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Europe and reference methods are well in place for ambient air,
measuring indoor PM concentration still remains a challenge and
standardizing a measurement protocol is complex. As people stay
most of their time indoors, indoor PM is of great interest in terms of
public health, as concentration can be drastically different to the
one outdoors. This review aims to provide key information to the
indoor air monitoring communities, to better understand principal
methods suitable for the analysis of indoor PM with their respective
main influencing parameters. Advantages and drawbacks of each
method are discussed and specific awareness is raised to avoid
wrong data interpretation in specific situations. The inter-instrument
deviation is also explained and, when possible, methods to correct
are proposed.
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1. Introduction

Although the methodology and limit values for the assessment and management of out-
door air quality are usually well defined by binding European and national regulations,
indoor air quality (IAQ) is subject to regulation in only a few countries (Finland,
Lithuania, Portugal, Slovenia). Due to the lack of regulatory provisions, IAQ monitoring
is not bound to the use of reference methods nor subject to a rigid system of evaluation
and validation of the data collected. However, the importance of IAQ in the prevention
of adverse health outcomes is undisputed,’"! given also that people (and especially sus-
ceptible persons) spend most of their time in dwellings, means of transport and non-
industrial work environments. Moreover, the concentration and chemical composition
of indoor air pollution, including PM, can be very different from outdoors.”) The
indoor concentration of gas contaminants and particles is often much higher compared
to outdoors due to a variety of emission sources which include human activities.”!
Airborne particles can indeed be either transported into indoor environments from out-
doors by infiltration or directly result from indoor sources. In this regard, it has been
argued that the toxicity of indoor PM can be higher than outdoors ! if high emitters is
present.[s] Some particle emission processes are nearly continuous (e.g., ambient air
infiltration, heating systems) while others are intermittent (e.g., cooking, smoking, burn-
ing candles, printing). In this latter case, a relevant temporal variability of indoor PM
levels can be assumed, which could be superimposed to the spatial variability typical of
some specific indoor air pollutants.'®’ This issue is further complicated by the fact that
indoor particles can interact with each other by agglomeration, derive from gas-phase
chain reactions by condensation or nucleation, be converted to the gas-phase by evapor-
ation, or deposit onto room surfaces. The particle concentration and chemical compos-
ition of indoor PM strongly depend also on parameters such as the room size,
microclimatic variables, ventilation and air exchange rates, and sink effects on surfaces
(e.g., walls, ceilings, floor coverings, furnishings).

All these aspects must be taken into consideration when designing environmental
monitoring campaigns and for choosing the most suitable measuring instruments. The
study motivations and final objectives are also a key factor. For example, when the rou-
tine evaluation of IAQ by comparison with guidance values is the main purpose, the
monitoring strategy and the instrumental approaches must be able to best represent the
variability factors typically found on a time scale defined by the reference time of the
limit values themselves.

Unlike for gaseous pollutants, in the case of aerosols an additional element of vari-
ability and health hazard should be considered- the size distribution of particle concen-
trations and their chemical composition, which in return, are dependent on the source
type and strength, the dynamics processes mentioned above and the type of indoor
environment investigated.

2. Factors influencing indoor PM concentrations and monitoring

The following parameters should be considered when planning PM sampling cam-
paigns, and selecting sampling strategies, monitoring procedures and instruments.
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2.1. Reasons behind and objectives for an IAQ monitoring campaign

The motivations and goals of an IAQ monitoring campaign can be considered as the
first decisions that determine the sampling strategies, monitoring procedures and instru-
mental techniques to be used.”!

Possible reasons behind an indoor air monitoring campaign can be very broad and
can imply a gradient of complexity. For example, a routine IAQ assessment through
compliance testing with respect to guidance or legally binding limit values for PM, 5 or
for some specific particle-bound pollutants must be performed following well-standar-
dized methods and procedures '®°! and rely on the mass metric and the reference
period against which reference values are defined. The degree of complexity increases
when specific particulate-bound pollutants are determined using innovative analytical
techniques.!"”) When there is the need to investigate the reasons behind complaints or
reported problems about IAQ perception by office workers or building occupants or
suspected building related syndromes, the sampling strategy and monitoring method-
ology can be based on the type of toxicity (e.g., acute, subacute, chronic) of hazardous
substances and on the time resolution of methods used (e.g., time-activity diaries vs.
checklists) to collect simultaneous information on the possible factors affecting IAQ for
risk management purposes.'!!

Monitoring some specific indoor PM constituents can be also useful when providing
data to build, assess or validate indoor air pollution models."*! In such a case, the
selected instrumental methods should maintain a good accuracy and the collection of
data with high temporal and spatial resolution, to follow the kinetics of possible reac-
tions and match the resolution of model estimates. Furthermore, if changes of state (i.e.,
condensation, nucleation) or oxidation occur, then collocated measurements of the gas-
eous and particulate pollutants (levels, chemical profiles, sizes) should be carried out.

One of the main reasons for monitoring IAQ is often to identify and understand the
behavior and sources of indoor pollutants as well as distinguishing them from those
originating outdoors. Source apportionment is the practice of deriving information
about the sources and their contributions to air pollution including techniques based on
the measured concentrations of pollutants and their components (receptor-oriented
models) or on chemistry, transport and dispersion (source-oriented models). Particulate
matter source apportionment studies use either the chemical composition '* of the

particles or particle number concentration and size distribution.!"*! Other possible rea-

sons for monitoring indoor PM are reported elsewhere.!”!

2.2. Indoor-outdoor PM relationship

Outdoor ambient atmospheric aerosols can strongly affect IAQ because outdoor and
indoor environments are not independent systems and most indoor PM in countries
with a high sociodemographic index and nonsmoking dwellings is of outdoor origin,
which implies that knowing the relationship between indoor and outdoor PM is usually
very important. Furthermore, outdoor oxidants when infiltrated in indoor environments
might trigger processes of new particle formation and condensation events that dramat-
ically increase levels of ultrafine particles (UFPs) and secondary organic aerosols.!'”
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Indoor infiltration of PM from outdoor can occur via natural or mechanical ventilation,
as well as infiltration through cracks in the building envelope.

Severe atmospheric particle and anthropogenic dust pollution has attracted public
concern due to the frequent occurrence of haze events in some countries during the last
decade. The concentration of indoor airborne particles is increasing in parallel with the
deterioration of outdoor air quality. Although reducing building infiltration rates
through efficient insulation or by closing doors and windows can reduce the concentra-
tion of indoor particles of outdoor origin, the JAQ may still worsen due to the add-
itional emission of indoor-generated airborne particles, for example, particles generated
by solid fuel combustion, cooking and smoking.!*®’

As a general rule, a clear positive relationship between indoor and outdoor PM can be
assumed under high ventilation conditions, but not when the ventilation rate is low.
Typically, Indoor/Outdoor (I/O) ratios (the ratio of the concentration of a pollutant indoor
and outdoor) for PM vary from 0.7 to 1.5 and can also be much higher than 1 when there
are important sources of primary or secondary aerosols in the indoor environment. This
can typically occur when smoking indoors or during other emitting activities (e.g., cooking,
vacuuming or using open fireplaces, sprays or incense sticks and burning candles).!"!

