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Title: Analysis of particulate matter and volatile organic compound emissions from 3D

printing activity

Abstract

The indoor environment contributes significantly to human well-being, as most people spend
about 90% of their time indoors. Many pollutants can arise in these settings from various
sources, causing poor Indoor Air Quality (IAQ). These pollutants are usually a complex
mixture of particulate matter (PM) and volatile organic compounds (VOCs). Airborne PMhas
been highlighted as a critical indoor air pollutant. The damage caused by the inhalation and
deposition of PM is closely associated with PM size. VOCs are organic carbon-containing
compounds characterized by high vapour pressures at room temperature. Certain VOCs are
considered carcinogenic, the health effects of which are linked with concentration levels and
exposure times. Therefore, it is essential to study PM and VOCs emissions from sources in the
domestic setting to understand their potential impacts on IAQ. Three-dimensional (3D) printers
are an example of a new technology product that is becoming increasingly prevalent in the
domestic and school settings, raising health and safety concerns for the users. Print filaments
used in 3D printing are thermoplastic polymers extruded using high temperatures. Although
chemistries of these filaments are diversifying, acrylonitrile butadiene styrene (ABS) and poly
(lactic acid) (PLA) have remained dominant filaments on the market. In addition, there are
various brands of these filaments available, and no regulation or testing requirements for their
emissions currently exist. This thesis investigates the potential impact of 3D printing activity

on TAQ concerning PM and VOC emissions in the domestic setting.

xiii



PM emissions were measured using an optical particle sensor (OPS) and low-cost air quality
monitors. Size ranges of interest were from 0.3 pum to 10 um. VOC emissions were sampled
using solid-phase microextraction (SPME) in a closed chamber experimental setup and
analysed using gas chromatography-mass spectrometry (GC-MS). This thesis presents
significant impacts on PM and VOC emissions as a function of the filament material, brand,

and colour used.

Given the growing use of 3D printing in indoor, non-ventilated settings, this research focuses
on their emissions impact on IAQ, which could potentially induce adverse health effects.
Accordingly, it is suggested that home users of 3D printers should be made aware of the
potential impacts of their choices around print settings and filament types to make informed
decisions around their printing materials and methods and ensure adequate ventilation and

targeted emission control solutions.
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Chapter 1:
Indoor air quality in dwellings: A review on
standards, sources, and monitoring

technologies in the light of Covid-19



1.1 Introduction

Indoor air quality (IAQ) is an essential determinant of population health and wellbeing[1,2],
given that urban populations spend more than 90% of their daily lives in the indoor
environment[3—5] Apart from residential indoor environments, people can spend significant
time in offices, schools and other educational institutes, and commercial and industrial
buildings[6]. In addition, a growing body of research has demonstrated that human exposure
to various airborne pollutants is often greater indoors than outdoors[7—10]. Research indicates
that the concentration of air pollutants like benzene and other aromatic compounds in indoor
environments could be at least twice as high as in outdoor environments[11,12] TAQ has been
a relatively recent topic of interest that has come to the fore in light of recent environmental
issues such as building energy use, eco-construction materials and outdoor air
quality[13].Finally, the outbreak of airborne viruses such as Covid-19 has brought the

importance of IAQ to the fore, as people are confined in indoor spaces[14—16].

has a significant seasonal variance, which is to be the highest in the winter season[23-25].

On account of Covid-19, much of society has adapted to spending more time working in home-
based offices[26,27]. However, there has also been a shift to the home setting for leisure
activity in many instances, including exercising in home gyms instead of regular gyms. This
increased time and activity level indoors converges with new home energy efficiency measures
and increasingly efficient heating systems, potentially resulting in the build-up of pollutants in
the domestic environment[28,29], leading to poorer IAQ and thus increasing the risk of indoor
air pollution exposures[30-32]. In addition, a study has shown that the radon concentrations in
energy- efficient houses exceed threshold values more frequently than in non-insulated

dwellings over the same geogenic radon potential and building type[33].



1.1.1

Indoor air pollutants

1.1.1.1 Particulate matter

Aerosols refer to the suspension of particulates and liquid droplets in the air[34]. The
particulates in indoor aerosols typically comprise particles ranging from sub-nanometre to

several hundred- vapour diameters, which are classified as follows:
(1) coarse particles, PMio.,0, of diameter (>=10 um),
(i1) fine particles, PM; 5 of diameter (0.1-2.5 um), and

(iii)  ultrafine particles PMo.1 (UFPs), of diameter (<0.1 pm)[35,36].

According to the US Environmental Protection Agency (EPA), particles less than 10
micrometres in diameter can get deep into your lungs. Some may even get into your
bloodstream. Fine particles pose the greatest risk to health[37,38] . They potentially retain the
longest in the lungs and have been associated with respiratory and cardiovascular diseases
[38—40]. Domestic indoor PM of all sizes is generated through different activites such as
cleaning, cooking and combustion sources , including heaters and gas stoves, cigarette

smoking, and burning candles [41-44]

1.1.1.2 Volatile organic compounds

Volatile organic compounds (VOCs) are organic chemical compounds that have high vapour
pressures at room temperature. They can be emitted directly from solids, surfaces, or precursor
VOC:s that react in air [45]. In indoor settings, they are often categorised according to their

volatility as VVOCs, VOCs, and SVOCs (very volatile, volatile, and semi-volatile organic



compounds, respectively). The EPA reports that certain VOCs can be 2 to Stimes more
concentrated inside homes than in the outside air environmentResearch indicates that this
elevated indoor concentration of VOCs is attributed to indoor pollution sources related to

building or furniture emissions or anthropogenic activities [46,47].

Health is usually not acutely affected by short-term exposures to low concentrations and types
of VOCs encountered in the indoor domestic environment. However, in the case of longer-term
exposures, some common indoor VOCs, such as formaldehyde and benzene, are considered
harmful risks to human health, potentially causing cancer [48]. Exposure to VOCs is incurred

via inhalation, ingestion, and dermal contact [49].

Benzene, toluene, ethylbenzene and xylene (BTEX) are highly abundant VOCs and are

frequently detected indoors [50-53]. BTEX ate from various sources, including building

materials and furniture, heating and cooking systems, cleaning products and tobacco products
[47,54,55]. Among BTEXs, the most critical compound from a public health perspective is
benzene, classified in Group 1 of human carcinogens [56]. Ethylbenzene is included in Group
2 (possibly carcinogenic to humans), while toluene and xylene are in Group 3 (in this case, not

enough data for a decision on carcinogenic effects) but, in any case, considered dangerous to

health [57-59]

Total volatile organic compounds (TVOCs), a summation of all detected VOCs, are considered
an essential indicator of air quality and are used as a metric in many countries. TVOCs are
simpler to monitor than a host of specific VOCs, simplifying interpretation. However, there are
no general agreements on compounds included in the TVOCs amount. Therefore, the nature of
VOCs on which TVOCs are based is dependent on the monitoring technology used [60,61].
Consequently, it cannot be used quantitatively as a comparative metric for assessing IAQ. The

European Commission (EC) has called for a new approach, indicating that the range of



compounds to be included in the TVOCs value has to be clearly defined to maximise its

usefulness in evaluating IAQ [62].

1.1.1.3 Inorganic pollutants

Inorganic gases found in contaminated indoor air include nitrogen oxides (NO and NOy), sulfur
dioxide (SO2), ozone (O3), and carbon monoxide (CO). The two principal nitrogen oxides, NO
and NO>, are commonly detected in indoor air. NO is produced to larger extents from gas,
wood, oil, kerosene, and coal-burning appliances such as stoves, ovens, and space and water
heaters[63,64]. In homes, SO can result from tobacco smoke, improperly or inadequately

vented [64,65].

Photochemical reactions of oxygen mainly produce O3, NO, and VOCs in the atmosphere. In
the home setting, equipment such as laser printers and electrostatic air cleaners produce O3
[66]. As well as being generated indoors, it can also come from outdoors, compromising IAQ
[67]. Another indoor air pollutant, CO, is a toxic gas emitted due to incomplete combustion
processes[31]. The primary sources of CO are tobacco smoke, defective cooking and heating

devices, fireplaces, and outdoor air exchange, especially in dense traffic areas[63,68—70].

The Covid-19 pandemic has impacted air quality, both outdoors and indoors. Despite all the
negative impacts of the pandemic, outdoor air quality improved temporarily in many parts of
the world due to reductions in emissions of primary pollutants from major sources such as
vehicular traffic and industries[71-73]. However, this reduction of ambient air pollution did
not necessarily result in a similar trend in IAQ. The government's initial ‘stay home’ directives
led to full-time occupancies of homes and increased aforementioned pollution-causing
household activities such as cooking and cleaning, elevating the population’s exposure to home

indoor air pollutants[74,75].



1.2

Since then, the domestic setting has readily evolved and facilitates full-time work in home-based
offices and exercise in home gyms, potentially contributing more and new sources such as
indoor pollutants [76]. Research studies also highlight that the airborne transmission of viruses
is one of the most common modes of infection [77]. PM, a common pollutant in all indoor and
outdoor environments, has contributed to both transmission and severity of Covid-19 health

impacts [78—80].

Indoor air quality policy

1.2.1 National and international guidelines for homes

It is established that the combination of long-term exposure and anthropogenic indoor
activities, even at low pollutant concentrations, degrade IAQ and pose risks to human health,
Various European researchers and experts have prioritized airborne pollutants and individual
VOCs for monitoring campaigns and proposed guideline values [81-84]. This research led to
WHO TAQ guidelines for selected pollutants in 2010 [63], intended to be implemented in
countries with no existing [AQ regulations [85]. However, as of 2022, these guidelines have
not been updated, while outdoor air quality standards, on the other hand, are constantly being

updated and strengthened.

Although there are no specific reference Directives on IAQ in European legislation, pre-
legislative initiatives have multiplied over the years. Several European countries, including
France, Finland, Austria, Belgium, Germany, and the Netherlands, have overcome the absence
of European legislation and developed their guideline values [86—88]. Outside Europe,
countries like Japan, China, the USA, and Canada have developed and adopted guideline values
[89-92]. However, except for Belgium, Finland, and France, the recommended guideline

values have no legal weighting, just offering guidance on IAQ based on expert evaluation [93].



Nonetheless, one primary goal is common to all of these guidelines: to protect public health

from adverse effects of indoor air pollution and to eliminate or reduce exposure to those

pollutants to the greatest extent possible [94].

A table of various national and international standards and guidelines for homes and public

buildings is shown in Table 1.1. These IAQ guidelines for individual VOCs are stated in

concentration (mg/m?) for short and long-term exposures for those compounds considered the

most hazardous by individual countries or international research bodies. It should be noted that

the values in these guidelines are constantly being updated to protect the population from being

over-exposed to them.

