicity. For that purpose, we charac-
terised the size, morphology and surface chemical composition of quasi-
ultrafine particles (<0.25 pm in diameter, qUFP) collected from several
indoor environments, such as homes and offices, using a Transmission
Electron Microscope (TEM) coupled with X-ray energy dispersive spec-
troscopy (EDS).

2. Method
2.1. Sample location

Indoor quasi-ultrafine particles were collected from three homes and
two offices in Birmingham, a major city in the United Kingdom, with
circa of 1,2 million inhabitants according to the 2021 census estimate,"
and 3.8 million inhabitants in the wider Birmingham Metropolitan
area.’

Home 1 and Home 2 are located in a suburban area, about 1.5 miles
from Birmingham (UK) city centre, while Home 3 is about 0.8 miles from
Birmingham city centre, in an urban area. Home 1 and Home 2 are in a
residential area, while Home 3 is located in a mixed commercial and
residential area. That is, Home 3 has heavy mixture of residential and
commercial buildings (restaurants, shops) and the Worcester and Bir-
mingham Canal is in very close proximity. The sampler during sampling
was placed in the living room for all three homes. Home 1 and Home 2

1 https://www.birmingham.gov.uk/info/20057 /about_birmingham/1294/
population_and_census.
2 https://populationdata.org.uk/population-of-birmingham/.
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are single occupant homes while Home 3 housed two adults.

Office 1 and Office 2 are both in the Geography building in the
University of Birmingham. Office 1 is located on the third floor, facing a
low traffic road and car park of about 10-12 cars. While Office 2, the
Map Room and photocopying room, is located on the ground floor by the
entrance of the building with a grass and flower area in front of the
window. During sampling, nobody was present in Office 1 and the
windows were open. Office 2, had windows open and normal activity
such as photocopying and people movement were ongoing during
sampling.

Ethical approval was granted by the Humanities and Social Sciences
Ethical Review Committee of the University of Birmingham (ERN_12-
0569).

2.2. Sample collection

qUFPs were collected for analysis using Transmission Electron Mi-
croscope (TEM) grids (3 mm holey Carbon Films 300 mesh on nickel,
Agar Scientific) mounted onto the PTFE filter by using a tiny streak of
adhesive at two opposite ends. The filters with the TEM grids attached
(Hammer et al., 2021) were placed on the impactor stages of a Sioutas
Cascade Impactor operating under normal conditions (9 LPM). The TEM
samples have aerodynamic diameters as they were collected using the
Sioutas impactor for the five stages representing the five size fractions
>2.5, 1.0-2.5, 0.50-1.0, 0.25-0.50 and <0.25 pm. However, only TEM
grids located on the <0.25 pm size fraction, representing the
quasi-ultrafine fraction, were analysed for this study.

TEM samples were collected between June and November 2014 from
3 homes from subjects participating in the FABLE project,” and from 2
workplaces within the School of Geography, Earth and Environmental
Sciences of the University of Birmingham. The houses were selected by
convenience among those participants who allowed the researcher to
sample for a period of time of 1-3 h. Samples were collected as follows:

a) The first TEM sample was collected for 4 h at a subject’s home whilst
the subject performed various indoor activities, including cooking
for 1 h.

b) The second TEM sample was collected for 1 h in a home whilst the
subject performed various activities.

¢) The third TEM sample was collected for 2 h from another subject’s
house, where the subject did not perform any particular indoor
activity.

d) Two sets of TEM samples were collected for 2 h from two different
offices

The sampling time was reduced from 4 h to 1 h between the first and
second sample because the TEM grid collected in the first house was
heavily loaded (i.e. particles collecting on top of each other) making it
difficult to conduct TEM analysis of individual particles. Upon inspec-
tion of the second TEM sample, few particles were found. Hence, it was
decided to increase the collection time to 2 h. Upon inspection of the
subsequent samples collected during 2 h, it was found that 2 h was the
ideal sampling time to avoid over/under loading the TEM grid. Despite
the different sampling times, all 5 sets of samples were analysed and
findings are presented since the different collection time doesn’t affect
the physicochemical characteristics of the particles under investigation
and all samples collected offer useful insights.