2.3. Indoor sources of PM

Major indoor PM sources are cooking (especially frying and grilling), combustion and
heating activities (e.g., smoking, candle and incense burning, fuel combustion, fireplace
burning, natural gas stoves and ovens) as well as several occupant activities such as
cleaning and consumer products use (use of sprays), emission from electronic equip-
ment (e.g., printers) and resuspension (e.g., walking, children’s crawling on the carpet,
sweeping).'”) Source profiles (chemical composition and size distribution) of indoor
PM can vary significantly depending on climate, indoor location and specific source
types and can be modulated by many different factors. For example, emissions from
cooking are highly dependent on parameters including levels and type of outdoor pollu-
tion and concentration of oxidants, culinary techniques, types of food ingredients, com-
position of cooking oil, relative humidity, cooking temperature, or fuel type. However,
particles can also result from reactions involving gas-phase precursors emitted both
indoors and outdoors, i.e., secondary PM formation processes. For instance, secondary
particles can be formed indoors from Oj-initiated reactions (enhanced by photo-oxida-
tion), arising from outdoor infiltration or from indoor ozonizers, with chemicals emit-
ted from consumer products, building materials, and cleaning products.!*®'"!

2.4. Indoor particle dynamics

Indoor particle concentrations and particle size distributions can be subject to high spa-
tial and temporal variability. There are various dynamic processes which can affect
measurement results:

e Type and number of possible emission sources, their spatial arrangement and
time-dependent emission patterns
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e Contribution of the particles penetrating from the outside and associated influ-
encing factors, such as environmental conditions (outdoor air quality, meteor-
ology) and building conditions (ventilation rates, ventilation systems with and
without filtering, construction, building tightness, location of the object, floor)

e the occurrence of new particle formation from gaseous precursors and other
aerosol processes (condensation and growth, coagulation, shrinkage, re-
condensation)

e Particle transport and deposition mechanisms (aerosol dilution, sedimentation,
resuspension, thermophoresis and diffusion)

Amount of laminar or turbulent air movement and air mixing in the room;
Temperature and humidity;

Conversion by chemical (oxidation) and physical processes (coagulation, evapor-
ation, re-condensation, gas-particle partitioning).

Among other factors, these processes drive the concentration, size distribution and
chemical composition of particles.””) Once in the atmosphere, UFPs behave more like
gas molecules and are primarily affected by diffusion processes, while coarser particles
are more prone to sedimentation and resuspension phenomena. Particle deposition is
an important factor as it significantly influences the pollutant concentration of indoor
air and, thus, personal exposure. Deposition is positive from the perspective of human
health, as deposited particles cannot be inhaled so only dermal exposure can occur.
There is a considerable amount of literature about particle deposition on indoor surfa-
ces. The relationship between particle size and area-averaged deposition velocities or
particle rate loss coefficients is typically U- or V-shaped with a minimum at about
0.2 —0.3um in particle size.?"! To determine the deposition velocity onto a surface, the
corresponding mass flux and the particle concentration outside the boundary layer must
be measured simultaneously. The most relevant challenge lies in how to generate mono-
disperse tracer-labelled particles and measure accurately the very small amount of mass
deposited on the surface. Mismatch of tracer particle and actual particle surface energies
can also be a problem.

Settled dust resuspension is caused by particles detaching from surfaces. PM is sub-
jected to various removal forces, such as aerodynamic lift and drag, surface vibration
forces and electrostatic forces; they then become airborne. Human-induced particle
resuspension is associated with various activity patterns (e.g., sweeping) and different
types of movements as walking or crawling across horizontal surfaces, such as floors
and carpets. Resuspension rates increase directly with particle size, which is particularly
relevant for PM, ,, and even more so for the PMs,, size fractions.''®?%2%
Resuspension of UFPs can be considered to be close to zero, indeed electrostatic bind-
ings are so strong that UFPs are nearly definitely bound when settled onto a surface.

All these aspects should be considered when planning the measurement strategy and
also when evaluating the measurements, e.g., by recording and analyzing the time
response of an aerosol or different aerosol size fractions over a longer period. In gen-
eral, it should be considered that aerosol size fractions may also occur in concentrations
outside the measuring range of the monitoring instruments.
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Figure 1. lllustration of particle size-dependent deposition of airborne particle in the human respira-
tory tract — taken from exposure assessment considerations for nanoparticles in the workplace.'”

3. Pm size and fractions: monitoring methods and strategies

Size is probably the most fundamental parameter directly describing and characterizing
aerosol particles, but the classification of indoor airborne particles according to their
size range will also provide indirect information on their sources, generation and inter-
action mechanisms, and aerodynamic behavior, penetration and deposition in the
respiratory system. The health effects after aerosol intake can also strongly depend on
the deposition in the various regions of the respiratory tract, but also with the fact that
a relevant fraction of inhaled UFP translocate the lung and reaches the circulatory sys-
tem, and with then several organs of the body. In this regard, the International
Commission of Radiological Protection (ICRP) in 1994 developed a comprehensive lung
deposition model for radioactive aerosols.**! Several parameters are required to con-
struct the model including breathing rate, lung volume, activity, nose/mouth breathing,
etc. The obtained deposition curves can be found elsewhere '**! and are summarized in
Figure 1. The extra-thoracic deposition curve represents the relative number of particles
that deposits in the nasal and oral passages, pharynx and larynx; the tracheobronchial
deposition curve represents the fraction of aerosol that deposits beyond the larynx (i.e.,
in the trachea, the bronchi, and the bronchioles), while the alveolar deposition curve
represents the fraction of the aerosol that deposits in the deepest region of lungs, where
oxygen exchange with blood occurs. Conventionally, the upper size limit for particle
inhalation is about 100 pm, while the lower size limit is likewise arbitrary and can be
taken to be a few nanometers.