Table 1-1- Various national and international

Name Country/ Sampling & Threshold Domestic sources
Organisation analysis approach
Carbon monoxide WHO Sampling: ISO 160000 30 mg/m’ 1h average 10  [Unvented kerosene and gas
Analysis: SO 160000 mg/m’ 8h average space heaters Leaking
Finland Efrztrr:dcgir;w;ércell or 2 mg/m® 8h averagechimneys and furnaces
France Y T0 mg/m’ Sh averageWOOd stoves and fireplaces
Germany 30 ppm 8h average as burners and
China 10 mg/m’ 1h averagebupplementary heaters
USA Sampling: passive 9 ppm 8h average obacco smoke[95-97]
diffusion or pump Analysis:
ISO 160000
Nitrogen dioxide WHO Sampling: passive 200 pg/m’ 1h averageTobacco smoke
diffusion or pump Analysis: Gas, wood, oil, kerosene,
ISO 160000 :
and coal-burning Unfueled
France Sampling: passiye diffusion 200 pg/m® 1h averagel, . o oorly maintained
or pump Analysis: i 5.08
Spectrophotometry or ion appliances [3,98]
chromatography
Germany 350 pg/m’ 1h average]
China
USA Sampling: ISO 160000 5600 pg/m* 8h average]
JAnalysis: ISO 160000/
Benzene WHO Sampling: Passive sorbent 15 pg/m® 24h average[Building materials and
tubes/ TD' . furniture
_ (Analysis: GC . Heating and cooling
Finland 0.4 pg/m” 8h averagenystemS
France Sampling: ISO 160000 30 pg/m? short-term ’ .
|Analysis: ISO 160000 exposure I:VC and rubber flooring
China hg/m’ 1 hour average Stored solvents[16,99-103]
USA Sampling: multi sorbent 3 mg/m’ for exposure of
cartridge and SUMMA® >1 year
canister
Formaldehyde WHO Sampling: passive Analysis: [g/m* 30-minute exposure  [Furniture and wooden
HPLC*-U.V products such as
Finland Sampling: ISO 160000 b/m’ long-term exposure

JAnalysis: ISO 160000

particleboard plywood




France Sampling: active on a b/m? short-term exposure  |Insulating materials Textiles
IDNPH’coated silica gel Do-it-yourself products such
(Analysis: HPLC-U.V s paints, wallpapers, glues,
Germany b/m? short-term exposure bdhesives, varnishes, and
China 100 pg/m® 1h exposure lacquers; )
USA Sampling: active on a 100 pg/m*1h exposure Household cleaning
IDNPH give number ref products such as detergents,
coated silica gel disinfectants, softeners,
carpet cleaners, and shoe
products; Electronic
lequipment, including
computers and photocopiers;
Other consumer items such
las insecticides
(5,52,104-108]
Styrene WHO Sampling: Passive sorbent [ig/m* 7 days exposure Building materials,
tube/ TD Analysis: GC Consumer products,
Finland Sampling: ISO 160000 /m® annual exposure Tob.acco smoke, Ele?tronic
AnalI; sisg:.IS 0 160000 HE P equlpm‘ent photocopiers, and
Germany 300 pg/m” annual laser printers [109,110]
exposure
China
USA Sampling: Multi sorbent ug/m*Annual exposure
cartridge and SUMMA
canister
Toluene Finland Sampling: ISO 160000 Lg/m’ long-term exposure  |Consumer products such as
Analysis: ISO 160000 synthetic fragrances and nail
France Sampling: active - sorbent PO 000 mg/m?> short-term andpolish
2‘221;22 .s?}lée_r;;ggsgrptlon long-term exposure Do-it-yourself products such
GC-MS7. las paints, paint thinners,
ladhesives Cigarette smoke
Germany lg/m® long-term exposure [54,58,111]
China 0.2 mg/m’ 1-h average
USA Sampling: multi sorbent
cartridge and SUMMA
canister
Xylene France 300 pg/m’ long term  (Consumer products such as
€Xposure synthetic fragrances and
Germany lg/m” long-term exposure varnish, shellac Paints, paint
China 02 mg/m” Th average th.inners, Rust preventives
USA Sampling: multi sorbent ug/m’ annual exposure garette
cartridge and SUMMA smoke[54,112,113]
canister
TVOCS WHO Sampling: ISO 160000 0.3 mg/m?® 8h average
|Analysis: ISO 160000
Finland Sampling: ISO 160000 200 pg/m’ 8h average
|Analysis: ISO 160000
France
China 0.6 mg/m° 8h average
PMio WHO Sampling: optical 50 pg/m® 24h average  [Occupants Cooking
instruments based on light Tobacco combustion
scat}ering, light absorption, Combustion appliances
or l_1ght_ Building materials and
extinction &
Finland Sampling: ISO 160000 <20 pg/m’ 24h average Furnishings
|Analysis: ISO 160000 Consumer products
Germany 4 mg/m3 8h average  [Cleaning activities
China 0.15 mg/m” 24h average [Photocopiers and laser
USA Sampling: pump/ size 150 pg/m® 24h average |printers[5,37,42]

selective impactor




WHO Sampling: optical 25 pg/m® 24h average
instruments based on Cleaning products Building
light scattering, materials,

absorption or extinction

Sampling: pump/ SMPS 35 pg/m® 24h average

Consumer products such as
candles

PMZAS USA

Fuel-burning equipment such
as furnaces, upholstered goods
Activities such as cooking,
sweeping
and copy machines[3-43,114]

1 Thermal desorption; 2 Gas chromatography; 3 a stainless steel container that has had the internal surfaces specially passivated using a
“Summa” process; 4 High-performance liquid chromatography; 5 Dinitrophenylhydrazine; 6 Flame ionization detection; 7- Mass spectrometry

Some agreements across these IAQ guidelines regarding focusing on certain VOCs and
pollutants. Nevertheless, many values in guidelines differ from country to country, which may
be partly due to differences in sampling and analysis procedures, different design principles,
or the date that guidelines were established[85,115,116] For example, Finnish air quality
standards set the threshold at 4000 g/m?’ for long-term exposure to toluene. German standards set
the limit at just 300 g/m?. This heterogeneity in current regulation systems has led to a lack of
comparability among European Union (EU) member states, both in terms of technical
procedures and health evaluation, indicating a need for more comprehensive and integrated

standards and policies to support regulatory measures.

1.2.2 Policies on air tightness and low-energy buildings

Since modern society needs to strengthen its efforts to cope with the challenge of climate
change, it is recognized that buildings must be highly energy efficient. The necessary
substantial reduction of heat losses through the building envelope requires a system of building
codes to stipulate energy performance criteria and a widely applied regulatory policy tool for
building energy efficiency [117]. The technical requirements of building codes cover different

criteria, including thermal insulation as well as air conditioning systems,



ventilation, lighting efficiency, airtightness, and indoor and outdoor climatic conditions [118].
In EU Directives, the role played by energy efficiency buildings is clear and defined [91,119]
The most common normalized parameters include air exchange rate, specific leakage rate, and

air permeability rate [120]

It should be noted that the regulatory approach varies depending on the country [121-123].For
example, in countries like the UK and France, the regulations set limitations on the whole
building permeability. In contrast, countries like Belgium and Finland set default values and

recommendations.

Insufficient ventilation can lead to increased air humidity levels, resulting in an increased
prevalence of dust mites and, in some cases, a high risk of mold growth [124]. Information on
pollution sources in buildings, the model with the indoor hydrothermal condition, air quality,
and thermal systems, and provide methods to optimize ventilation and air-conditioning. While
there is no doubt that high IAQ and high energy efficiency can go hand in hand, open questions

remain to foster widespread implementation in new and refurbished residential buildings.

The International Energy Agency (IEA) initiated the Annex 68 project to develop a
fundamental basis for optimal design for good IAQ in highly energy-efficient residential
buildings [125]. This project aims to gather existing data or provide new data on indoor
pollutants and their properties and determine or perfect the tools to help designers and managers
in achieving several objectives. These objectives include developing guidelines for design and
control strategies for buildings with low energy consumption that will not compromise IAQ.
These buildings would benefit from the latest advances in sensor and control technology, to
identify methods to improve IAQ while ensuring minimum energy consumption for operations

and identify and analyze relevant case studies to examine and optimize performance [125].
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A growing body of scientific evidence has shown that indoor pollutants can differ in airtight
homes compared to less thermally insulated homes. For example, the IAQ of energy-efficient
dwellings to conventional buildings in France was studied and showed higher concentrations
of VOCs such as terpenes and hex-aldehydes present in more energy-efficient buildings,
possibly related to poor air exchange of the VOCs potentially stemming from the wood or
wood-based insulation products [126]. In other research done in Spain, the co-dependence was
established between airtightness and a low air change rate associated with high indoor CO:
concentrations[84]. Good indoor air quality is crucial for achieving a healthy and comfortable
indoor climate. This issue is critical for public non-residential buildings such are nurseries,
hospitals, and schools to avoid sick building syndrome. When improving energy efficiency
through maintenance and refurbishment, combining thermal insulation of the building
envelope with the air-tightening of the envelope is recommended. The reason for this is the
influence of airtightness on energy efficiency, thermal comfort, indoor air quality, and moisture
condensation. Research presented in this paper investigates the correlation between a building's
airtightness and levels of COg, relative humidity, and temperature as basic parameters for
determining indoor thermal comfort. Presented results were obtained by measuring all the
above-stated parameters in classrooms and faculties. All observed buildings are different in
their age and building technology; during measurements, meteorological parameters were also
observed and the number of occupants in classrooms and the size of the classroom itself[127]
Studies done in recently retrofitted residences in Finland and Lithuania have shown that while
heating energy consumption decreased by averages of 24% and 49%, respectively, after energy
retrofitting, there was a significant elevation in measured BTEX concentrations in residential
buildings that underwent this energy retrofits[30], due to recent renovation involving the use

of building materials, such as paints and varnishes. Comparative studies of conventional and
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1.3

energy-efficient houses in North America, Switzerland, Austria, Ireland, and the Czech
Republic showed that radon levels in energy-efficient buildings also tended to be higher[128—
132], potentially linked to reduced air exchange rates, a consequence of refurbishment aimed
at energy-saving[33,133]. Thus implementing building codes or other policies meant to save
energy poses a threat to IAQ if they are not coupled with a revision of ventilation

regulations[134]

Several essential metrics and measurement techniques described here are available to help
understand and reduce indoor air pollution. However, greater integration is needed to ensure
that IAQ plays a clear and critical role in energy efficiency interventions[32,135] Energy

efficiency and IAQ must not conflict but must be complementary. While energy efficiency
measures are likely to provide a net benefit in terms of energy savings and warmer homes, care
should be taken to mitigate against reductions in air quality when installing interventions that

increase the airtightness of homes[133].

Indoor air pollution sources in the domestic setting

A host of sources generate indoor air pollutants in homes. Due to this range of sources and
chemical reactions and the wide variation in building types and uses, the composition, and thus
toxicity, indoor--emitted PM and VOCs are dynamic and complex[136-138]. In addition,
certain sources (e.g. furnishings, building materials) passively generate pollutants at a relatively
stable rate. In contrast, other sources generate active contributions, such as smoking and
cleaning [139]. All pollution sources can generally be categorized into six groups: (1)
building materials, (2) ventilation and air exchange, (3) heating systems, (4) occupant activities
such as cooking and cleaning, gadgets, (5) human presence which contributes bio-effluents

and (6) Electronic devices[47,140,141]. The following sections will describe the research on
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these sources as traditional and emerging sources noted on the pandemic.