2.3. Sample analysis
The size, morphology and surface chemistry for the particles

collected on the <0.25 pm size fraction of the Sioutas impactor were
imaged using a TEM coupled with X-ray energy dispersive spectroscopy

3 https://gtr.ukri.org/projects?ref=NE%2FI008314%2F1.
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(EDS) (TEM/EDS). Almost all particles on the TEM grid were viewed but
only a few representative examples are presented in this paper. The
displayed representatives in this paper were chosen because they are the
predominant shapes, chemistry or particles that were observed to be
unique. The viewed particles were analysed using imageJ.

TEM imaging

Imaging of samples was carried out using a Tecnai F20 TEM working
on high tension at 200 kV, with an extraction voltage of 4450 V. Bright-
field particle imaging in TEM mode was carried out using the GATAN
digital micrograph attached to the instrument to characterise physical
properties. In the case of chemical properties characterisation, the in-
struments STEM mode was used in conjunction with high angle annular
dark field (HAADF) detection for identifying likely particles and car-
rying out EDX analysis (Sanderson et al., 2016).

Physical properties

Physical properties were characterised by circularity, determined by
ImageJ software, and by manual measurement of the maximum Feret
diameter for non-spherical shapes as described in detail in the Sup-
porting Material.

Chemical properties

Single particle chemical analysis was carried out using x-ray energy
dispersive spectroscopy (X-EDS or EDX) as described in detail in the
Supporting Material.

3. Results and discussion
3.1. Description of physicochemical properties of indoor particles

This study aimed to characterise the physicochemical properties of
quasi-ultrafine particles collected from indoor environments (home and
work place). Simultaneous collection of bright field and dark field im-
ages of the same particles proved to be difficult. Finding the particles
again while switching between modes was not straightforward; and
identifying the same particle in the two modes was challenging owing to
the different physico-chemical features emphasised in each mode
(Sanderson, 2015). Therefore, physical properties were characterised in
bright-field particle imaging mode, whereas chemical properties were
characterised using dark-field images.

The assessment of the various TEM particle images suggests that
most of the particles existed as aggregates of primary particles (PPs).
Particles rarely existed as single metallic particles. Morphologically,
most of the particles were “shapeless” (irregular), not spherical, and
generally particles were mixed with carbon, consistent with other
studies (Adachi and Buseck, 2008; Chithra and Nagendra, 2013). In
viewing the results, it should be borne in mind that much of the mass of
PM, 5, including the qUFP (<250 nm) fraction, comprises semivolatile
components, most notably ammonium nitrate and much of the organic
matter. This will be lost in the vacuum of the TEM, together with some
other constituents such as ammonium sulphate, not normally regarded
as semi-volatile, but likely to be volatilised at the high energy of the
electron beam.

The particles observed in this TEM analysis were mostly in 5 shapes;
1) Irregular and aggregates of irregular shapes consistent with other
studies (Adachi and Buseck, 2008; Geng et al., 2010; Maskey et al.,
2012; Zhang et al., 2018); 2) Fibrous rod in line with others (Geng et al.,
2010; Zhang et al., 2018); 3) Sphere and aggregates of spheres consistent
with (Adachi and Buseck, 2008; Chithra and Nagendra, 2013; Geng
etal., 2010; Maskey et al., 2012; Zhang et al., 2018); 4) Hexagon; and 5)
Rods in line with others (Geng et al., 2010). Shapes were assigned by
visual description and comparison to other studies. Table 1 show the
total number particles and frequency of shape observed per site. For all
the sites, mostly irregular shapes were observed and this has been seen
in other studies conducted outdoors (Adachi and Buseck, 2008).
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Diameter, number of particles and frequency”, bracket, of the total number of particle shapes counted per each site.

Shape/ Diameter Irregular and aggregates of irregular ~ Fibrous Sphere and aggregates of Hexagon Rod Total particle numbers counted
location (nm) shapes rod spheres per site
Home 1 39 4+ 102 209 (61.8%) 1 (0.3%) 104 (30.8%) 1 23 338
(0.29%) (6.8%)
Home 2 93 + 86 21 (87.5%) - 1 (4.2%) 2 (8.3%) - 24
Home 3 61 £ 70 170 (90.4%) - 18 (9.6%) - - 188
Office 1 35+ 59 61 (81.3%) - 11 (14.7%) - 3(4.0%) 75
Office 2 103 + 160 43 (87.8%) - 2 (4.1%) - 4(82%) 49