Furthermore, the main health effect associated to PM is the aggravation/cause of car-
diovascular disorders.!”®! This hypothesis arises from inflammatory reactions in the
lungs with a resultant systemic release of cytokines, which may influence cardiovascular
endpoints.””) Pulmonary inflammation has been associated with systemic hypercoagul-
ability, generation of oxidants, activation of complement, increase in blood viscosity,
and elevation of the plasma concentrations of fibrinogen and C-reactive protein.”?®) It
has also been hypothesized that a fraction of UFPs (finer than 100 nm) translocate from
the lungs into the circulation and thus influence cardiovascular endpoints more directly,
also reaching organs of the body through the circulatory system.!*”!
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The appropriate particle size definition depends primarily on the type of measure-
ment and class of particles: for example, the aerodynamic diameter (D,., defined as the
diameter of a spherical particle of unit density having the same terminal settling velocity
as that of the particle in question) is useful for particles larger than about 0.5 pm (i.e.,
those particles having appreciable inertia).*" Particles smaller than about 0.5 um can be
better characterized by their diffusive diameter (i.e., the diameter of a spherical particle
of unit density having the same diffusion coefficient, thus the same migration velocity
in an electric field, as the particle in question). Another classification criterion, used for
light-scattering devices, is the optical equivalent diameter (i.e., the diameter of a particle
having the same response in an instrument that detects particles by their interaction
with light).

These various equivalent diameters are thus defined as the diameter of a sphere,
which, for a given instrument, would yield the same size measurement as the particle
under consideration. Most of the time, the different types of diameter are considered
equally without taking particular care, even though each type of diameter can be totally
different. Depending on the shape, color, refractive index and density of the particle,
the same particle can indeed be measured in various ways and neglecting these parame-
ters can lead to incorrect data interpretation.

Furthermore, the particles in real aerosols are not uniform in size and follow multi-
modal distributions. The typical description of the size distribution of ambient aerosols
is a trimodal distribution consisting of a nuclei mode in the size range 0.005 to 0.1 pm,
an accumulation mode from 0.1 to 2 um, and a coarse mode greater than 2.5 um. In the
air quality field, focusing on PM mass concentration, the size discrimination leading to
PM,5, PM;q and PM, 5 (coarse fraction) definitions rely on the fact that fine and
coarse particles have distinct sources and physicochemical characteristics. Since the
1990s, scientific interest was extended to include indoor UFPs. PM size fractions are
collected and hence can be also defined as those portions of airborne particles that pass
through a size-selective inlet with a 50% efficiency cutoff at the desired aerodynamic
diameter. Thus, PM,, is the fraction of particles which pass through a size-selective inlet
with a 50% efficiency cutoff at 10 um aerodynamic diameter, PM, s at 2.5um, PM; at
1 um and so on. Due to the importance of particle size in determining penetration and
deposition in the respiratory system and the possible health effects, it is crucial to meas-
ure PM in a consistent manner. For this reason, regulatory and standardization bodies
have defined effectiveness curves and agreed on standardized samplers for size-fractio-
nated PM. The International Organization for Standardization (ISO) has also released
recommendations on sampling conventions based on particle deposition in specific
regions of the respiratory tract.*!! The “Total Suspended Particles” (TSP) fraction is an
old regulatory measure of the total mass concentration of PM. Nowadays, TSP is no
longer used, except for some applications for exposure assessment in industrial environ-
ments. Today, PM, 5 is the most important PM fraction to represent health risks, corre-
sponding to the “high-risk respirable convention” as defined in I1SO 7708:1995 1**! and
has great importance for indoor air quality studies because it includes the near totality
of combustion-generated particles and secondary PM deriving from chemical reactions
either outdoors or indoors. It is not by accident that most of the recent studies focus
on fine PM and UFPs, due to the relevance of these potentially highly-penetrating
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Figure 2. Typical size distributions of atmospheric PM expressed as number, surface area and volume
(mass) concentrations - Modified from Wikipedia (CC BY-NC 3.0).

particles into the human respiratory system. PM, 5 is ISO 16000-37 is the international
reference standard for indoor measurements.”’

The sampling and assessment of PM; concentrations in indoor environments has
recently become a prerogative of some research studies but is not considered in routine
IAQ monitoring, due also to the lack of standardization and expense of PM; monitor-
ing devices.

The term UFP typically refers to <100 nm number concentrations. Mass is not used
as a metric anymore because these particles are so small and thus so light that weighing
them requires a long and expensive collection time and is a complex process, while an
accurate count of these particles in the volume of air is much more viable and straight-
forward (Figure 2). Coarse particles, while dominant when focusing on mass, represent
a very small fraction of the total particle number. As this number fraction usually
remains below the measurement uncertainty, the coarse particle number fraction, even
it counted by the instrument, can be neglected. UFPs can thus be referred to the total
particle number concentrations, while other studies used the term quasi-UFPs **** The
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real-time measurement of UFP number concentrations is crucial for indoor environ-
ments characterized by intermittent combustion sources. ISO 16000-42 which deals with
this subject is currently under development.*®! Since there are many indoor activities
that can drastically increase particle number concentration (PNC) with little effect on
fine PM, it is highly advisable to monitor both PM,s and UFP PNC in such indoor
environments.

The aerosol fractions (i.e., inhalable, thoracic, respirable) used for risk assessment in
industrial environments ****! according to occupational hygiene standards and practi-
ces 1) should not be used for risk assessment in indoor environments, including spaces
occupied by workers (e.g., offices, schools, cinemas/theatres, banks, hospitals, means
of transport).

3.1. Main PM measurement methods

Determination of PM concentrations and their size-distribution are not straightforward
and as already explained above, strongly depends on the methodologies used to evaluate
them. There are now many different devices for monitoring particles in indoor environ-
ments and their selection depends on several factors such as purpose of monitoring,
costs, dimensions, user-friendliness and noise. ISO 16000-34 1% gives a detailed
description of the strategies for the measurement of indoor airborne particles; a large
range of instruments are also presented, listing their advantages and disadvantages.

3.1.1. Particle mass concentrations using gravimetric methods
Historically, the assessment and management of both indoor and outdoor air pollution
are based on the mass metric determination of PM, through the comparison of concen-
tration levels with national or international guidelines or binding limit values. Actually,
it is worth noting that the reference parameter used to investigate particle toxicity and
to derive air quality standards to protect people from adverse health effects is the par-
ticle mass, instead of other PM metrics (e.g., particle number or particle surface
area),*>*"! although in the recent years different epidemiological evidences suggest that
other aspects of atmospheric PM, beside mass, correlate with a wide range of health
outcomes.!*! The current limit values for PM and its chemical constituents (apart from
asbestos fibers) in the outdoor air “?) or occupational environments are currently
expressed in terms of mass per cubic meter of air. The same holds for indoor air quality
guidelines '**! and therefore determination of PM mass concentration levels indoors is
the crucial measurement for routine and dedicated indoor air quality surveys.
Gravimetric analysis is a regulatory well-standardized procedure, exhaustively
described in terms of methods and sampling strategies in the reference technical stand-
ards EN 12341 and ISO 16000-37, which focus on the PM,; mass measurement in
ambient and indoor air, respectively.**! The gravimetric method is essentially based
on a time-integrated approach, which means that within the selected sampling-time
interval (e.g., the reference time on which guideline or binding limit values are defined,
generally 24 hours), information cannot be obtained about temporal trends and variabil-
ity, peak levels or short-term emissions in the determined mass concentrations.
Nevertheless, this is the most accurate and reliable method, giving results of good data
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quality and at relative low costs if all key factors that can affect the measurement (e.g.,
design and construction of the size-selective inlet; sampling flow rate accuracy; particle
deposition losses between the inlet and the filter) are controlled and their effects are
minimized.!*"’

The design of an active sampling system for PM collection through filter-based tech-
niques has been schematized elsewhere.”) In brief, as well known, gravimetric determin-
ation of PM requires the passage of a volume of air at a constant and known flow rate
and duration through a size-selective inlet, specifically designed for the selection of par-
ticles according to their aerodynamic diameter, using a sampling pump. The selected
PM fraction is then collected on a preconditioned filter media, which is weighed in spe-
cific constant conditions before and after sampling, to obtain the average airborne par-
ticulate mass and the corresponding concentration level, for the reference
sampling period.