1.3.1 Traditional sources

Depending on the building type and age, it has been reported that building materials alone
represent approximately 40% of indoor VOC sources[142]. The constant presence of organic
acids indoors in buildings occupied or not suggests that building materials may be sources of
these compounds[142—144]. Materials common to the domestic environment, such as solvents
and paints, adhesives, and coatings and coverings on walls, ceilings, and floors, emit significant
VOCs due to their large surface areas and permanent exposure to the indoor air
atmosphere[77,78]. The abundant species in the adhesive are 2-methyl-hexane, heptane, and
toluene[145]. At the same time, common VOCs emitted from wall paintings are ethylene
glycol, toluene, and xylene. Furniture, textiles, household fabrics, and paints are other primary
sources of indoor air pollutants, causing up to 10-20% of TVOCs in different indoor
environments[80]. Building materials such as paints, thermal insulation, carpets, and other
floor coverings, furniture, and electronic equipment are common stationary sources of VOCs

in residential spaces|[142,143].

Also contributing to IAQ is the exchange rate of outdoor air with indoor air. This is directly
related to the airtightness of a dwelling. For example, the number of external fagades and their
exposure to wind and window-opening behavior impact air exchange and thus the IAQ. These
factors govern how much outdoor air circulates indoors and the level at which indoor air
pollutants can build up. In addition, outdoor air can negatively impact indoor air pollution

where primary sources of some pollutants, e.g., NO and Os, in homes are, in fact, outdoor
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sources such as traffic and air ventilation systems[8,73,82].

Heating systems in the home also influence IAQ. They can be classified into five categories:
gas, central heating, solid fuel, biomass, and others (e.g., sawdust, electricity, etc.). In homes
with gas heaters, mean indoor NO; concentrations were an average of 7.2 ppb higher in homes
than in those without a gas heater[146,147]. The presence of a gas heater had an even more
significant impact during the winter months. Solid fuels consisting primarily of coal for
residential heating are common in many places, including within European and North
American countries[148,149], despite being known for their negative influence on IAQ. The
combustion of coal, for example, is a source of SO, and oxides of nitrogen (NOx). These and
other pollutants are adsorbed or absorbed into PM, which can further concentrate and increase
its toxicity[56,148]. As such, the latest WHO [AQ guidelines strongly recommend against the

residential use of coal[150]'4

. Using biomasses for domestic heating, already considered a
relevant pollution source in the outdoor atmosphere, can also heavily affect IAQ, even when
using technologically advanced appliances such as thermos-stoves and airtight fireplaces[151].
This is due to the inefficient burning of these fuels generating large amounts of PM, CO, and
hydrocarbons[152,153]. In several regions of the world, residential combustion of solid fuels
(biomass and coal) for heating has been shown to contribute to total outdoor PM, s emissions,
including Europe (13-21% in 2010, central Europe is the highest)[148]. To protect peoples’
health, policy-makers in regions with relatively high levels of outdoor air pollution from
household heating-related combustion have provided incentives to switch from solid fuel

combustion for heating to gas- or electricity-based heating, one successful example of which is

Sweden[149,154].

Cooking combustion processes such as gas stove cooking represents one of the most prevalent

temporal sources of air pollution in the indoor environment. Cooking aerosols contain large
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amounts of PMz s and PM1¢0and a wide range of VOCs, including formaldehyde, acetaldehyde,
acrolein, benzene, toluene, and xylene [47,155,156] Cooking also releases large amounts of
NOXx, nitrous acid (HONO), and more complex oxidized organic molecules, such as sorbic and
lactic acid[138,157]. The quantities and nature of these emitted VOCs are highly dependent on
the cooking type, such as frying, roasting, grilling, boiling, and broiling, as well as ingredients,
fuel types, temperature, and extraction/ventilation equipment [158,159]. When it comes to
cooking, we need to distinguish between emissions caused by the fuel type and those caused by
the cooking process itself. For example, sunflower oil has been shown to produce high
aldehyde emissions when heated than oils with lower unsaturated fatty acid content (e.g.,

rapeseed oil) regardless of the cooking method or food type [160-162].

NO: and CO are primary pollutants produced from combustion. Measurements showed the
concentration of NO; in the kitchen and the living room on the stove type used in the kitchen:
the concentration of NO2 in homes with gas stoves was higher than in homes with electric
stoves[163—165]. Kitchens with gas stoves were the most polluted compared to electric stoves.
The highest NO: levels in the kitchen were observed during winter when natural ventilation is

also reduced[166—168].

Consumer products for cleaning, polishing, indoor fragrances, or personal care and cosmetic
products are also relevant to indoor air pollution. These products release a host of VOCs that
reside in the air or settle in airborne PM and on surfaces. Cleaning with these products is a
significant human activity that influences indoor air by emitting many VOCs, among which
xylene and ethylene, and formaldehyde are common[108,169—171]. Cleaning with bleach
produces reactively chlorinated and nitrogenated compounds, which can detrimentally impact
indoor air quality and human health[172,173] Several chlorinated VOCs, including

chloroform (CHCp3) and carbon tetrachloride (CCy4), have been measured in indoor air
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following bleach use[174,175]. In addition, Bleach-related Cl radicals can react with other
indoor VOCs to yield corrosive hydrogen chloride (HCIl), which can subsequently condense
to form secondary organic aerosols[174]. While the increased use of disinfectants has been
essential in the battle against Covid-19, continuous use and overuse of these disinfectants
could have short- and long-term adverse effects on human health, aquatic ecosystems, and

terrestrial environments[176].

In addition, it has been proved that commonly used consumer products, including air
fresheners, laundry products, personal care products, scented candles, etc., are significant
sources of VOC in households[177—179] As a result, different VOCs are emitted from these
products. The US Food and Drug Administration (FDA) has classified at least 42 as toxic or
hazardous[180,181] Fewer than 3% of fragrance formulations of the VOCs within these
products were disclosed on product labels or material safety data sheets, partly because
consumer products are not required to disclose all ingredients[178,182] However, it is well-
known that many fragranced products emit terpenes such as limonene and a-pinene[183—185].
In addition, terpenes react with Os to generate a range of secondary pollutants, including
formaldehyde, acetaldehyde, secondary organic aerosols, and UFPs[186-188], whose levels

within indoor air should be minimized.

Ingestion of organic chemicals from building materials and consumer goods containing any
form of chlorinated FR can provide a potential path to exposure [189], as they have been proven
to be a chlorinated source of VOCs[190-192]. Some FR materials may also contain inhalable

particles associated with health effects, e.g., polymeric foam insulation[193].

Humans themselves are a source of pollution indoors through their activities and natural
emissions from the body. The chemicals that constitute human skin oils can be classified as

wax esters, fatty acids, and squalene, which readily react with ozone and form secondary
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aerosols[194,195]. Skin cells, or epithelial cells, are frequently reported as airborne biological
components in indoor environments[196]. These cells are often reported as dust microflora in
indoor environments, both in air and from surfaces. The skin cells are often overlooked as a
significant agent that may impact the quality of living space[196]. Breath is also a significant
source of VOCs, including alcohols, hydrocarbons, aldehydes, and ketones[197,198]. In
addition to common VOCs, breath emissions from different subjects have highly individual
characteristics[199]° The concentration rate of human-generated pollutants in an indoor
environment is determined by several factors, including the volume of the space, the air
exchange rate, the number of people indoors, and individual habits such as diet, which impact
exhaled VOC composition[197]. For instance, many VOCs are present in food and drinks,

contributing to the VOCs from exhaled breath[200,201]

During the Covid-19 pandemic, the magnitude of some of the sources mentioned above
intensified, with people spending extended time at home. For example, in the early stages of
Covid-19, increased cleaning and viral disinfection caused elevated indoor
pollutants[202,203]. However, as the pandemic continued, certain activities have evolved in
homes. Practices that will likely be maintained beyond the pandemic and their impacts on IAQ

are discussed below.
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1.3.2 Emerging sources on account of Covid-19

Printers, computers, laptops, and other electronic equipment are all standard pieces of
equipment in the office environment. Moreover with many traditionally office-based

people working from home due to the pandemic, concerns about the levels of potentially
harmful pollutants from electronic equipment have grown. Computers do emit a range of
VOCs[204,205], although in most cases, their emission rates are low and less significant than
other indoor and outdoor sources. For laptops, the chemical composition of emissions includes
alcohols, carboxylates, and ketones[206,207]. Some studies indicate that many VOCs,
including formaldehyde and Os, are emitted from photocopiers and laser printers[208,209]. The
type and quantity of substances emitted are determined by the toner and paper used, the
equipment age, and the maintenance history[210]. VOC emissions from printers (and copiers)
include styrene, toluene, xylenes, and alkylbenzenes[211]. PMs are also emitted, and again, the
size and emission rate vary among brands and models[210-212]. By comparing PM emission
rates from printing to other indoor human activities, it has been shown that PM emitted from
laser printers could reach comparable levels to those generated by indoor incense burning[213].
As with all emissions, depending on the ventilation rate for a room, PM emitted by a laser

printer disperses within a few minutes or can reside for up to several hours[214].

With fitness centers closing due to Covid-19 restrictions worldwide, many people began using
their homes as gyms, generating another potential source of indoor air pollution. Studies have
shown that physical exercise intensity influences IAQ, as high CO,, VOCs, CO, PMs, and
CH2O are generated during exercise[215,216]. Various studies have looked at indoor air quality
in the gym environment. For example, CO» concentrations are dependent on exercise intensity
levels; e.g., CO2 was higher in high-intensity classes than in yoga classes. Exposure to PM in

fitness centers and gyms during classes is estimated to be about 6-fold higher than rest times,
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mainly associated with increased activity and particle resuspension[217-219]. Furthermore,
higher amounts of PMjoo and CO inhaled by clients in these classes were observed and
attributed to increased respiratory ventilation and more significant PM re-suspension caused by
the vigorous activity of the high-intensity interval training [216]. Considering that physical
training with high intensity is being practiced frequently nowadays in home gyms, attention
should be paid to this activity as a potential source of indoor air pollution, mainly where high-

intensity exercise is being performed, and domestic pollutants could be airborne[219,220].

As well as home office equipment, there has been a recent upsurge in the deployment of 3D
printers in a domestic setting by hobbyists and families in recent years. Although Covid-19 has
not driven this trend, its timing has broadly coincided. 3D printers, especially in the home
setting, are important to consider as an emerging source of interest. There are currently no
regulations or requirements for enclosures or built-in filtration systems for these devices[221].
However, it is well-understood that thermal processing of polymeric filaments used as printing
materials leads to the formation of VOCs and PMs[222-224]. These emissions depend highly
on print filament type and the print parameters used. For example, acrylonitrile butadiene
styrene (ABS) thermoplastic filaments, which require a high temperature to melt, produced
more emissions than filaments made of the biomaterial polylactic acid (PLA), which melt at a
lower temperature[225-227]. Invitro cell experiments have evidenced the adverse health
effects of exposure to 3D printing-induced PMs[228]. These studies showed that PLA-emitted
PM elicited higher toxic response levels than ABS-emitted particles at comparable mass
doses[227,229]. However, there are considerable discrepancies in the reported composition of
the VOC mixture emitted during 3D printing. Abundant VOCs reported include aliphatic
aldehydes (C6 —C10), lactide, 2-butanone, styrene, caprolactam, and ethylbenzene[226,230—

232].
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Furthermore, diverse flame retardants, cyclic ethers, and esters of acrylic acid and palmitic acid
have also been detected[233-235]. Of these, acetaldehyde and styrene are classified as
potential carcinogens. Like PMs, VOCs emitted from 3D printing depend highly on filament

manufacture and the color used[236,237].