# Frequency of observation of shape per site (%), - = Shape not observed.

3.1.1. Shape and surface chemistry for particles collected at home 1

Fig. 1 show the different shapes of particles found in Home 1 in the
filter representing the qUFP. This includes agglomerates of PPs, spheres,
hexagon, rods, irregular shapes, Fig. 2 shows the elemental map surface
chemistry constituents of the agglomerate (Fig. 1a). Despite the TEM
grid being made of Ni, the elemental map shows that this agglomerate
contains Ni, since the Ni map clearly defines the contour of the
agglomerate. The PPs in Fig. 1a are more clearly defined compared to
other particles observed in the TEM grids. This agglomerate has an
average diameter of 112 nm. Fig. 2 shows that this agglomerate contains
Cr, Fe and Ti (in addition to Ni) possibly from the same source, since
they appear to be dispersed in a similar manner. This is indicative of the
same source, possibly stainless steel (Li et al., 2015), according to sci-
entific evidence summarised in Table 3. Stainless steel is the preferred
material employed in cooking utensils used in homes and also stainless
steel is used for working surfaces and other building materials in the
home. Cr is a component of stainless steel and stainless materials are
used in many home utensils (Taner et al., 2013).

In addition to Cr, Fe, Ni, these particles contained other alloying

d

¢)

elements added to enhance the structure and properties of stainless steel,
including Ti, Cu and Mo (Li et al., 2015).

The morphology of the particle presented in Fig. 1a is an agglomerate
of irregular shapes. In addition, particle shown in Fig. 1 contains S,
which could imply it originates from a combustion source (Viana et al.,
2008). It could also be that the S coagulated with or condensed onto the
agglomerate. The agglomerate also contains Si, which could originate
from soil or road dust adhered to the particle (Viana et al., 2008). On the
other hand, other particles with a morphology very similar to soot were
observed in Home 2 (Figure S9). The particles found in Home 2 similar
to soot only contain C and O, consistent with the chemical composition
of black carbon (Hu et al., 2021).

All the different shapes of particles observed in Home 1 (see Fig. 1 (a
— f) showed similar chemical composition with the only variation being
the percentage of the different elements in each particle. This shows that
the particles are likely from the same source/activity. In Home 1, the
main activity during sampling was cooking for 1 h.

The particle presented in Fig. 1c is sensitive to the electron beam as
shown in Fig. 3. After the image of the particle was taken (Fig. 3a), three

Fig. 1. Dark field images of particles found in Home 1.
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Fig. 2. Elemental map of particle (Fig. 1a) found in Home 1.

areas of the particle were subjected to EDS characterisation (Fig. 3b).
This resulted in damage to the particle from evaporation of some con-
stituents of the particle, mainly sulphur and to a much lesser extent
nickel (likely a constituent from the TEM grid), within few seconds
under the strong electron beam used to perform the EDS analysis. As
shown in the temporal sequence of the images taken and displayed in
Fig. 3a—c, three squares are observed on the particle (Fig. 3c) on the
exact same locations where the three spectra were previously collected
(Fig. 3b). This particle is composed mainly of sulphur as shown in Fig. 3
and Figure S2. Damage to fragile particles imaged and characterised
with a TEM has been reported previously, especially for organic com-
pound and salts (Ott et al., 2021). Researchers have also identified
particles containing sulphate that present a similar behaviour under the
strong beam of the TEM (Maskey et al., 2012; Toyokuni, 1999). The
particle EDS elemental map shows the evaporation or depletion outlined
on the sulphur and this is not evident in the other elements, apart from
nickel to a lesser extent (Fig. 3). Nickel is a constituent of the TEM grid
(Fig. 3j). As observed in Fig. 3, the strong beam has damaged the
integrity of the particle and this can be said to be one of the disadvan-
tages of using electron beams for imaging. Other particles that were
sensitive to the electron beam were also observed, which also showed
high average composition of S in them. Adachi and Buseck (2008)
suggested that organic material particles were more stable to the elec-
tron beam than S-rich particles (Adachi and Buseck, 2008). Maskey et al.
(2012) suggested that these particles that evaporate under the electron
beam are regarded as mixtures of semi and/or less volatile organic
species and ammonium sulphate/bisulphate (Maskey et al., 2012). Geng
et al. (2010) suggested that ambient soot particles which have been
processed for few hours are heavily internally mixed, primarily with
ammonium sulphate (Geng et al., 2010). Particles that contain these
sulphates could originate from outdoor sources, such as traffic, industry
or secondary aerosols (Viana et al., 2008) infiltrating into the indoors.