Technical Standards (TS) P** recommend a variety of size-selective inlets based on
different types of fractionation mechanisms (viz. conventional impaction, virtual impac-
tion and cyclonic separation) that can be employed for indoor gravimetric measure-
ments of PM, s or PM,, referring to the generic term Aerosol Mass Monitor (AMM)
to indicate any system that allows the collection of aerosol particulates on a filter sub-
strate suitable for subsequent gravimetric analysis.*® In general, when the air enters the
sampling inlet, 50% of particles having an aerodynamic diameter greater than a specific
cutoff size (e.g., particles > 2.5 or 10 um) should be removed, even though a certain
amount of those particles are still sampled on the filter substrate because the actual inlet
collection efficiency is generally described as a sigmoidal function.*®! In addition to
indicating the characteristics and performance of the sampler, TS documents recom-
mend the use of low-volume samplers (LVSs) with PM, s or PM;, heads operating at a
nominal flow rate of 2.3 m> h™!. This flowrate, combined with long sampling time, col-
lects a mass which is sufficient to reach an acceptable measurement uncertainty.

Nevertheless, alternative techniques which imply the use of very low-flow rates devi-
ces or small cyclones and impactors should always be considered for the collection of
indoor PM. Indeed, although not recommended in reference documents, because the
measurement uncertainty will increase due to the low mass collected, these methods can
be the best choice if the pump must be of a reasonable size and weight and produce a
low noise level or if the overall instrumentation must as small as possible. Moreover,
due to their small size and weight, some of these samplers can be employed for personal
monitoring, which can be very useful for exposure and risk assessment purposes. In this
regard, the standard ISO 16000-34 **! mentions an instrumental category that includes
a series of portable samplers (typically working below 10L min~") usually worn by peo-
ple during indoor activities to monitor their personal exposure, even though no guide-
lines are clearly specified for these sampling devices.

In the scientific literature, a variety of alternative very low-flow rate devices or minia-
turized cyclones and impactors have been normally used for the monitoring of indoor
airborne particulates.*”**! In a number of national and international studies focused on
1AQ 9% 3 single-stage impactor operating at a constant flow rate of 0.6m’/h (10L
min~') with a quasi-noiseless sampling pump was selected as a gold standard because
of its reliable performance and its documented agreement with PM, 5 Federal Reference
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Table 1. Comparison of filter types.

Weighing Chemical characterization
Filter type Captor Hygrosc El charge Mass Elements OC/EC Organics lons
Glass fiber HV, LV, VLV (Low) Low High N Y) Y Y
Quartz HV, LV, VLV Low Low High Y Y Y Y
Teflon, PTFE LV, VLV Low Low Variable Y N Y Y
Polycarbonate VLV Low (High) Low Y N N Y
Cellulose esters LV, VLV High (High) (Low) Y N N N
PVC LV, VLV Low High Low Y N N Y
Nylon LV, VLV Low (High) Low Artifacts N N HNO;

High (HV), Low (LV), Very-low (VLV) volume samplers; Brackets = Estimate.

Methods (FRMs).!>>*%) Likewise, if PM size-fractionation is required, a miniaturized multi-
stage cascade impactor 5] that can be easily worn by people for personal exposure assess-
ment, could be an effective choice, as recommended by the EPA Method IP-10A.1)

Alternatively, the same EPA Method IP-10A suggests the use of a referenced Personal
Environmental Monitor (PEM), which is a lightweight single-stage impactor equipped
with a low-volume pump and specifically developed to provide an effective collection of
PM, 5 or PM,, in the indoor air.***! it is worth mentioning that measurement uncer-
tainty may increase significantly with this type of systems as the collected mass is often
so low that micro-analytical balances with readability down to 1 ng should be used and
all the possible weighing interferences should be carefully controlled.

The selected filter media used for PM collection must take into account different fac-
tors, such as type of sampling strategy, total costs, availability and gravimetric determin-
ation, plus the requirements of the analytical techniques, if a PM chemical
characterization is foreseen.l®! There are different types of commercially available sub-
strates,”®! all of which should guarantee a high collection efficiency (>99%),!°"! that
anyway varies according to the filter type and manufacturer and also depends on air-
flow, pore size and sampling duration, as reported in detail elsewhere.!*”’

Each type of filter has its own advantages and drawbacks (see Table 1), which have
been exhaustively presented in a published review by Watson and coworkers.!*’
eral, the choice of the most appropriate filter type is a key point for the gravimetric

I'n gen-

determination of PM. Indeed, although the gravimetric procedure is essentially a simple
process, it can give inaccurate and unreliable concentration data because there are dif-
ferent environmental and procedural variables that could influence the filter weights
and for this reason, they have to be avoided, minimized or standardized, adopting suit-
able precautions. These factors include:

absorption of gases (such as NH;, HNO3, SO,) onto the filter surface;

e retention of water, as in the case of mixed cellulose ester (MCE) filters due to
their higher hygroscopicity and net mass than polyvinyl chloride (PVC) mem-
brane filters or polycarbonate capillary pore filters;

o electrostatic charges, as for PVC filters that can be typically affected by a positive
weighing error caused by the build-up of electrostatic charges on filter substrates;

e evaporation of semi-volatile pollutants (e.g. ammonium nitrate), that can be
avoided by ensuring suitable cooling after sampling;
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e contamination or sample losses during transportation and filter handling, includ-
ing the mechanical removal of particles (and/or filter material) during sampling
preparation activities. [55]

Moreover, the filter composition should be compatible with the chemical determina-
tions to be performed. By way of example, some filters (e.g., cellulose nitrate filters) are
very difficult to be weighed, but they have low background values for metal elements
and are easy to digest, thus representing good substrates for this type of analysis,
whereas glass fiber filters contain elemental impurities that do not allow the quantifica-
tion of many major and trace elements,””®") but are mechanically strong and less
hygroscopic.