1.4 Review on monitoring strategies of indoor air pollutants

Monitoring the nature of and the concentrations of pollutants in our indoor home air is
important to identify potential sources of concern and monitor the effectiveness of any
mitigating measures taken to minimize pollutant levels[238—240]. In general, monitoring indoor
air pollutants will give us a greater quantitative understanding of their levels and patterns and
will provide evidence for guidelines and future legislation in the area. To monitor IAQ, there
are 2 main strategies employed: (1) discrete sampling of the air and using offline instrumental
laboratory methods to analyze the collected samples, and (2) deploying sensors directly that
are capable of continuous monitoring of pollutants of interest. For research purposes, the first
strategy is typically employed by using instrumental techniques such as mass spectrometry; we
can identify and profile the VOCs present with exceptional sensitivity. The second method
lends itself to monitoring by the homeowners themselves to track overall air quality in real-

time TVOCs, CO, and PM monitoring[43,241].

1.4.1 VOC sampling in indoor air
Air sampling is the process of capturing contaminants in a known volume of air. The airborne
contaminants are measured and compared against the volume of air. The results are a

concentration, usually milligrams per cubic meter (mg/m?®) or parts per million (ppm). Many

environmental parameters need to be considered when assessing the air quality in an indoor
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environment. Any investigation of IAQ requires a clear definition of the measurement
objectives and a strategy for actions required to meet those objectives. The choice of analytical
methods depends upon the agents that need to be measured and the purpose of the study.
Conditions during indoor sampling should always be recorded to fully interpret the analytical
data, including location within the room, air exchange rates, distance from vents, occupancy,
and activities occurring during sampling[242]. Two methods for indoor air analysis are passive
and active sampling. Passive sampling involves deploying a sorbent material at a particular
location in a room for a fixed duration. The sampler itself is taken and brought for analysis.
Active samplers involve using a pump to draw the air through a sorbent bed. Because of the
active nature of this technique, sampling times are typically much shorter than for passive
sampling. An active sampler can obtain readings over a short timescale (s) with the average of
several data points taken over a longer timescale (min or h). In contrast, passive samplers
provide a time-integrated pollutant concentration over the entire exposure period. Finally, it
should be noted that the simultaneous deployment of passive and active samplers has become

a good practice, as both methods have advantages, improving the data quality[243,244].

1.4.1.1 ISO guidelines for IAQ sampling

The ISO 16000 series deals with indoor air measurements. This standard applies to indoor
environments such as dwellings, public buildings such as schools, hospitals, restaurants, and
theatres, and workrooms and workspaces in buildings that are not subject to health and safety
inspections regarding air pollutants. Standards of the ISO 16000 series specify the
determination of the following indoor air pollutants: VOCs, SVOCs, individual organic
compounds, i.e. polychlorinated biphenyl, polychlorinated dibenzofurans, FRs, plasticizers

and amines, and carcinogens like asbestos and formaldehyde. This standard consists of the
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following parts, under the general title Indoor air: “General aspects of sampling strategy”,
“determination and sampling” and “measurement and storage strategies” for the pollutants as
mentioned earlier[245,246]. ISO 16000 also describes general considerations about the
duration, period, and location of sampling of indoor air pollutants and recommends parallel

measurements of concentrations of outdoor air pollutants[242].

1.4.1.2 Passive sampling

Passive, also termed ‘diffusive’, samplers rely on unassisted molecular diffusion of gases to a
sorbent medium[247]. This method provides a convenient, cost-effective method for sampling
VOCs and a good option for extended duration sampling (e.g., typically >8 h). It can target
heavy molecular weight compounds for subsequent isotopic analysis; for example[248,249].
Due to their basic requirements, they are the most common sampling approach used for

sampling indoor air environments in general[250].

Passive samplers comprise a sorbent material to adsorb target VOCs of interest. Sorbents that
have been used for indoor air sampling include porous carbon (e.g., Carboxy, Carbosieve),
graphitized carbon black (e.g., Carbograph, carbon pack, Carbotrap), porous polymers (e.g.,
Tenax, PoraPak, Chromosorb, Amberlite resins) as well as inorganic solids such as quartz wool
and molecular sieves[251,252]. The boiling point of targeted compounds is the critical factor
when selecting a sorbent type. Weak sorbents, such as porous polymers, are used when working
with VOCs and SVOCs, whose boiling point is above 100 °C. For VVOCs with boiling points
between 30 °C and 100 °C, a medium-strength sorbent, such as a graphitized carbon black,
should be utilized; however, if the boiling point falls in the range —48 °C to 30 °C, a strong

sorbent, such as a carbon molecular sieve can be adapted[253]. Sorbents can be used singly or
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in multi-sorbent packings. Multi-sorbent packing increases sorbent strength to facilitate a wider

range of volatility[254].

The development of passive samplers has been increasing over the last few decades, with
significant improvements relating to the range of analytes that can be sampled based on new
sorbent chemistries and the decreasing cost of these devices[255]. Among recently
commercialized passive samplers, polyurethane foam (PUF) disks are a promising approach

validated and used in several studies[256].

In terms of geometries, conventional passive sampling approaches include (1) axial samplers,
offering options for thermal desorption or solvent extraction for subsequent analysis, and (2)
radial samplers that use TD tubes and typically require TD-GC-MS analysis[257]. The specific
sorbent is fitted between a cap and a fine-mesh gauze, regulating the airflow through tube®*?.
Generally speaking, compounds compatible with axial sampling range in volatility from vinyl
chloride (using a strong carbonized molecular sieve sorbent such as Unicarb™) to SVOCs such
as n-C16 and above (using a weak sorbent such as Tenax)[258,259]. Standard sorbent tubes can

be used in passive mode for short-term monitoring (1-8 h) of ppm levels of VOCs and longer-

term environmental monitoring (3 days to 4 weeks) of indoor or outdoor air[257,260].

Passive samplers with radial symmetries have been made available in more recent years. They
employ a coaxial system in which a cylindrical adsorbing cartridge is housed inside a
cylindrical diffusive barrier[261]. A larger diffusive surface and the short distance between the
diffusive barrier and adsorbing surface result in a much higher effective sampling rate than
their axial counterparts. Because of this, radial samplers are often used for short-term
deployment (4 h to 1 week) and are not always suited to sampling high-concentration

atmospheres[257,262].
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Although simple to execute, passive sampling procedures can be time-consuming and multi-
staged to include sampling, extraction, and analysis, leading to loss of analyte. To integrate
activities such as sampling, extraction, and analyte enrichment, novel microextraction
techniques have been recently introduced. They are less time and labour-consuming [257,258]
and more sensitive due to enrichment and can provide quantitative results[265]. By definition,
microextraction means that all modes of these techniques require sampling using small
volumes of extraction medium under strictly defined extraction conditions[266]. SPME
typically comprises a fused silica coating with a specified adsorbent. The SPME sampling and
analysis process is composed of two steps: (i) partitioning of analytes between the extraction
phase and the sample matrix during sampling and (ii) desorption of concentrated extract into an
analytical instrumentb[265]. SPME can be performed in the headspace (HS) and direct
immersion (DI). In HS-SPME, the fiber is exposed to an HS to be sampled [267,268]. In DI-
SPME, the fiber is exposed to the sample matrix itself. The analytes partition directly from the
sample to the fiber extracting phase[269]. Frequently used commercially available fiber
coatings are polydimethylsiloxane (PDMS), polyacrylate (PA), Carboxy (CAR; a carbon
molecular sieve), DVB, and Carbowax (CW; polyethylene glycol), the variety of which is
constantly growing with increasing numbers of applications[270-272]. Fibers are available in
various coating combinations, blends or copolymers, and fiber assemblies[263,273]. The
miniaturization and portability of SPME devices greatly facilitate on-site passive samplers'
implementation. When coupled with portable analytical instruments such as portable GC-MS,

on-site analysis can also be performed[264,274].

Numerous applications for passive devices are described here to sample VOCs in indoor air.
They have been used in various indoor environments, including homes, offices, classrooms,

etc. For example, in one study, axial sampler tubes with different sorbents (Tenax TA,
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Carbopack, activated charcoal) were used to assess indoor air VOC concentrations for 1-7 days
[275]. Targeted VOCs included chlorinated ethenes, ethane, methanes, aromatic and aliphatic
hydrocarbons. The 10 VOCs tested showed differences in passive sampler performance
attributable to the properties of the chemicals. However, the different samplers are not equally
susceptible to bias and variability for all compounds. Poor retention for the long-duration

samples has been observed for the sampler with Carbotrap, which is the weaker sorbent[248].

Using radial tubes with activated charcoal another study sampled domestic VOCs in 100
Romanian houses in radial tubes. Using TD-GC-MS for sample analysis, limonene, heptane,
and carbon tetrachloride were identified as predominant pollutants attributed to recent
renovation works and floor coverings [276]. Perception of indoor air quality (PIAQ) was
evaluated in French dwellings. This survey was combined with in-field assessment
measurements of VOCs. Measurements were conducted using radial samplers (containing
Carbograph, sampling time: 7 days). Using GC-MS-FID, VOCs detected included aromatic
hydrocarbons, aliphatic hydrocarbons, chlorinated hydrocarbons, and glycol ethers. The results
indicated a correlation between perceived IAQ and some of the measured VOCs, including
acrolein, benzene, and styrene. A PUF passive sampler and an active sampler were co-located
in 37 indoor spaces, including green renovated and non-renovated low-income housing units,
campus dormitories, detached homes, and office space, to measure the levels of phthalates,
fragrance chemicals, and FRs[277]. The results showed good agreement (R?-0.88) between
active and passive sampling methods for characterizing the relative abundance of each chemical,
where the measured active sampler concentrations and passive sampler masses were

significantly positively correlated forl4 for 21 chemicals. Concentrations of hexanal,

acetaldehyde, and formaldehyde in three different rooms of an office environment were
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sampled using a 15 min deployment of SPME (PDMS-DVB) fibers, followed by GC-MS
analysis[278]. For both hexanal and acetaldehyde, the concentrations were below the limit of
quantification for this extraction time. However, the formaldehyde concentration was
determined in two sampling points but low enough to meet French regulation limits. Aromatic
amines, a group of SVOCs, were targeted for sampling in a flat and an office[279]. Active
adsorption tubes and passive SPME (DVB/CAR/PDMS) sampling were used and compared.
Analyses were via GC-MS. Benzylamine, 3-aminophenol, and 4-aminophenol were detected

on the active samplers but not detected using the SPME method.

1.4.2 VOC instrumental analysis

Chromatography is a key separation technique in VOC analysis. It enables the separation and
subsequent qualitative and quantitative analysis of complex mixtures, as long as samples are
volatile or soluble in a suitable solvent[33]. Although analytical chromatographic techniques
differ, they are all based on partitioning sample components between two phases, one stationary
and one mobile phase[280]. The most common chromatography types based on the physical

state of the mobile phase include LC and GC[281]. The principles of these techniques are
briefly described in the following section. However, given that the review focuses on VOCs,

the emphasis will be on GC as the key analytical method.