Ca and Si particle contribution were 42 % and 18% respectively in
Home 1 (Table 2). In Home 3 and Office 1 no Ca particles were observed.
Home 2 and Office 2 had high contribution of Si (31 % and 18 %
respectively) and the Ca contribution for both were 3.1 % and 8.2 %
respectively. The Ca-rich and Si-rich particles observed in Home 1 could
be associated with cooking emissions, because they were found mostly
in Home 1, and this was the only home where cooking activities were
undertaken during sampling. Ca-rich qUFP could arise from aerosol
production when boiling hard water (Hankin et al., 1970; Sengupta,
2013). Additionally, Ca could also originate from the ingredients. In a
study on morphology and characteristics of PM in a Chinese restaurant,

it was observed that in contrast to other PM sources, the PM emitted
from cooking primarily consisted of Ca-rich, C-rich, and Si-rich particles
(Li et al., 2019). Even though the cooking activity during our sampling
was not a Chinese style cooking, we observed similar pattern of high
content of Ca and Si qUFP (C contribution was not measured in this
study). This is consistent with a study that reported that approximately
4-79 % of the calcium content of different ingredients can be lost during
cooking, mainly during boiling (Kimura and Itokawa, 1990). Similarly,
another study found that using bones for cooking increased the content
of calcium in chicken soup (Rosen et al., 1994). These losses are
consequence of the leaching of calcium and other minerals from the
ingredients (e.g. meats and vegetables) to the broth during cooking,
occurring in cooking processes involving water, such as steaming and
boiling (Gerber et al., 2009). Therefore, it is plausible that the calcium
leached from the ingredients into the broth could be aerosolised during
cooking and subsequently captured in the filters.

3.1.2. Shape and surface chemistry for particles collected at home 2

Fig. 4 presents an agglomerate particle containing Cl, Al, Ca, Si,
which are elements found in soil and are usually of mineral origin (Viana
et al., 2008). Since the maps of all these compounds are very similar, this
agglomerate is suggested to be clay of mineral origin. However, the main
element found in the particles collected in this Home is Fe (34%)
whereas the Cl makes up only 1.4% of the total elemental contribution
(Table 2).

3.1.3. Shape and surface chemistry for particles collected at home 3

Fig. 5 shows a particle made up of O, Fe and Cr indicating that the
particle is an oxide of Fe or oxide of Cr. Most probably, this particle is a
rust particle as rust exists most commonly as oxides of Fe.

3.1.4. Shape and surface chemistry for particles collected at office 1

Fig. 6 shows a doughnut shaped like particle and its elemental map
collected from office 1. The elemental map indicates that this particle
contains a mixture of S, Na, K, Si, C and O. It has the similarities of the
doughnut shaped particle described by (Maskey et al., 2012). In their
study, this particle was collected from the ambient air and the source
was associated with biomass burning from a nearby agricultural area. In
our study, the particle shown in Fig. 6 was collected indoors and also has
Si as part of the surface chemistry. The Si in combination with the Na
and K found suggest soil origin but also could be from combustion origin
because of the S and C content.

Fig. 7 shows another particle aggregate collected from Office 1. The



A. Okam et al. Atmospheric Environment 318 (2024) 120245

Cr Kal

g h) i

Ni Kal

T o0nm

100nm

i)
Fig. 3. Dark field images (a—c) EDS map (d-i) for particle and TEM grid (j) shown in Fig. 1c found in Home 1. Fig. 3b) shows the locations where 3 spectra were

analysed. Fig. 3c) shows damage to the particle from the EDS beam. Fig. 3f) shows evaporation of sulphur in the particle damaged by the EDX beam. Fig. 3i) shows
evaporation of nickel (to a much lesser extent) in the particle damaged by the EDX beam.
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Table 2
Elemental average relative contribution to spectra, relative contribution of elemental spectra per microenvironment and frequency of occurrence of elemental spectra
in microenvironment characterised.