For gravimetric analysis of PM, specific controlled environmental conditions (i.e.,
clean air, constant temperature (T) and relative humidity (RH)) are required, and the
filter media must be stabilized at these environmental parameters (T=20+1°C; RH =
50£5%) in a climatic chamber for a specific time (usually > 48 h, but this can depend
on filter type) before being weighted.[**! Indeed, different conditioning parameters may
result in different weighing values depending on temperature and especially relative
humidity condition, which can cause a retention of liquid water with a consequent bias
in the PM mass determination./®>"** Pressure variation correction should also be
applied if the filter is weighed with its filter holder.

Weighing microbalance resolution and repeatability generally depend on the expected
PM mass on filter media, as well as on the filter mass itself. A balance with a resolution
of 10 ug is typically required for LVS working at 2.3 m*/h,*) while a lower resolution
(usually of 1pg) is recommended for VLVS (< 10L min~'). The balances must be
regularly calibrated with well-established standard weights and antistatic devices (e.g.,
high voltage ionizers or other static neutralizers) should be kept in the balance weighing
chamber to neutralize electrostatic charges. Moreover, regular quality control (QC) and
quality assurance (QA) procedures must be carried out to check that the weighing
parameters always comply with the required standard conditions and obtained results
can be considered reliable. Examples of QC/QA procedures include: i) periodic balance
zero control; ii) replicated filter weights; iii) laboratory filter blanks weights; iv) balance
maintenance; v) internal system and performance audits; vi) quality system audit; vii)
performance evaluation and laboratory inter-comparison.

The quality of the weighing procedure can also be assessed using the ASTM D 6552
method.!®) In this method, recommendations are provided for the reporting of weights
relative to LOD and LOQ. These latter parameters are computed as a result of the
method evaluation. Mass LOD and weighing imprecision for every filter size and type
should then be determined.

All the aforementioned procedures are described exhaustively in the referenced
Technical Standards. A comprehensive presentation about these topics can be also
found elsewhere.”!

3.1.2. Fine particle number and mass determination
Filter-based techniques are the gold standard for airborne PM measurements,'*! but on
the other hand, gravimetric systems are characterized by different limitations. These
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limitations refer for example to (i) the considerable amount of time spent for the sam-
pling of a sufficient PM mass to be analyzed via gravimetric techniques;'® (ii) the loss
of potentially health-related volatile compounds caused by the filter conditioning pro-
cess; ") (iii) the necessity of specific instrumentation (e.g., a climate-controlled weighing
room and a high-resolution micro-balance). Gravimetric determination is also (iv) time
consuming and (v) does not allow automatic remote control of particle concentrations.
Finally, (vi) it provides only time-integrated concentration values, which implies the
limitation of not identifying significant and short-term emissions in IAQ studies.

Alternative methods based on particle light scattering and a variety of optical coun-
ters and spectrometers have been developed and are commercially available.
Photometers can be classified into two categories based on the measurement principle.
Nephelometers scatter the light from an ensemble of particles and the photodetector
provides a single output that is therefore converted to particle mass concentration.
Optical particle counters (OPCs) count and measure the optical diameter of individual
particles, then convert diameters into mass concentration by applying a transformation
algorithm to each counted particle. Generally, the LOD of these instruments is equal to
1ug m > or less. The lower detection limit diameter for photometers varies from 0.12
to 0.4 um, with the majority between 0.3 and 0.35pum as diameter for 50% detection.
Maximum particle diameter can be from 3 to 40 pm, depending on the device.

These photometers enable (i) time resolution down to one second, making it possible
to determine real-time particulate levels and monitor transient concentrations. Plus,
they are (ii) easy to use, (iii) require low maintenance, (iv) can be operated remotely
and (v) easily provide much more data; some of these instruments are also (vi) low
cost. For these advantages, this type of particle monitor is widely used for indoor air
campaigns, also helping to characterize intermittent activities and emission sources that
may contribute significantly to indoor air pollution.[*®!

However, some studies show that light-scattering based instruments are not entirely reli-
able when compared with reference methods, under- and overestimating the indoor PM
concentration.®* 7% Moreover, the exact relationship between different analytical methods
(ie., filter-based and real-time) strongly depends on the type of particles and the environ-
ment."**! This is particularly true for indoor environments, characterized by high variability
in activities and emission sources. The reasons for this bias error depend on the type of
photometer. Nephelometric photometers collect the scattered light over an ensemble of par-
ticles so cannot directly determine the particle size distribution, although they approximate
the total illuminated particle surface area. OPCs measure the optical diameter directly for
each particle, so can correctly determine the particle number vs optical diameter. Both tech-
nologies have the inherent error of translating particle number to particle mass, which
assumes a particle density and refractive index (RI). Nephelometers must assume a global
density and RI, while OPCs can set size-specific density and RI, if known. An additional
error is related to the fact that the measurements and aerosol classifications are based on
optical diameters while the reference methods are generally based on other metrics (e.g.,
aerodynamic diameter, density/mass, electrical mobility). Other problems are the inability to
measure particles below the diameter LDL and particle growth in high humidity.

To improve the accuracy of these instruments, PM mass concentration data acquired
via real-time monitors are calibrated in the field, co-locating both real-time monitors
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and gravimetric systems, obtaining a correction factor to be applied a posteriori to
adjust real-time data.”’””®) As these correction procedures for real-time monitors are
always linked to the particle characteristics (e.g., density, shape, refractive index); results
obtained indoors could be very different if the particle composition varies due to the
presence of specific sources.

As reported, these instruments (described in the ISO 16000-34 standard [381) remain
useful when source identification is required or to provide information on the temporal-
ity of the PM concentration: 1SO 16000-37 ! allows the use of these monitors only as
supplementary methods. Thus, the reference method remains compulsory to achieve
reliable indoor PM concentrations, but also to correct real-time data.

3.1.3. Ultra-fine particle number determination

UFPs are of specific health relevance due to their very small sizes that allow them to
reach the alveolar area when inhaled and thus to possibly interact with blood. Mass
measurement methods are not sufficiently sensitive for UFP."# As stated above, the
most relevant measurements in this particle range (<100nm diameter) are the number
concentration or the surface area.

Condensation particle counters (CPCs) are one of the most frequently used instru-
ments to count UFPs. A CPC counts all airborne particles present in an air sample and
thus provides a measure of the total particle number. Nevertheless, as coarse particles
usually represent only a very small fraction in number of the total counting, CPC
results can be used as a good proxy of the ultrafine fraction. Since UFPs are too small
to be detected by optical techniques (detection often limited to 0.3 pm in particle diam-
eter for most optical instruments), condensation techniques are used to grow small
aerosol particles to sizes that can be detected using classical optical particle counters.
The aerosol concentration measured by means of CPC is expressed as number concen-
tration, conventionally expressed as particles per cm .