1.4.2.1 Liquid chromatography (LC) analysis of [AQ

LC includes column and planar types and is characterized by a liquid mobile phase. Column-
based LC uses a column packed with a stationary phase, a porous medium of granular silica or
polymer material. A sample is injected into a mobile phase at high pressure to transport the

sample onto and through the column. When the sample is injected, the compounds separate
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over time-based on their relative affinity to the stationary and mobile phases. During a
chromatographic run, the composition of the mobile phase can be kept constant (isocratic) or
modified (e.g., by increasing the content of the organic solvent in a mixture throughout the run)
using a gradient profile. The elution strength of the mobile phase can be varied throughout the
separation in gradient elution, allowing good control over run time and quality of separation.
However, a special pump is required to flow the mobile phase in a gradual elution [282].
Reversed-phase high-pressure LC (RP-HPLC) is the most commonly used form of LC. RP-
HPLC has a nonpolar stationary phase, e.g., modified silica, and a moderately polar aqueous
mobile phase. This technique is particularly useful for low or non-volatile organic compounds,
which cannot be handled with GC, making them amenable to a wide range of applications,

such as pharmaceuticals and food analysis[283].

UV detection is most common in detectors, often utilizing UV-photodiode arrays (PDA) based
on low initial cost, ease of use, and robustness. MS detection has become increasingly common
as a detector for compound identification[284,285]. Although GC is the more popular approach
for analyzing volatiles in indoor air, LC has found value for analyzing certain species, e.g.
carbonyls, as they have been used widely in many household products like paints, varnishes,
waxes, solvents, detergents, or cleaning products. An RP-HPLC method was reported for
analyzing eight carbonyl compounds from the indoor environment of an office[286]. The study
looked to identify and quantify 7 aldehydes (acetaldehyde, propionaldehyde, acrolein,
butyraldehyde, crotonaldehyde, n-pentanaldehyde, and benzaldehyde) and one ketone
(acetone). 2,4-DNPH passive samplers were used for sampling in this work. The mainsources
of these detected carbonyls included the building materials, paints, laminate, wooden

varnished, wood ceilings, and particle-board present within this indoor environment.
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1.4.2.2 Gas chromatography (GC) analysis of IAQ

GC, as stated, is a far more common technique for analyzing VOCs in indoor air. It separates
volatile components of a sample depending on differences in partitioning modes between a
carrier mobile gas phase and a column-based stationary phase. Hydrogen, helium, argon, or
nitrogen are used as carrier gases, with helium being most preferred because of its efficiency
and safety. These stationary phases are available in different types: non-polar, mid-polar, and
polar like methyl silicone, methyl phenyl silicone, methyl cyano propyl silicone, methyl
trifluoro propyl silicone, etc. Highly polar phases like polyethylene glycol (PEG), known as
wax columns, are also available for polar sample separations. Non-polar phases are more

thermally stable compared to polar phases[287].

After injection of the sample into the GC inlet, the sample mixture is first vaporized, if not
already in the gas phase. For trace concentration samples, the whole sample is transferred onto
the column by the carrier gas in what is known as a spitless mode. Only a portion of the sample
is transferred to the column for high concentration samples in split mode. In the column, the
components of the vaporized sample partition between the liquid stationary phase coating on
the column and the carrier gas. Since the partitioning process depends on the sample
components' boiling points and the polarity of the stationary phase, the column retention times
(Rt) will be different for each sample component. Once the components elute from the column,
they travel into the detector, which responds quantitatively to the components and converts
them into an electrical signal. Common detector types used in GC include FID, thermal

conductivity detection (TCD), and MS[288].

FID, a common GC detector, uses a flame to ionize organic compounds containing carbon

following the separation of the components in the column. The resulting ions are collected

29



over time and measured by a current converted into a voltage[289]. FID has good sensitivity

and detection range and is a universal detector for organic compounds[290,291]. However, it
responds poorly to highly halogenated hydrocarbon gases, i.e., vinyl chloride and
tetrachloroethylene. It is also destructive, so it cannot be connected directly to other GC
detectors; however, an FID can still be used with another detector if part of the carrier gas

stream is split between the FID and the other detector[292].

The TCD, also known as a Katharometer, is a bulk property detector and a chemical-specific
detector commonly used in GC. TCD works by having two parallel tubes containing gas and
heating coils. Gases are analyzed by comparing the heat loss rate from the heating coils to the
gas. Normally one tube holds a reference gas, and the sample from the column is passed through
the other[293,294]. TCD is a good general-purpose detector for initial investigations with an
unknown sample. It responds to all compounds, thanks to the fact that all compounds, organic
and inorganic, have a different thermal conductivity from helium. The TCD is also used to
analyze permanent and inorganic gases (for example, argon, oxygen, NO, CO,, CO, SO)
because it responds to all these substances, unlike the FID, which cannot detect compounds
that do not contain carbon-hydrogen bonds[295,296]. A disadvantage of TCD is that it is less
sensitive than the other detector and has a larger dead volume; therefore, it will not provide as
good a resolution as the FID. However, combined with thick film columns and correspondingly
larger sample volumes, the overall detection limit can be similar to an FID.MS is amongst the
most powerful GC detectors. Unlike others, it can perform both highly sensitive quantitative
and qualitative analyses. For example, it supersedes the classical detectors described above due
to its unsurpassed capability for structural analysis[297]. When coupled to GC, it ionizes the

gaseous eluted compounds from the column, separates the ions in
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vacuum based on their mass-to-charge ratio and measures ion intensity[298,299]. Peak
retention times and mass spectra are obtained, which are used to identify the
compounds[300,301]. Although MS can provide highly quantitative and structural information
on compounds within samples, a high level of skilled expertise is required to interpret spectra
and assign structures. Even at that, not all compounds can always be identified with high

certainty[62].

For VOC profiling in indoor environments, both FID and MS are frequently employed as
detectors[302]. The monitoring of VOCs in the indoor air of 9 homes was accomplished using
an active sampling approach using sorbent tubes packed with Tenax, followed by GC-FID
analysis[303]. 12 target VOCs, benzene, toluene, ethylbenzene, xylene, styrene, benzyl
alcohol, and d-limonene, were selected as compounds of interest because they are known to be
emitted in high abundances from products widely used at homes like cleaning and personal
care products. The most abundant detected VOC in all dwellings was d-limonene (mean: 231
pg/m?; maximum: 611 pg/m®). All the other targeted compounds were monitored at
concentration levels 1-2 orders of magnitude lower. They were generally comparable with
those previously reported. In another study, GC-FID was used for analyzing BTEX
concentrations in beauty salons[304]. Sampling was via charcoal active sorbent tubes. The
concentration of most BTEXs in this environment was lower than guideline values, with only

benzene concentrations being higher than recommended levels by Health Canada[305]. In

another study, the exposure levels to BTEXs within dwellings in residential, roadside,
industrial, and agricultural (rural) areas in an Indian city were assessed again via sampling with
activated charcoal tubes followed by GC-FID analysis. The samples were taken fo once a week
over a year, and toluene was found to be the most abundant pollutant in roadside and

agricultural area homes.
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GC-MS has also been used mostly for untargeted analysis of VOCs. For example, the range of
VOCs emitted from five edible oils (canola, soybean, peanut, corn, and lard) was studied using
GC-MS using an active sampling method with Tenax[306]. The results indicated that the total
concentrations of VOCs emitted from soybean oil increased significantly from 8.5 to
75.5mg m 3 when the cooking temperature was increased from 130 to 270 °C. Aldehydes werethe
most abundant VOCs species detected, accounting for 42.1%—74.6% in the temperature range
130-270 °C. GC-MS has also been used to study the VOC emission profile from 3D printers
using different print filament materials in indoor settings [233]. VOCs detected in this study in
the most significant quantities included caprolactam from nylon-based filaments, styrene from
ABS and high-impact polystyrene (HIPS), and lactide from PLA filaments. GC-MS was used
to profile indoor VOCs and aldehyde contamination status in energy-efficient homes in another
indoor air application. Passive samplers for VOCs (carbon molecular sieves) and targeted
passive samplers for aldehydes (DNPH-impregnated silica gel) were used to collect samples in
169 homes[307]. Energy renovation and the absence of mechanical ventilation were associated
with higher indoor levels of formaldehyde, toluene, and butane for homes in the study built
between the 1950s and 1990s, as they had higher TVOCs and formaldehyde concentrations

than homes built during other periods.

An emerging trend in GC analysis is multidimensional GC (GCxGC), where two columns with
different polarities (1D and 2D columns) are connected in series by a modulator. The modulator
is used to periodically transfer fractions of analytes from the 1D column effluent to the 2D
column. Analytes that cannot be separated in the 1D column due to a similar physiochemical
property have the opportunity for separation in the 2D column based on differences in other
properties. For example, GCxGC has advantages, such as higher chemical resolution, higher

peak capacity and structured chromatograms with organic classes regularly distributed. The
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addition of an MS detector to GCxGC provides increased capability to identify minor
components, thus enabling various data processing methods, including target analysis, the

group- type analysis, and nontarget analysis.

Coupling mass spectrometers (GC-MS/MS) in series with GC provides another technique with
many advantages for analyzing target compounds in complex mixtures. The targeted compound
is selectively ionized. Its characteristic ions are separated from most of the mixture in the first
MS. The selected primary ions are then decomposed by collision. From the resulting products,
the final mass analyzer selects secondary ions characteristic of the targeted compound[308]3%2,
GC- MS/MS is well-suited to identify unknown volatile components using the mass

fragmentation patterns and transitions associated with the unknown analysis.

A thermal desorption and quantification method by GC-MS/MS was developed recently and
used to simultaneously quantify SVOCs (50 pesticides, 16 PAHs, 22 PCBs, seven phthalates,
and five alkylphenols) in indoor air. Indoor air was collected on Tenax-TA passive samplers
exposed for 15 days in 10 different homes. This method permits the determination of >100
pollutants in a single run, including those requiring a derivatization step, with very low

quantification and detection limits that were not traceable using GC-MS[309].

Even though MS is a very popular GC detector in the case of complex samples, a multi-
detector approach can permit more reliable identification of a broader spectrum of
VOCs[310,311]. A multidetector GC obtains supplementary chromatographic data from the
additional detector(s) in a single chromatographic run. This confirms the obtained results and
has other benefits such as higher throughput, time, and labor savings[312]. The GC-FID-MS
system is the most common multi-detector system: MS delivers data for component

identification, and FID is used due to its wide quantitation response range for the quantitative

analysis and higher sensitivity[313]. GC-FID-MS was used in a study to characterize wood-
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based material emissions in an indoor environment[314]. VOC sampling was performed using
Carbotrap cartridges deployed passively for at least 72 h. A quantitative inventory of VOCs
emitted by these wood-based products was proposed. Terpenes and carbonyl-based VOCs were

the main identified and quantified species.

1.4.2.3 Real-time instrumental analysis of [AQ

There is a great advantage in deploying real-time instrumental techniques in the analysis of
indoor air, especially given its dynamic nature. Proton transfer reaction mass spectrometry
(PTR-MS) is an established method for the rapid and direct online monitoring of VOCs
characterized by short response times and high sensitivity[10,315]. Moreover, technological
developments, particularly the introduction of a time-of-flight (TOF) mass analyzer (PTR-
TOF-MS), has significantly improved sensitivity and have resulted in ultra-trace level detection
limits, pushing the boundaries of real-time analysis applications[315,316]. The GC RCP
(Reducing Compound Photometer) is yet another real-time analyzer equipped with a uniquely
designed hybrid U.V photometer. This analyzer is the ideal solution for measuring trace

amounts of hydrogen, carbon monoxide, and select hydrocarbons.