Elements Home 1 (43 particles) Home 2 (10 particles) Home 3 (12 particles) Office 1 (12 particles) Office 2 (18 particles) Frequency
Average % Average % Average % Average % Average % %)
Weight + Contribution =~ Weight + Contribution =~ Weight + Contribution ~ Weight + Contribution =~ Weight + Contribution
Standard Standard Standard Standard Standard
Deviation Deviation Deviation Deviation Deviation
) ) ) ) N)
Si 26 + 32 18 40 + 44 31 46 + 38 17 58 + 37 39 50 + 47 18 100
(43) ® @) (10) (10)
Fe 4.8 +18 3.4 44 + 28 34 63 (1) 24 30 + 24 20 74 £15 26 100
(43) “@ 5) 3
S 27 £ 22 19 12+ 15 9.2 62 + 36 23 16 +£ 16 11 29 +£12 10 100
(43) 6 (6) ® (10)
K 6.1 (1) 4.3 0.5(1) 0.4 59 + 29 22 44 + 32 16 80
“@ 13)
Cr 0.7 +£3.3 0.5 71+79 5.4 15 (1) 6 15 (1) 5.4 80
(43) @
Na 16 + 21 12 20 (1) 8 3.78 + 2.5 23+5.7 8.2 80
2 2.7 (3) ()]
Ca 59 + 25 42 4.0+5.8 3.1 23 +17 8.2 60
(20) (©)] (2)
Cl 1.8+14 1.4 1.3 (1) 0.9 18 + 26 6.4 60
3 3
Cu 7.9 +18 5.6 1.7 £ 0.3 1.3 40
43) 2)
Sn 5.2(1) 3.7 20
Ti 0.8 +2.9 0.6 20
43)
Mo 3.37 £ 2.4 20
13.44
(25)
Al 25+1.5 1.9 20
4
P 0.9 +0.3 0.7 20
3)
F 2.7 1) 1.8 20
Zn 0.8 +£0.3 0.5 20
@
Rb 3.0 (1) 2.0 20
Pb 34+9.3 23 20
(©)]
Mn 3.3(1) 1.2 20
Co 0.22 (1) 0.08 20

Total number of particles analysed in each site are Home 1: 43, Home 2: 10, Home 3: 12, Office 1: 13 and Office 2: 18. (N) = number of particles per site that their
elemental composition/spectra were observed.

Al Kal Ca Kal Cl Kal

-

. [T — [T — | om0
250nm 250nm 250nm

Cr Kal Fe Kal S Kal Si Kal

1 1 3conm
250nm 250nm 250nm 250nm

Fig. 4. Dark field image and elemental map of particle found in Home 2.
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Fig. 5. Dark field image and elemental map of particle found in Home 3.
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Fig. 6. Dark field image and elemental map of particle found in Office 1.

morphology and elemental composition of this agglomerate suggest that
is from a mixed source: combustion, road dust, mineral and soil source.
Its elemental map (Fig. 7) shows it is rich in S, K, C and O, indicating
combustion, whereas the Pb, Ni, Rb and Fe suggests road dust origin
(Pant and Harrison, 2013). Office 1 windows were open and the window
faced a minor road and a car park (that parks about 10-12 cars) with a
grassy area within the campus of the University of Birmingham, with a
water canal not too far away. The Cl and the Na could be from clay
minerals. While the Na indicates a crustal origin (Chithra and Nagendra,
2013). This particle also contained F.

3.1.5. Shape and surface chemistry for particles collected at office 2
Fig. 8 shows an aggregate collected from Office 2. This office also
known as the Map Room, holds a collection of maps and is a room where

printing and photocopying activities takes place. Most of the particles
observed were in the form of aggregates thereby making the primary
particles less obvious. Fig. 8 show that this particle is an aggregate of a
mixture of different elements, including Ca, Co, Cr, Fe, K, Mn, Ni and Si.
The sources of the elements found in this aggregate could include metals
found in printer toners Ni, Mn, Fe and Si (Martin et al., 2015). Ca and Mg
are constituents of paper (Martin et al., 2015). This particle also contains
Co, which could be a constituent of ink used in the photocopier and
printers (Brown et al., 2018). This is consistent with the main activity of
the room storing paper maps, books and photocopying activity. This
office is also located in the ground floor overlooking a grassy area, which
is consistent with the aggregate containing Ca, K, Mg, Si and Fe, which
could be attributed to crustal origin.
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Fig. 7. Dark field image and elemental map of particle found in Office 1.