Through various means, CPCs create a region of vapor supersaturation to activate
the condensational growth of these particles to a size large enough to be detected.
Alcohols (generally butanol or 2-propanol) are often used as working fluid due to low
dew points which facilitate the creation of a high supersaturation environment at low
temperature. The latest versions of CPC models have two counting modes: one based
on light-scattering techniques, in which the detection system uses a photodetector,
measuring the signals from individual particles and thus counting each particle; a
second mode based on a light-extinction photometer device, measures the intensity of
the light scattered by all the particles present in the measurement chamber, thus giving
an indication of the total number of particles present. The second mode is less sensitive
and is used only when the particle number concentration is too high to allow individual
particle detection. At intermediate concentrations two particles can pass the detector at
the same time, creating coincidence and thus an under-estimation of the real concentra-
tion. Modern CPCs are thus equipped with a coincidence correction algorithm which is
capable to approximately correct the problem to a certain limit.

The performance of a CPC must be calibrated. The concentration of a positively
charged, monodisperse aerosol is simultaneously determined with an electrometer and a
CPC. The counting efficiency of the CPC is thus determined as a function of particle
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size. This calibration method is the only way to ensure a traceable CPC instrument.
Nevertheless this procedure is complex and costly as various particle sizes should be
tested. This procedure is thus generally only used for the gold standard instrument of
the manufacturer and mass production calibration is often only calibrated by comparing
the released device to the gold instrument.

The diftusion losses in a CPC system increase with decreasing particle size, leading to
an important decrease in counting efficiency for particles < 10nm. The minimum
detectable diameter is also influenced by the particle solubility in condensing vapor and
the charge state of the particle surface.””) Many CPCs can detect particles down to 5-
10nm. CPCs optimized for the small size range (UF-CPCs) use the same particle count-
ing technique as conventional CPCs but are further optimized to enlarge very small par-
ticles more effectively and reduce losses, which allow detection down to 3nm. To
extend the detectable size range of an alcohol CPC even further, a Particle Size
Magnifier (PSM) or Size Enhancer Stage (SES) is used upstream. By using diethylene
glycol, a working fluid with low vapor pressure and high surface tension, even extremely
small nuclei down to 1nm can be enlarged and counted. Some information about CPC
performance can be found in Kangasluoma et al.!”®

Alcohol-based CPCs should be carefully managed to avoid altering the indoor air com-
position by the alcohol released during sampling.””! Using alcohol as the working fluid can
indeed pose health and safety risks and odor problems indoors. For this reason, some
water-based CPCs have been developed. With water CPCs, an additional conditioning sec-
tion in which the aerosol is brought to 100% relative humidity at ambient temperature is
added before entering the heating section to better define the state of the aerosol and
improve the counting efficiency for different aerosol materials down to about 1nm.
Nevertheless, strongly hydrophobic particles might not be counted correctly and particular
care should be applied to ensure correct results when using water CPCs.!”®!

ISO 16000-42 Indoor: “Air-Measurement of the particle number concentration by
Condensation Particle Counters” is now under development and will be the future ref-
erence standard.*” As regards CPC data quality, CEN/TS 16976 ") describes the min-
imal requirements of a suitable CPC, including detection limits, precision and accuracy.
CPC flow rate is the key source of uncertainty and must be checked using an externally
calibrated flowmeter. For this reason, CPCs with internal flow splitting should be
avoided. The measurement uncertainty is deeply influenced by the CPC particle size-
dependent detection efficiency. The detection efficiency of a CPC follows a sigmoidal
curve that goes from zero to 100% when the plateau is achieved. The particle diameter
for which a 50% efficiency is obtained, is defined as D5, or the “lower detection limit”
(LDL) of the CPC. LDL is an intrinsic characteristic of the CPC and is fixed by setting
the saturator and condenser temperatures values. Most manufacturers provide efficiency
at D5y and Dy, However, these characteristic quantities are dependent on the type or
chemistry of particles. Users should be aware that no comparison between CPC with
different Ds, is possible. A D5y, of 7nm has been used as reference in ambient air
(CEN/TS 16976 7°') during nearly a decade, but has been switched to 10 nm during the
last revision of this standard. Particular care should thus be taken when comparing
measurement campaigns performed at different periods and thus potentially with instru-
ments having various Ds,.
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Good practice for CPCs includes a “zero check” (“leak check”) performed before each
CPC measurement. This test consists of placing a HEPA filter at the inlet of the instru-
ment and verifies that no particles are counted by the device. It is advisable to maintain
a record of the meteorological conditions during the measurements and to check the
impact on data. An outdoor environmental record is compulsory because variations can
be very important because the results should always be reported per volume of air in
standardized normal conditions. For indoor measurements it is not compulsory, but
remains recommended. The manufacturer’s manual should be consulted to check
whether the sample flow indicated by the CPC is quantitatively volumetrically defined
or if recalculation is necessary sine the instrument indicates the result as standard flow.

Measurement uncertainties are affected not only by the counting instrument, but also
by possible losses in the sampling and measurement system. Most of the time sampling
lines are not required indoors, and measurements are made directly at the inlet of the
instrument. Proper functioning of the CPC components must be verified by instrument
indicators and status messages. In most cases these will be documented automatically
along with the data in the log files, generated by the instrument’s software. The total
particle number concentration measurement of a properly calibrated CPC is expected to
have a relative total uncertainty of about +5-10% in the size range of the counting effi-
ciency plateau and operating in either single count or correction mode. For measure-
ments in the photometric mode the measurement uncertainty is much higher.

Reasonably compact handheld UFP monitors are now available that use condensation
nuclei counting approaches to provide total particle counting (i.e., particles cm™>). The
performance of these portable units in comparison to bulkier condensation particle
counters is reported to be reasonable, but not in perfect agreement. An important limi-
tation of portable units is currently their inability to detect the smallest particle sizes,
down to the LDL of 10-20 nm. Substantially undercounting is thus often observed when
the monitor is placed very close to combustion sources, where the nucleation mode is
dominant because particles have not yet grown or collapsed. Relatively short sampling
periods allowed by the available alcohol reservoir size (often a simple mesh soaked in
the working fluid) limits these monitors to be used more as screening tools rather than
as affordable continuous measurement systems.

3.1.4. Ultra-fine particle size distribution determination

CPCs do not provide information related to the size of the aerosol as all particles are
grown to approximately the same size, whatever the size of the initial nuclei. Knowing
aerosol size is important to determine the potential toxicity of the aerosol as particle
penetration is deeply linked to this parameter. Mobility Particle Size Spectrometers
(MPSS), also called Differential Mobility Particle Sizer (DMPS) or Scanning Mobility
Particle Sizer (SMPS) can be used to determine UFP size distribution. This system is
composed of three components:

bipolar charger for charging the particles in a well-established way
Differential Electrical Mobility Classifier (DEMC), also called Differential
Mobility Analyzer (DMA), which classifies particles by electrical mobility

e Condensation Particle Counter (CPC) for detecting particles.
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Figure 3. Working principle of a coaxial cylindrical DEMC.