In a controlled experimental setup using a PTR-TOF-MS, emissions from boiling, charbroiling,
shallow frying, and deep-frying of various vegetables and meats and emissions from vegetable
oils heated to different temperatures were investigated[317]. The results showed that emissions
from boiling vegetables were dominated by methanol. In addition, significant amounts of
dimethyl sulfide were emitted from cruciferous vegetables. Emissions from shallow frying, deep
frying, and charbroiling were dominated by aldehydes of differing relative compositions
depending on the oil used. SPME-GC-TOF-MS was used to obtain emission profiles of
volatiles concerning temperature and the duration of 3D printing with PLA filaments. A

CAR/PDMS SPME fiber was used for sampling[231]. The concentration of volatiles steadily
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increased until the end of printing, with the most abundant VOCs released during the printing
process being lactide (145 min), acetaldehyde (45 min), acetic acid (61 min), 2-butanone
(73min), and the (C3H30)" fragment (55 min). This is significant since acetaldehyde is
considered a potential occupational carcinogen. However, its maximum concentration (~0.3

mg/m?®) remained below the threshold limit for occupational exposure of 45 mg/ms-

1.4.3 Sensing technologies for indoor air quality monitoring

Real-time sensors are attractive for indoor environment monitoring, particularly in the home.
Several low-cost consumer devices have been driven by standard sensor technology that can
address this. Chemical and gas sensors have become an indispensable part of our technology-
driven society. They can be found in pharmaceutical, food, biomedical, environmental, and
security monitoring applications, to highlight a few[318]. Advantages of the established gas
sensors on the market today include low cost of manufacturing, short response times, simple
miniaturized designs, and good analytical performance in terms of sensitivity, selectivity,
range, linearity, etc [319]. Coupled with recent advancements in mobile technologies, the
Internet of Things (IoT), and machine learning, these sensors offer a low-cost solution for the
real-time monitoring of IAQ[320]. A commercial example of an IAQ monitoring device is

Eirdata, which provides real-time monitoring capability for CO2, TVOCs, radon, and PM and

calculates virus transmission and mold growth risks, helping consumers optimize IAQ[321].
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The gas sensor plays a pivotal role in all environmental sensing, including indoor air
monitoring[322,323]. Gas sensors are categorized mainly by their transduction principle, e.g.,
semiconductor, optical, electrochemical, and thermometric. During the past few decades,
semiconductor metal oxide (SMO) gas sensors have become a robust technology for domestic,
commercial, and industrial gas sensing applications[324-326]. SMO-based sensors are
electrical conductivity sensors that detect target VOCs or other gases based on redox reactions.
When the target gas absorbs onto a responsive SMO sensing film, it causes a change in
electrical resistance, from which the concentration of that targeted gas can be
determined[327,328]. Despite the simplicity of SMO measurements for use as gas sensors, the
detection mechanism is complex and not yet fully understood. This complexity is due to the
various parameters that affect the function of the solid-state gas sensors. These include the

adsorption ability, electrophysical, and chemical properties, catalytic activity, thermodynamic
stability, and the adsorption/desorption properties of the surface. SMO sensors have been

successfully commercialized due to high sensitivity, fast response times, low maintenance and

fabrication costs, and good portability[329]. However, SMOs ' selectivity, stability, and
durability are less than ideal. The primary concern is selectivity, which is currently being
addressed using sensor array structures[330,331]. When sensor arrays are used, collected data

can be analyzed using post-processing techniques such as neural networks to understand the

nature of the adsorbed gas response[329,332].

Several SMO sensor approaches in the research literature are related to IAQ monitoring. For
example, to evaluate the performance of one SMO material for an air monitoring system,
odorous pollution in an indoor environment was studied using the SMO of interest and

compared to GC-MS analysis[333]. The sensing element of the sensor contains a metal
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oxide semiconductor layer formed on an alumina substrate and an integrated heater. Active
multi-sorbent bed sampling tubes for GC-MS analysis were also deployed. Samples were
collected over 14 days. High aromatic hydrocarbons, alcohols, aldehydes, and carboxylic acids
were detected. The detection range of the SMO and the GC-MS workflow demonstrated a good
correlation (R?=0.7466). In another comparative study, VOC monitoring was conducted in an
office environment using SMOs with four gas-sensitive layers for three weeks[334]. Different
analytical systems accompanied the tests (GC-MS, mobile GC-PID, and GC-RCP). The results
showed quantitative agreement between analytical systems and the SMO gas sensors. Absolute
concentrations obtained from the SMO sensors and the analytical systems are similar. Some
offsets between the different analytical systems were noted. However, they were not higher

than expected for trace gas measurements, even using high-cost lab analysis.

Electronic noses (E-noses), comprising sensor arrays and pattern recognition algorithms, are
considered a potential way to balance the trade-off between cost and accuracy for daily TAQ
monitoring[335]. E-noses do not detect individual VOCs but provide an olfactory signature
(fingerprint) of the analyzed air. As well as SMO-based E-noses, a large diversity in E-nose
sensor transduction exists, including acoustic, e.g. quartz crystal microbalance (QMB),
calorimetric, and optical transduction has been developed over the years [336,337]. Among E-
nose types, SMO sensors are the most widely used due to their capability of detecting organics
and inorganics, high reproducibility (precision), and low manufacturing cost [338]. However,
E-nose technology can suffer from sensor drift, poor selectivity, and environmental sensitivity

(e.g., to humidity changes or interferents)[339,340].

The possibility of utilizing an SMO E-nose to detect and identify the genus of fungi in

contaminated building materials were recently investigated, which involved performing
the
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analysis of the air in the vicinity of fungi potentially found in residential buildings[341]. The
E-nose consisted of 8 SMO sensors. Analysis was also conducted using SPME-GC-MS. The
studies indicated that the E-nose enabled distinguishing between the non-contaminated and
contaminated samples, providing a basis for further developing fungi detection techniques
based on this approach. A simple E-nose architecture was recently designed for evaluating
indoors based on an array of SMOs. The sensor unit includes four sensors measuring air quality
parameters such as CO2, CO, PMi0.0, NO, temperature, and humidity[342]. The results showed
the feasibility of these E-noses to detect CO and NO; at concentrations lower than [AQ
threshold values, making them potentially suitable for integrating with heating ventilation, and
air conditioning (HVAC) systems. In another report, an E-nose consisting of 5 SMO sensors
mounted on an electronic board circuit was placed in an experimental room of 40 m? to
understand its ability to monitor the typical indoor air VOC concentrations[343]. Performance
was assessed in the presence of 5 VOCs, including toluene, xylene, acetaldehyde, acetone, and
formaldehyde. To validate sensor responses, passive sampling and GC-FID were used. Only
two showed a good correlation between the five sensors' analyzer measurements for injected
VOC concentrations and decay. In addition, higher pollutant concentrations led to sensor
saturation and convoluted responses, inducing lower correlations in sensor signals with

analytical instruments.

Colorimetric sensors are optical sensors that have recently begun to be revisited as an analytical
technique for the targeted identification of VOCs[344,345]. A typical colorimetric sensor
consists of a color-responsive recognition element coupled with signal transduction and
processing technology. The transduction and the processing elements can be simple optical
sensors such as cell phone cameras, webcams, or scanners. Even in wearables, these small

sensor devices have started to make inroads in the personal protection and environmental

sensing markets. They have broad applicability as qualitative diagnostic sensors for compound
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identification and discriminating components in complex matrices. Arrays of these sensors,
referred to as colorimetric sensor arrays (CSAs), can enable pattern recognition. Arrays have
been developed to detect target analytes using functionalized materials[346]. Analyte
identification is based on a CSA response by performing chemometric image analysis on before
and after images to look for the extent and pattern of color change[347]. This approach differs
from conventional E-nose technology. It generally relies on the weaker and less specific
intermolecular interaction, giving CSAs an advantage - the ability to exploit the chemical
characteristics of target analytes rather than their physical properties, resulting in selective and
discriminatory effects responses towards a wide range of VOCs_[348-350]. However, from a
practical perspective, one of the major shortcomings of CSAs is their inability to deliver a

component-by-component analysis for mixtures of VOCs.

A colorimetric sensor for detecting an important indoor air pollutant, formaldehyde, was
developed with an active sampling system[351]. The sensor was based on coating a silica
substrate with a chemical mixture of hydroxylamine sulfate and thymol blue in a solvent
mixture containing methanol-water and glycerol to give a color indicator that shows a distinct
and selective color change upon interaction with formaldehyde. Colour responses were
monitored using a webcam. The sensor showed high sensitivity to formaldehyde (30 ppb) and
accuracy over a 0-750 ppb dynamic range with a response time of 2 min. It was not subject to
humidity or interferences in air, making it suitable for continuous formaldehyde monitoring in
indoor air. A recent colorimetric sensor platform was reported to characterize VOC emissions

from heated cooking oils (sunflower, rapeseed, olive, and groundnut oils)[352].

39



array targeted VOCs commonly found in cooking oil emissions (aldehydes, ketones, and
carboxylic acids) by incorporating pararosaniline, 4,4-azodianiline, and pH indicators sensing
materials. These sensor responses suggested that heating sunflower oil produced higher volatile
aldehydes than the other cooking oils under investigation, which GC-MS analysis validated.
Another colorimetric method was recently reported for rapidly detecting trimethylamine. To
develop these sensors, several dyes previously found to be broadly cross-reactive (i.e., in
discriminating among toxic chemicals, 31 oxidants and 18 common organic solvents) 16 were
optimized; these included acid and base-treated pH indicators, Lewis acids, redox-sensitive
dyes, and chromogens, and solvatochromic dyes were formulated and printed within
immobilization chemistries. Data acquisition was made in various ways - using a flatbed
scanner and a mobile phone camera. Principal component analysis (PCA), hierarchical cluster
analysis, and support vector machine analysis showed excellent sensor discriminatory power
over a wide range of concentrations of triethylamine with error rates

<1%, indicating the robustness of the designed CSA. A field study was carried out where
another CSA was deployed as a VOC detector to understand emission sources from day-to-day
household activities[160]. The sensor array comprised pH indicators and aniline dyes.
Pararosaniline and N, N-dimethyl-4,4’-azodianiline dyes were mixed with two acids (sulfuric
or p-toluene sulfonic acid) in different ratios dissolved in a plasticizer and dissolved in sol-gel.
When deployed in several households, the sensor response was shown to correlate with
occupant activity (cooking and cleaning) and the building year of the house, highlighting the
potential for these easy-to-use sensor arrays to provide real-time data to inform home occupants

on temporal ventilation needs.

The Covid-19 pandemic has accelerated the public interest in monitoring home [AQ. It has

driven the launch of several low-cost, miniaturized indoor air quality sensors capable of real-
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time monitoring onto the market[353,354]. Therefore, there is still considerable scope for
developing a more cost-effective, accurate, and reliable IAQ monitoring system. For
example, suppose the quality of the measurements can be improved. In that case, sensors
could become a game-changer in monitoring outdoor and indoor air pollution, personal
exposure and health assessment, citizen science, and air pollution assessment in developing

countries.