3.2. Relative elemental contribution to spectra of individual particles

Table 2 summarises the relative contribution of each element to the
particles characterised in each of the five indoor microenvironments. Si
and Fe are the most prevalent elements observed in particles with size
<250 nm, with elemental contributions to individual particles ranging
from 13 to 39% (Si) and 3%-34% (Fe). The third most abundant element
found is S, with elemental contributions ranging 9%-19%. Si, Fe and S
were found in particles collected in the five microenvironments. Si can
originate from mineral matter in soil and dust (Viana et al., 2008) and
can be a constituent of paper (Lourenco et al., 2015), especially relevant
in office environments. Fe can be related to the brake wear and vehicle
exhaust (Viana et al., 2008) and can originate also from soil and dust
(Harrison and Yin, 2010). S is typically associated with fuel combustion
(Khodeir et al., 2012), industry emissions and secondary aerosols (Viana
et al., 2008). The elements from outdoor origin can infiltrate through the
building envelope (Vu et al., 2017b) or access indoor environments
through open windows (Hussein and Kulmala, 2008). In addition, con-
stituents of soil and dust can be introduced indoors by humans (Thatcher
and Layton, 1995), for instance attached to shoes and clothes, and can be
later re-suspended by human (or pet) movements.

Less abundant elements are K (0.4%-16%), Na (2.5%-12%) and Cr
(0.5-5.4%), found in 80% of indoor samples; and Ca (3.1%-42%) and Cl
(0.9%-6.4%), found in 60% of studied microenvironments. K, Na, and
Ca can be from mineral soil origin. Cr is likely associated with stainless
steel utensils used indoors (Li et al., 2015), or with industrial emissions
(Khodeir et al., 2012) from outdoor origin penetrating indoors.

Other metal species (Table 2) were found only in 1 or 2 indoor lo-
cations, with elemental contributions ranging from 0.08% (Co) to 5.6%
(Cu). Possible origins of these minor metal constituents could be related
to mineral soil and dust, vehicular emissions, marine spray, stainless
steel utensils, printer inks, paper, secondary aerosols, solid fuel

combustion, electronic constituents and flame-retardants as summarised
in Table 3.

In the present study some elements e.g. Be, could not be linked
directly to any indoor sources/activities or with sources relevant to
outdoor air emitting particles that could have penetrated indoors. A
study conducted in residences in several U.S. cities also reported that a
substantial portion of indoor particles could not be linked with any
known sources (Wallace, 1996).

3.3. Particle size distribution of particles measured in each site

Table 1 (Figure S1) shows the aerodynamic particle sizes collected on
the Ni grid mounted on the <250 nm size fraction of the impactor for
each of the indoor locations measured. The number of particles counted
per site were Home 1-338, Home 2-24, Home 3-188, Office 1-75 and
Office 3-49. Across the 5 sites, the average particle sizes range from 35
4+ 59 nm 103 + 160 nm, which is consistent with the nominal size
fraction collected by this impactor stage (<250 nm). However, inspec-
tion of the histograms of particles collected on the grids (Figure S1)
shows that the sizes of some of the particles were larger. This could be
because of particle bounce or re-entrainment of particles from a higher
stage of the impactor to a lower stage. It could also be the result of the
single particles or primary particles (PP) or loosely attached particle
(agglomerates) coming in contact with each other during collection,
thus becoming tightly attached by metallic, ionic or covalent bonds
resulting in the formation of aggregates. Some of these aggregates
appear as a single particle with a diameter as large as 1000 nm, despite
being collected on a <250 nm size fraction of the impactor (e.g., see
Fig. 8). This could be due to particle bounce during sampling. Studies
have shown that due to the physical principle of particle collection
associated with all impactors, sampling artefacts like particle bounce
from a larger size cut-off above into the next stage can occur (Fonseca
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Fig. 8. Dark field image and elemental map of particle found in Office 2 (Map room and Photocopying/printing room).

et al., 2016; Wall et al., 1988). Fonseca et al. (2016) suggests that par-
ticle bounce can be expected when using the cascade impactor during
dry collect or indoors as in the case of this study.

The frequency of particle sizes observed during the TEM analysis is
shown in Figure S1. The smallest mean was observed in Office 1, which
was sampled in the summer and the office window was opened. The
opened window faced a car park that parks 12 cars and a minor road
(inside the university). The small sizes observed may be due to vehicle-
related pollution penetrating into the office from the open window.
Home 1 had the highest amount of particles counted on the grid not only
because it sampled for the longest amount of time but because various
indoor activities were conducted that are known sources of ultrafine
particles (Vu et al., 2017a) e.g. cooking, sweeping and other house
chores were in progress during collection of the sample. This cooking
activity also accounts for the small mean size of the particles collected.
This is similar to what other researchers have observed (Abdullahi et al.,
2013). One study observed mode diameters of 40 nm, 50 nm, and 30 nm
during scrambling eggs, frying chicken and cooking soups respectively
(Li et al., 1993). Another study showed that cooking processes produced
peak numbers of particles between 22 and 72 nm (Dennekamp et al.,
2001). Generation of particles in Home 1 and Home 2 resulted from
cooking activities, cleaning and movement of people, whereas in Home
3 the only indoor activity observed was people movement, so most
probably the movement of people caused the resuspension of indoor
particles that were collected with the impactor. These activities have
been suggested to have significant impact on indoor particle concen-
trations (Abt et al., 2000; Wallace et al., 2013). Home 2 and Office 2
appeared to have a bimodal distribution but the primary mode was in
the <100 nm size range, whereas Home 1, Home 3 and Office 1 showed a
single mode with prevalent particle size also in the size range <100 nm
(Figure S1).
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3.4. Implications of the size, shape and surface chemistry of the indoor
particles