A DEMC dlassifies the aerosol particles by their mobility diameter and not by their
aerodynamic diameter. The charged polydispersed aerosol particles go through the
DEMC as laminar flow; by applying a voltage between the inner and outer electrodes,
the charged aerosol particles move perpendicular to the air flow. A small fraction of the
charged particles enters the thin circumferential slit near the bottom of the inner elec-
trode, this is the classified fraction for a specific voltage setting, which is the only size
fraction reaching the CPC and thus being counted. By changing the voltage another
particle size will exit the DEMC. By stepwise increasing the voltage, for example from a
few volts to 10kV, a particle size range from 10 nm to 800 nm can be measured (Figure
3). Since particles can carry more than one elementary charge, particles of different sizes
can have the same electrical mobility. This is accounted for in the system controller by
applying a data inversion process that applies size-dependent charging probabilities.

Unlike optical particle counting, the number concentrations of the size classes are not
recorded continuously, but discontinuously at intervals of typically 3 to 5minutes due
to the time needed to measure each separate size class. This should be taken into con-
sideration when evaluating the results of particle counts with upstream particle size clas-
sification, especially where the particle size composition of the investigated aerosol
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varies rapidly compared with the time needed to measure the particle size range
of interest.

DEMC limitations are in theory the same as the limitations of the CPC used for the
detection, but as the CPC receives only one class size at any single time, concentration
is often quite low and thus the CPCs no longer have a coincidence problem. Internal
losses (sampling line, DMA, etc.) are on the other hand greatly increased, but since the
particles size is known, loss correction algorithms need be applied to compensate for
these losses. Typically, the DEMC automatically corrects for particle losses due to diffu-
sion. Most MPSS instrument systems have a LDL close to 7-10 nm since the level of the
smallest particles reaching the detector is too low to allow a reasonable estimation.

A radioactive source is often used in adjusting the system for a defined charge distribution.
Non-radioactive neutralizers are also available but have worse long term stability and can bias
the result. Transport of a radioactive source requires authorization and is not always allowed
in some buildings (i.e., schools, airports). The use of MPSS thus requires a significant financial
investment in equipment and can involve high maintenance costs. These instruments are also
quite heavy and less transportable than a CPC. As a result, in practice MPSSs are often only
used in research studies and not employed in routine IAQ analysis.

I1SO 15900:2020 ") provides guidance for calibration of particle sizing and a method-
ology for quality control, while CEN/TS 17434:2019 ') defines performance criteria and its
use for atmospheric monitoring. No specific standards for indoor air applications have been
developed yet, but some general recommendations are included in ISO 16000-42.5°) A rela-
tive total uncertainty of about +10% can be achieved in the lab in the size range of the plat-
eau counting efficiency of the CPC (for example for particles around 40-50 nm). Under real
field conditions this uncertainty often reaches between 20-30% on average for the entire
range, so particular care should be taken when interpreting the data.

Nanoparticles, which are manmade UFPs, usually have the property to be homoge-
neous in terms of size, shape and composition. CPCs and MPSSs can be used to moni-
tor nanoparticles. Nevertheless, special care should be taken to avoid saturation of the
CPC, even when measuring them with an MPSS, as all particles have nearly the same
size and will thus pass the DMA at nearly the same time. In practice, a moving CPC is
used in a way to ensure the absence of leaks in the manufacturing process. There is
normally no reason to measure engineered nanoparticles except those released in pro-
duction since it is not possible without microscopic techniques to distinguish them
from others ultrafine particles and because their concentration will almost always
remain much below the instrumental uncertainty.

3.1.4. Surface area determination

The respiratory system deposition region is primarily governed by particle size and
shape. Also, the health response may be a function of different parameters (including
mass, particle size, morphology, surface area, surface chemistry and chemical compos-
ition). Although ideally exposure should be expressed in terms of the most appropriate
metric, the decision of appropriate aerosol measurement metric and methods may be
driven also by practical issues. In practice, mass and number concentrations are easier
to measure than parameters such as particle shape and surface area **! . However, there
has been concern that the health impacts of inhaled particles - particularly those
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associated with UFPs and nano-sized particles - are not well-characterized by mass con-
centration measurements, but require exposure to be assessed in terms of alternative
parameters.””*%%) In this regard, some toxicological evidence suggests that surface area
might be a more health relevant dose metric than particle mass or particle number;'* this
is because UFPs have substantially larger surface areas per unit mass compared to coarser
particles and surface area may be a better determinant for particles’ surface reactivity.

Surface area (SA) concentration is defined as the particle surface area concentration
per volume unit of air (um* cm™), often expressed as lung-deposited surface area
(LDSA), which is the particles’ surface area, weighted by the deposition probability in
the lung. Particle SA concentration can be measured using Diffusion Chargers (DCs). A
benchtop DC 7 can estimate the human lung-deposited surface area of particles corre-
sponding to tracheobronchial (TB) or alveolar (A) regions of the human lung, according
to the ICRP deposition model.?*! A first size selection via a cyclone with a 1um cut
point allows measurements in the size range of 10 — 1000 nm. Then, particles charged
with positive ions move into an ion trap that acts as a further size-selective sampler
upstream of the electrometer by setting the voltage for B or A response.®”! Personal
monitors for real-time determination of LDSA of airborne particles are also avail-
able,'®¥%) till based on unipolar diffusion charging. The underlying assumption is the
good correlation between LDSA and particle diameter in the size range from 10 to
300nm and thus also with the charge acquired in diffusion charging. Some of these can
also additionally produce estimates of the mean particle diameters and particle number
concentrations. The performance of these personal monitors have been assessed in a
comparative study,'”’) whose results indicated that LDSA concentrations are usually
within +30% of the reference level obtained using a MPSS in the particle size range is
between 20-400 nm, when the instruments are properly calibrated. However, important
errors can occur with particles > 400nm. The few available studies concerning the
evaluation of precision and accuracy of LDSA measurements [*'~*”) indicate remarkable
precision and accuracy issues in LDSA results given by different measurement devices;
these differences in measurement performances are both method- and size-specific.
Available studies also highlighted inadequate reliability of the data when measuring
LDSA concentrations. As stated before, this may be because LDSA measurements
depend mostly on the characteristics and size distribution of airborne particles, and a
measurement bias could be introduced when instruments are factory calibrated using
spherical equivalent diameters. Thus it could be difficult to measure and report accurate
particle LDSA values when measuring real (heterogeneous) airborne particles.
Moreover, the size particle range that can be detected with good precision seems to be
tighter than that officially reported, and particle hygroscopicity may cause the lung
deposition curves to change significantly as well.'®®) Thus, the above-mentioned poor
precision and accuracy of the available instruments for the measurement of LDSA point
out the need for further research on the topic.