1.4.4 PM sensing technologies for [AQ monitoring

There are several instruments for measuring different characteristics of PM. The most critical
measurements of particles are particle concentration and size. A particle size analyzer can
determine the behavior of the particle in the air. In contrast, particle concentration
measurements are important to standardize emission limits, guaranteeing air quality standards.
These instruments vary in precision, accuracy, sensitivity (detection limits), time resolution,
and cost. This section will give special attention to technologies for measuring particle

concentration.

Indoor PM events are frequently time and space-specific, brief, intermittent, and highly
variable[ 186], meaning that high spatial and temporal resolution measurements are necessary
to understand the controls and influences on PM. High temporal resolution measurements are
common practice, with any “real-time” measurement instrument providing sufficient resolution
in most cases; however, spatially varying measurements are less common, with campaigns

rarely deploying multiple sensors within a single indoor environment[136,355].

In concentration methods, the PM concentration is generally measured using four main metrics:
particle mass (Pmass), particle number (Pnum), particle size distribution (Psd), and particle
surface area. These instruments are based on different measuring principles and can be

gravimetric, optical microbalance, or electrical. The following section defines these metrics
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and briefly outlines some measurement techniques used to quantify the different PM

parameters.

1.4.4.1 PM mass (Pmass)

PM mass (Pmass) is the most used metric to measure PM. Pmass concentration is the total mass
of particles per unit volume (nug/m?). Mass concentrations can be classified per specified size
range, €.g., PMio.o, and PMz s, defined as measurements including all PMo0 or PM» s um and

smaller, respectively.

Pmass is measured using gravimetric and optical methods. This principle of gravimetric
sampling consists of pulling air through a filter using a pump. The measured pump flow
multiplied by the sampling time provides the sampled air volume. The weight difference of the
filter before and after the sampling period provides the mass of particles sampled from theair.
Dividing the sampled particle mass by the air volume results in the Pmass concentration. With
this principle, a time-averaged mass concentration is obtained for sampling[356]. This
technique is applied as a reference method by the US EPA[357]. Passive samplers have also
been developed and are lighter (1-5 g), smaller (1.5-5 cm), and less noisy than pump-operated
samplers[356]. However, they must be deployed for longer times. Once a sample has been
collected and weighed, it can be further characterized using microscopy. The Pnum, Psize,

shape, and structure of particles collected can be studied[358,359].

Optical methods are real-time and based on interactions of PM with light. They are based on
the principle of measuring scattering, absorption, and extinction (the sum of scattering and
absorption) to determine the Pmass of an aerosol. Scattering laser photometers can measure the
intensity of scattered light in one or more directions using a photometer detector. The combined

intensity of scattered light is proportional to the PM concentration within the optical
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volume[360,361]. These photometer sensors can obtain real-time measurements with a

frequency
of 1s and measure particles from ~40—-100 nm upward in size. Measurement efficiencies are

significantly lower at the smaller particle sizes. Therefore, optical Pmass sensors are often co-
located with gravimetric samplers for calibration[362]. When choosing an appropriate Pmass
sensor, there can be significant trade-offs as gravimetric sample analysis is labor-intensive and
cannot be used to measure UFPs due to their low mass. Optical measurement efficiencies vary
depending on the PM's optical properties and therefore do not provide absolute Pmass

concentrations[363].

1.4.4.2 Particle number (Pnum)

Particle number (Pnum) concentration is the total number of particles per unit of air volume.
Number-based measurements count all particles, regardless of how big or small they are. These
measurements give us valuable insight into ambient and indoor air quality since they suggest

the relative impact of specific pollution sources on a given location.

Pnum is also measured using optical and current methods. Optical particle counters (OPCs)
work similarly to a scattering laser photometer with a diode laser shining on the optical volume.
A photodetector measures the scattered flash. Unlike photometers, only one particle is
illuminated at once. OPCs use a light source, usually a diode laser, to light a sample of particles
at a given angle. Scattering laser photometers measure the intensity of scattered light in one or
more directions using a photometer detector; the combined intensity of scattered light is
directly proportional to Pmass concentration within the optical volume[364]. The size of the
particle is proportional to the intensity of the flash and electrical current generated. Therefore,
particles can be sized based on the amplitude of the current generated. OPCs are light, portable,

rugged, and quiet; however, their main limitation is their inability to count particles < 300
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nm[355,365]. To overcome this, PM can be grown by condensing vapors and then counted
using a Condensation Particle Counter (CPC). Particles are grown by creating vapor from a
working fluid (usually butanol, isopropyl alcohol, or water) that condenses onto the particles to
grow in size and can be optically counted [366,367]. Once grown, the particles pass through
the focal point of the laser beam and are individually counted. However, it should be noted that
miniaturized CPCs are susceptible to counting errors when multiple particles are located
together in the optical detection region, which is a common occurrence for concentrations

>250,000 particles/cm? [368-370].

1.4.4.3 Particle size distribution (Psd)

Particle size distributions tell us how large or small the particles are in a given area. This data
gives insight into the health hazards posed by pollution and the potential sources of pollution

in a certain area (i.e., local and upwind).

Psd information can be obtained from scanning mobility particle sizer (SMPS), fast mobility
particle sizer (FMPS), OPCs, aerodynamic particle sizer (APS), and passive air samplers[360].
SMPS is often the equipment of choice when conducting fundamental aerosol research,
environmental and climate, printer emission, and inhalation and exposure studies. It is
considered the most precise instrument for measuring Psd[371,372]. It is an electrostatic
classifier connected in line with a CPC. In this system, the electrostatic classifier selects
particles of a given size, and the CPC counts these particles. The FMPS differs from the SMPS
by using an electrostatic classifier and multiple low-noise electrometers to measure Pnum and
Psd in 5-600 nm. It has a 1s sampling frequency, making it suitable for measuring the temporal
change in aerosol processes. However, the SMPS measures smaller particles ranging from a

few nanometers to 1 pm, with higher accuracy than the FMPS[373].
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APS sensors use particles' inertia to determine their size. Aerosol flows through a constricted
nozzle to accelerate it. The particles in the aerosol then pass through two laser beams separated
by 200 um. The time difference detected between the two scattered light pulses determines
aerodynamic diameter[374]. The SMPS with a range of 1-1000 nm is often paired with an APS

(with a range of 0.5-20 pm) when Pnum and Psd >1000 nm are also of interest in studies[355].

PM monitoring is of interest in the domestic setting regarding human activities as a source. For
example, understanding PM emissions during cooking processes have been studied widely. For
instance, Pmass and Psd were tracked during cooking processes in one study using an OPC.
Active gravimetric sampling was used to determine calibration factors[375]. The OPC used was

able to detect PM, s concentrations between 0.1 pg/m? - and 100 mg/m? at a sampling frequency

of 6 s. The obtained data showed that the PM emission rate varies over time as a meal is cooked
and is caused by various frying factors such as oil or fat, the pan temperature, and the pan type.
When determining PM; 5 exposure using an OPC, its measurements should be accompanied by
those from a gravimetric sampler to provide a scale for OPC’s measurements. In another
example, an OPC was used to assess the efficacy of a commercial air purifier in a household
environment concerning its capacity to reduce PM concentration[376]. Pmass concentrations
(PMi0.0, PM25) and Pnum in 7 size-fractions between 0.3 and 10 um were measured. The
measurements were carried out in a room of an apartment of about 40 m? for 24 h. The OPC
results showed that the tested air purifier significantly reduced PMo.0 and PM: s by about90%

and 80%. In addition, a butanol-based CPC and an FMPS were used in another study to assess

secondary UFP emissions from floor cleaning products in indoor conditions[377]. Pnum
concentrations and Psd were measured simultaneously during simulated cleaning events. The
CPC measured the number concentration of particles down to 4 nm in diameter with 1 s

sampling time. The FMPS measured the Psd range 5.6-560 nm, with a similar sampling time.

Ten out of twenty cleaning products were recognized as emitting products as a generation of
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particles in their nucleation range (about 10nm) was measured. The emission factor of the
emitting products ranged between 1.5 x109 part/m? and 1.1 x1011 part/m? and then led to a
total Pnum concentration comparable to other well-investigated indoor sources when cleaning

the entire floor area of a typical dwelling.
UFP and PM size dynamics emitted from candles have been studied within a home setting[378].
The study used an SMPS equipped with a classifier and a DMA, a combination that created a

Psd quantification range of 2.5-64 nm. A second portable CPC with a lower cut-off of 10 nm
was deployed to validate SMPS measurements > 10 nm. Single candles burnt in living rooms
with mostly open interior doors could be expected to Pnum in order of magnitude of 300-400
m > which would also exceed average background concentrations of <10 000 cm ™3 [378]. The
physical properties of indoor PM were measured in an apartment located in an urban
background site in Prague[379]. An SMPS measured the Pnum distribution (14.6-850 nm).
Larger particles were measured by an APS (0.54—18 um). The total Pnum max was 9.38 x 104,
2.89x 10%,2.25 x 10> and 1.57 x 10 particles/cm® detected after vacuum cleaning, smoking,

incense burning, and cooking (frying) activities, respectively.

PM represents many components whose identity and source are poorly understood. Thus, as
new measurement technology emerges, it must be adapted to maximize the existing
measurement platforms' information-gathering capacity and utility. In addition, the
development of accurate, real-time instruments opens the door to measurements with better
spatial resolution and coverage, with higher reliability and operational simplicity. However,
developing particle measurement strategies and systems for indoor application is substantially
different from those encountered with VOC monitoring. Also, with PM measurements, it is

important to understand the Pnum, Pmass, Psd, and chemical composition of each particle
[380].

Moreover, These sensors can also be affected by humidity and temperature, and the same set
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of sensors can perform inconsistent yield[381,382]. These issues make developing sufficiently
sensitive sensors when measuring over a large range of concentrations and size ranges of PM

more challenging.

1.4.5 PM sensors for JAQ monitoring

Low-cost, portable sensors capable of measuring high temporal PM concentrations have been
at the forefront of meeting the rapid increase in public awareness and interest in PM and [AQ,
particularly recently due to Covid-19. These sensors are based on the light scattering principle.
The cost of these sensors can be up to 300 times lower than the standard/reference PM
monitoring instrumentation. In addition, the broad deployment of these sensors in homes has
become feasible[383]. This, amongst other things, has created an awareness of IAQ and
enabled homeowners to understand PM sources and levels in their domestic

environments[384].

Based on the light scattering principle, PM sensors use a focused beam of visible or infrared
light through an aerosol, and a photodetector monitors the intensity of the PM scattered light
in a selected direction. PM sensors are classified into volume scattering devices and optical
particle counters (OPCs). The light is scattered from the ensemble of particles in the former.
The photodetector provides a single digital or analog output. The output reading is converted to
a Pmass concentration for different size ranges. OPCs count and estimate the sizes of individual
particles, and the readings are converted to a Pmass concentration based on the assumption that
the particles are spherical and of consistent bulk density. OPCs are limited in size ranges. They
can detect as particles <0.3 um cannot scatter light sufficiently, while PM

>10 pm is not easy to draw into the sensor[385,386].

The utility of a low-cost wireless sensor network to measure PM levels in households using

cookstoves was demonstrated to provide insights into the Spatio-temporal distribution of
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indoor air pollution[363]. In this case, multiple low-cost PM sensors were deployed to obtain
PM: s concentrations. A laser photometer was also used, recording reference measurements to
evaluate sensor performance (R?>=0.713). The obtained data demonstrated low spatial
variability within the kitchen due to its small size, poor ventilation, and high Pmass
concentrations similar to those found in the kitchen in the adjoining rooms due to insufficient
ventilation from open doors and windows. The results indicated the importance of Spatio-
temporal measurements, which provided insights into the effects of multiple factors such as the

household layout and ventilation characteristics.