Understanding indoor particles and exposure to them is important in
order to help identify how these particles may affect humans and to
facilitate the implementation of possible control measures to reduce
emissions indoor. This is especially relevant for particles in the ultrafine
range because their physicochemical properties can be different from
those in the bulk size range (Buzea et al., 2007; Stone et al., 2007). A
range of particles were collected indoors (home and offices) in the
current study, showing different particle sizes in the ultrafine region and
shapes with a wide range of chemical compositions (Figs. 1-8). Size is
one of the most important characteristics defining the pattern of regional
deposition in the respiratory tract (Ou et al., 2020). Of the particles
viewed under the TEM, those with <100 nm appeared to have the
highest frequency (Table 1). Whilst particles larger than 1 pm are
deposited preferentially in the extra-thoracic area, particles smaller than
1 pm are deposited throughout the entire respiratory tract and have the
ability to reach the bronchi and alveoli (Geiser and Kreyling, 2010). The
lung burden (determined by the concentration and rate of deposition
and clearance) of these particles depends on the size, shape and chem-
ical characteristics of the particle. Smaller particles as observed in this
study may have higher toxicity in comparison to larger particles because
of their large surface area (Brown et al., 2001), thus possibly higher
chemical bioavailability and potential to react with the lung lining fluid
and access respiratory epithelium cells. They may also have longer
residence time in the lungs since smaller particles can more easily evade
the clearance system and phagocytosis. Smaller particles also have the
potential to translocate to the blood stream through a variety of cellular
mechanisms such as endocytosis (Muhlfeld et al., 2008), diffusion or
adhesive interactions (Geiser et al., 2005). Smaller particles in the
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Table 3
Summary of list of elements observed in primary particles and agglomerates, their location and possible sources.
Elements Possible sources Location and activity description References
Home 1 Home 2 Home 3 Office 1 Office 2
Indoor house chores Indoor house No indoor activities, Window open Map room,
(cleaning and chores (cleaning except for dweller’s opposite a car photocopying and
sweeping) and cooking  and sweeping) movement park printing

Si, Fe Mineral contents from soil X X X X X Viana et al.

Al X (2008)

Ca X X X

K X X X X

S Fuel combustion X X X X X Khodeir et al.

(2012)
Industry emissions Viana et al.

(2008)
Secondary aerosols Viana et al.

(2008)

Ni Stainless steel: from X Lietal. (2015)

Cr cooking utensil and coating X X X X

Fe of finishes in the house X X X X X

Ti X

Cu X X

Mo X

Sn Tin cans (food storage) X (RSC)

Tin salts coating electrically Zhang et al.
conductive glass (2006)
Fire-retardant used in Horrocks et al.
plastics (2010)

Na Marine origin i.e. water X X X X Viana et al.

Cl body spray X X X (2008)

P Coke or wood burning (e.g. X Pernigotti
for domestic or commercial et al. (2016)
heating)

Use in fertilizers Power
plant emissions
F Secondary aerosol X Karar and
Gupta (2007)
Coal combustion X Zhang and
Smith (2007)
Pb, Rb Road dust emissions X Pant and
Harrison
(2013)
Ni, Fe, Si, Printer toner and inks X Martin et al.
Mn (2015)
Co Brown et al.
(2018)
Ca Paper X Martin et al.
(2015)