4, Future perspectives

Recently, low-cost, easy-to-use air pollution monitoring technologies have emerged and
are advancing quickly, and their use has been encouraged in IAQ monitoring.!**~*""
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This has been driven by several technology advantages (lower costs, portability, easy
deployment, less noise, better signal/noise, lower power consumption, improvements in
edge and cloud computing capacity). Recent evidence showed that low-cost air quality
devices showed adequate reliability, especially for qualitative air quality analysis in indoor
sampling areas. Similarly, miniaturized sensors for the evaluation of indoor/outdoor air
pollution could (i) provide a significant enhancement in exposure assessment studies, (ii)
increase the spatial and temporal resolution of human exposure data, and (iii) improve
citizen awareness and the data-sharing process.””) However, regular on-site calibration
between the low-cost/miniaturized sensing technology and a reference instrument is highly
recommended.!"'*'"*! Standard procedures on the measurement of PM with sensors and
on their evaluation for enhancing the quality of the data reported and their reliability is a
future question that is already being tackled by CEN/TC264/WG42.!''*]

Implementing an intelligent model capable of calibrating the devices continuously
using machine is also a new trend. In this regard, it should be noted that the use of this
calibration method is not yet truly independent because reference instruments are still
needed for validation and calibration purposes.

As already mentioned, technical and cost advances with low-cost particle sensors allowed
their use in sensor networks, enhancing the possibility of wider application."**! Indeed, in
recent years, Al-based data-mining methods have been employed in indoor air pollution stud-
ies in order to analyze the spatiotemporal variation of indoor PM.!"'®! Recent examples of this
kind of application have been reported in the scientific literature. Thus a PM concentration
prediction model (via random forest), characterized by high prediction accuracy was developed
by Yuchi and coworkers.!"'”! Similarly, ANN (Artificial Neural Network) models and Kriging
methods were used to predict the spatiotemporal variation of indoor PM,"*! as well as a
model based on dynamic neural networks, used to predict the time-serial concentration of
PM, 5 in a subway station.!'*®! Even if the measurement of PM concentration would be prefer-
able, modeling can be useful to overcome the financial and logistic constraints of indoor and
personal measurements campaigns, contributing to evaluating PM concentration where direct
measurements are unavailable."'”) Technology advances are also exploited in building health
monitoring and assessment practices. In particular, the Internet of Things (IoT) provides an
effective technological advancement, connecting different products installed in residential and
commercial environments.!'') Between these different built environment, sensors, embedded
systems, actuators and networks can meet the requirements for real-time supervision solutions
for healthy building environments, allowing the real-time monitoring of indoor
environments.'*’

Although good results can be obtained for PM, s measurement by using low cost sen-
sors, there are currently no available sensors for the ultrafine range. Most PM sensors
also cannot measure PM;, correctly as their miniature internal pumps are not strong
enough to pull them into the measurement chamber. PM, is even sometime derivate
from PM, 5 value and should thus be used with care.

5. Conclusions

Measuring airborne particulate matter indoors is of key importance for personal health
because people spend most of their time indoors and due to the harmful effect of
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particles. Nevertheless, nearly no regulations are yet in place as measuring indoor PM is
still challenging. Indeed, due to the multitude of indoor emission sources (e.g., outdoor
air infiltration, indoor combustion, printing, care or cleaning products, etc.) particle
shape, color, density and composition can be drastically different. Indoor particle
dynamics are also complex and subject to high spatial and temporal variability (includ-
ing: modification of the ventilation rates, sedimentation/resuspension, thermophoresis
and diffusion losses, oxidation, coagulation, secondary particle formation, etc.). The
knowledge of the spatial variability of indoor PM, typically affecting much more ultra-
fine and coarse particles than fine aerosols,'® is also of key importance in the selection
of the best sampling type (personal vs. static measurements) and position, in terms of
both height from the floor and proximity to potential indoor sources.

Even if particle mass concentration, determined using gravimetric techniques, remains
the standard measurement to determine indoor PM concentration, this method and metric
is not always optimal. A major problem is that PM mass concentration is dominated by the
coarse fraction which is not the most relevant in terms of health. Also referenced PM meas-
urements are a time integrated result over long periods, missing real time information
which is an asset for source identification and particulate peak information.

In practice real time alternative instruments are often used. Various instruments are
currently available and all have advantages and disadvantages. These different instru-
ments are based on various measurement principles and by definition do not measure
the same particle characteristics. Although aerodynamic, equivalent, diffusive, and
mobility diameter are often mixed without any particular care; these diameters can be
absolutely different for the same particle depending of its shape, color or density.
Measurement results are also directly linked to the capacity of the measurement system
and this information is frequently not considered. For example comparisons between
CPCs with different lower detection limits are not possible, but in practice measure-
ments performed with different CPCs are done without further discussion.
Environmental conditions (e.g., temperature, humidity, ventilation rate, etc.) are rarely
reported whatever the drastic impact they can have on the final result. Real time instru-
ments are often used indiscriminately for outdoor and indoor applications, despite these
instruments have often been calibrated only for outdoor with generally Arizona Road
Dust. When used indoor, where outdoor sources are not predominant (e.g., during spe-
cific activities like cooking, smoking, cleaning, printing), the internal calibration factor
is no longer valid. All these issues may result in very high measurement uncertainty,
which can only be limited when correcting for these aspects during the measurement
campaign. Particular care should also be taken when comparing measurements per-
formed in different locations or by different instruments. These limitations must also be
considered for a correct data interpretation.

Another factor that adds complexity is the fact that for adequately interpreting
adequately the origin, the emission/formation factors of PM, specially of UFP, it is
required the co-location of UFP-particle size measurements, or the aerosol mass spec-
trometers with measurements of the speciation of gaseous organic pollutants and atmos-
pheric oxidants, and all this with high time resolution.

More low cost sensors are coming to the market. Good results have been obtained
for PM, s, less for PM;, and no device for UFPs is available yet. Low cost sensors have
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important advantages in term of much better spatial and temporal resolution. Also, they
can be easily carried by a subject for personal exposure assessment. PM sensors will
also become ubiquitous IoT components in equipment including vacuums, air cleaners,
and air conditioning system controllers. Nevertheless, the metrological quality of sensors
is of course lower and they are often used by citizens who are not aware of measure-
ment protocols and thus are sometime not used under the proper conditions. As a
result the measurement uncertainty is much higher and results obtained should be
interpreted with great care to avoid data misinterpretation.

The choice of the proper technique(s) and monitoring strategy for indoor PM moni-
toring should comply with the need of obtaining reliable and adequate results, with
respect to the objective of the study, and with the commitment, on the part of the
evaluator, to know and recognize the pros and cons of each available methodo-
logical option.
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