nanosize range have also been observed to translocate through the ol-
factory bulb (Wang et al., 2008; Yu et al., 2007), potentially becoming a
route of entry to the brain (Oberdorster et al., 2004), and nanoparticles
have been observed in the brain (Li et al., 2016; Maher et al., 2016).
Particles observed in this study exist typically as aggregates rather
than as single particles, and thus some of these aggregates have sizes
greater than 100 nm. When these aggregates are inhaled, they can be
more easily removed by the alveolar macrophage through phagocytosis
than nanosized particles. However, the shape of the particles defines
their clearance (Zhao et al., 2019) as well as their toxicity (Warheit
et al., 2006). In this study, different shapes of particles were observed,
such as irregular shape, spherical, non-spherical, rods, fibre, hexagonal,
and aggregate (Figs. 1-8). Non-spherical particles have a higher surface
area than the spherical particles of comparable aerodynamic diameter,
thereby providing potentially more surface contact for interaction with
the lungs (Carabali et al., 2012). Bound to these particles are trace
metals, organic species and other compounds. For example, insoluble
compounds may be able to cause inflammation and oxidative stress by
direct particle reaction with the airways as compared to soluble com-
pounds that are dissolved and can pass into the circulatory system
(Karlsson et al., 2005; Knaapen et al., 2002). Some of these chemical
components may have the ability to trigger inflammation, oxidative
stress and other negative health effects (Kelly and Fussell, 2012).
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3.5. Strengths and limitations

This study has characterised the morphology, size and surface
chemistry of quasi-ultrafine particles collected from indoor environ-
ments, such as homes and offices. The results provided add evidence of
the physicochemical properties of indoor quasi-ultrafine particles,
which is a field with scarcity of data. The evidence generated can help in
understanding the hazard and fate of qQUFP in the human body.

On the other hand, this study presents also some limitations. First,
samples of qQUFP were collected only in five indoor environments.
Nonetheless, sufficient number of qUFP were collected allowing to
provide an overview of a range of morphologies, sizes and chemistries of
qUFP encountered in indoor environments. Another limitation was that
the sampling methodology had to be adjusted during the initial samples,
as filters were overloaded, or not sufficiently loaded, until the optimum
sampling time was determined. It is recommended to sample for 2 h to
collect sufficient material on the TEM grids for physico-chemical char-
acterisation of indoor qUFP. Despite the differential sampling times, the
filters had provided novel data on the physicochemical characteristics of
qUFP, and thus the insights extracted from those initial two filters have
been analysed and discussed. A technical limitation during particle
imaging was the fact that it was difficult to switch between bright and
dark imaging to capture the same particles to obtained both sharp
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images of them alongside their chemical characterisation. For these
reason, the dark field images of the particles taken alongside the
chemical characterisation are less focused as those that would have been
obtained using bright field images. Despite that, valuable information
could be obtained on the morphology and size of those particles with
chemical characterization. Finally, the discussion of the of source
identifications of those particles relies on detection of specific elements,
or clusters of elements identified from the target particles, but does not
use the chemical profile of possible sources, as currently, it does not exist
for many of the indoor sources. Therefore, the sources proposed in this
work are considered to be suggestions based on the specific elements
identified in the particles that are known to be present in the suggested
sources. However, these particles might originate from other possible
sources not identified in the current study. Further studies should
characterise the physicochemical profile of typical indoor sources, such
as cooking, printing (e.g. emissions from the use of paper, toner and ink),
cleaning, incense burning, and use of personal care products, among
others. Once these physicochemical profiles become available, further
studies would be able to provide new evidence to ascertain the likeli-
hood of the sources identified in the current study.

4. Conclusion

A variety of quasi-ultrafine particles (<250 nm) from several indoor
environments have been collected using a cascade impactor and char-
acterised by electron microscopy (TEM/EDS). The size of these particles
is predominantly below 100 nm; their shape is mainly irregular, with
some instances of rod-like particles; and their chemical components are
primarily Fe, Si and S. The physico-chemical properties of these particles
determine their toxicological fate by defining the depth of inhalation,
deposition and lung burden, their clearance rate and ability to trans-
locate to the blood stream, as well as their toxicity associated with
adsorbed, absorbed or core constituents of these nanosized indoor air
particles.

Despite the limited number of indoor environments surveyed and
low replication of samples collected and characterised, this study has
combined two robust methodologies to characterise indoor air quasi-
ultrafine particles. Thus, the current study provides information on
physicochemical properties of a number of particles collected in indoor
environments, such as size, shape and composition, and helps filling a
gap of knowledge. Further studies characterising the physicochemical
properties of a larger number of particles in a wider variety of indoor
environments, as well as from different geographical areas is highly
recommended.
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