Another PM> 5 sensor was used to collect real-time PM; 5 concentrations simultaneously at 15
indoor and one outdoor sites in a single apartment[387]. Deployed sensors measured particle
numbers of three particle size ranges, i.e., 0.3—1.0 um, 1.0-2.5 pm, and 2.5-10 um, providing
Pmass concentrations for PM1.9, PM2 5, and PMio.0. It was found that indoor PM predominantly

originated from outdoor infiltration and cooking emissions.

The performance of 6 commercialized optical PM sensors designed for home use was assessed
by comparing their output to reference PMs and PMio measurements from 21 common
residential sources[388]. Sensors selected for testing met the following criteria: (1) capable of
measuring PM>s; (2) report Pmass concentrations; (3) display real-time data. Reference
measurements were obtained with a professional-grade aerosol photometer. All sensors had

semi-quantitative responses (within a factor of two compared to reference measurements) to
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1.5

sources like vacuuming, combustion products, and cooking but had low or no reactions to
sources for which emitted Pmass was in PM < 0.25 pm, including candle burning and cooking

without frying or grilling.

Three other PM2 5 sensors were evaluated in an occupied, non-smoking residence over 12
months to assess the sensors, the built-in calibrations, and the need for additional data to
achieve high accuracy for long deployments[389]. Sensors were deployed in the living room.
A light-scattering nephelometer reference instrument with time-resolved and filter-based
measurements was also deployed and operated for about a week each month. Two of the
sensors exhibited high R? values against the reference instrument at the beginning and end of
the measurement year, showing good potential for use in scientific research. However, only
one of the three sensors exhibited high accuracy without any post-processing or additional
measurements, indicating the need for calibration of each of the sensors before the data can be

used to evaluate residential exposures.

Improving the portability and reducing the cost of sensors for measuring gaseous pollutants
and PM without sacrificing selectivity and sensitivity is currently the main challenge in TAQ.
Sensor networks can offer unique environmental analysis opportunities if appropriate
infrastructure is in place. For example, portable computing devices such as smartphones or
tablets can form interactive, participatory sensor networks that could facilitate public and

professional users to collect, analyze, and share a wide range of data.

Conclusions

IAQ has been largely ignored up to now. However, as we spend plenty of time indoors,

especially in the pandemic era of COVID-19, it is vital to monitor the air quality we breathe
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every day. Undoubtedly, low-cost sensors can enhance indoor air pollution monitoring by
enabling mass deployment density and closely assessing the occupants' exposure levels. Due
to their limited robustness and repeatability and the lack of widely accepted protocols for their
testing and utilization, the technology does not appear mature enough to be used on a mass
scale for regulatory or compliance purposes[390,391]. However, analytical, and laboratory-

based machines are still the mainstream equipment applied to IAQ research
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Chapter 2:
Monitoring of particulate matter
emissions from 3D printing activity in

the home setting
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2.1. Introduction

There is an increasing interest in indoor air quality (IAQ). It is well-established that a wide
range of indoor pollution sources, activities, and ventilation conditions can adversely affect
health[55,392]. Airborne particulate matter (PM) has been highlighted as a critical pollutant in
indoor air[393]. The damage caused by the inhalation and deposition of PM in the human
respiratory tract is closely associated with PM size. Significant deposition fractions in the lungs
are characteristic of submicron and ultrafine particles (< 1 um and < 0.1 um diameter,
respectively)[389,394]. Indoor air pollutants in the domestic setting are linked to various
sources, including building materials, soft furnishings, and occupants’ activities such as
cooking and cleaning[138]. Beyond traditional sources, deploying devices and new
technologies in the domestic setting can require an impact assessment on IAQ[395]. Three-
dimensional (3D) printers are one example of a technology product becoming increasingly
prevalent in the domestic setting. Although initially intended for the rapid prototyping of
commercial products in the industry, the progressive decrease in cost and ease of operation has
led to a wide adaptation by the consumer market[221,396]. This upsurge in the deployment of
3D printers raises a significant health and safety concern for home users in terms of IAQ,
especially given that low-cost 3D printers have no requirement for enclosures or built-in

filtration or air cleaning systems[397].

Most home-based 3D printers are based on fused deposition modeling (FDM). The FDM
printing process works by heating a filament material in an extrusion nozzle head to a
temperature above the filament melting point, extruding onto a printer bed. It solidifies and
forms a solid bond with the previous layer[233,398—400]. Although options for filament
materials to use for FDM printing are widening, acrylonitrile butadiene styrene (ABS) and
polylactic acid (PLA) have remained dominant filament materials. ABS is non-biodegradable

and typically printed at 240-260 °C. PLA is a biodegradable plastic mainly derived from natural
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sources and printed at lower temperatures, typically 200 to 220 °C. ABS has better mechanical
strength and higher impact resistance than PLA and therefore tends to be better suited to printing
goods that require resistance to pressure[224]. Published research has demonstrated that the
thermal degradation of filaments in FDM printing releases sub-micron and ultrafine
particles[222,223]. The filament type used primarily influences PM emissions from 3D
printing[236,401]. In recent reports, printing with ABS filament resulted in 3 to 4 times higher
emissions than printing with PLA, attributed to the higher extruder temperatures applied for
melting ABS filament. Several studies have found that more significant amounts of smaller
particles (less than <100 nm diameter) are emitted from ABS filaments than PLA[235,402,403].
Other studies have investigated the effects of filament color on PM emission. Significant
differences have been noted and attributed to the different additives and pigments

used[400,404].

Print settings such as extrusion and bedplate temperatures have also been investigated. Higher
extrusion temperatures generally lead to higher PM emissions and a decrease in PM size,
regardless of filament type[404]. Several papers have discussed that undisclosed additive in
ABS result in the release of volatile semi-volatile compounds at extrusion temperatures. The
nucleation and condensation of these compounds result in new particle formation and
consequently higher PM emissions[227,405]. Other studies have reported that bedplate
temperature can also impact PM emissions. The condensation of vapor emitted from bedplates
at elevated temperatures increases the PM emission rate[227,233]. However, the effect has been

determined to be relatively minor.

Many of the studies cited above were conducted in closed testing environments, including
acrylic or stainless steel chambers[406,407]. However, there is little literature reporting the
measurement of PM emissions from home 3D printers in real domestic indoor environments

that demonstrate the direct impact on IAQ in the home and the potential for 3D printing to

53



increase PM exposure for the home user. This study aims to bridge the gap between 3D printing
PM emission studies typically carried out in controlled laboratory environments in closed
chambers and the real environment of an open setup used for 3D printing in a typical domestic
setting. In this work, PM emissions were monitored over time during a 3D printing activity in
a living room of a domestic house. PM emission profiles were collected using an optical
particle counter during 3D printing with different filament types, colors, brands, and print
settings to understand the impact of these factors on the resulting PM emission. Finally, a low-
cost home-use IAQ sensor was investigated as a potentially affordable means for home users

of 3D printers to monitor printer PM emissions.

2.2 Materials and methods

2.2.1 3D Printing domestic setting

To assess PM emission from 3D printing activity, printing was carried out in a family-sized
living room in a domestic setting. No print enclosure was used. The room was 3.1 m x 5.5 m
x 2.4 m in dimensions, or 41 m?, with one door and two windows. During printing, ventilation
was controlled whereby doors, double-glazed windows, and mechanical ventilation wereshut.

The room temperature and humidity were kept at 18-20 °C and 50-60%, respectively. Air
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exchange rates were not measured for this study; however, they should not be less than 0.3

1/s/m? for a domestic dwelling[94].

2.2.2 3D Printing procedure

The 3D printer employed in this study was a desktop home printer, Creality Ender-3
(www.I3D.ie). This fused deposition modeling (FDM) motorized printer has a single extruder
nozzle, a heating bedplate (235 mm X% 235 mm), an active cooling fan, and a hot-end fan. The
cooling fan is located next to the extruder nozzle, operating consistently at a user-defined speed
to cool the extruded filament during active printing. The hot-end fan is directed onto the motor

to maintain its temperature.

A 3D cube test piece was printed for all studies (20 mm x 20 mm x 20 mm) using a gcode file,
with a print duration between 27 and 36 min, depending on filament type and print settings. A
range of print parameters was investigated (Table 2.1) for their impact on measured PM
emissions. Certain settings were maintained constant throughout the study, as specified in
Table 2.1. As a control for monitoring PM emissions arising from the printer itself, a blank

print of the cube was carried out without filament and is termed a null print.

Table 2-1- Print settings used in PM studies

Print Settings Value
Print speed (mm/s) * 50
Filament diameter (mm) * 1.75
Bed temperature (°C) * 80 (ABS)
50 (PLA)
Filament colour white, yellow, black
Cooling fan speed (%) 0, 20, 40, 60, 80, 100
Infill density (%) 0, 20, 50, 80, 100
Extruder temperature (°C) 235-255 (ABS)

200-220(PLA)

*fixed parameters

ABS and PLA filaments were used in this study. Several different brands of black filament
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materials were purchased from Two additional filament colors (white and yellow) for a single
ABS and PLA brand were purchased. A summary of the filament materials investigated is

presented in Table 2.2.

Table 2-2- A detailed list of tested filaments.

Filament Brand Color Code
ABS 1 Black ABSBI1b
ABS 2 Black ABSB2b
ABS 3 Black ABSB3b
ABS 4 Black ABSB4b
ABS 5 Black ABSB5b
ABS 5 White ABSB5w
ABS 5 Yellow ABSBSy
PLA 1 Black PLABIb
PLA 2 Black PLAB2b
PLA 3 Black PLAB3b
PLA 4 Black PLABG6b
PLA 5 Black PLAB7b
PLA 6 Black PLABSb
PLA 6 White PLABS8w
PLA 6 Yellow PLABS8y

2.3 Particulate Matter Emission Monitoring

PM emission data were collected continuously using an optical particle counter/sizer (OPS)
sensor (PC-4000, GrayWolf sensing solutions, Ireland) before, during, and after the 3D printing
of the cube test piece. After each print was run, the room was ventilated until PMy 3 returned to

baseline (<10,000/ft>) before starting the next print.

56



The OPS sensor used to monitor PM during 3D printing measured particle size ranges based
on 6 custom binning channels, which were calibrated at 0.3, 0.3-0.5, 0.5-1.0, 1.0-2.5, 2.5-5,
and 5-10 um with a flow rate of 0.1 ft}/min. The sampling interval was 90 s. The OPS sensor
was placed 1 m directly across from the printer nozzle head, in line with the ISO 16000-1

recommendation*%

. Unless otherwise specified, all PM emission profile data reported in this
paper are taken from a 0.3 um channel, which provides a concentration of PM with a diameter
of 0.3 um (PMoy3) passing over the sensor as a function of time. PM concentrations measured
for the other channels, 0.3-0.5 pm (PMos), 0.5-1.0 um (PM1,), and 1.0-2.5 um (PM>3s), are

given in the SI for reference. This study did not present responses from the other channels, 2.5—

5 pm (PMs_o) and 5-10 pm (PMlo_o).

A Cair sensor (NuWave, Ireland) was used as a low-cost home TAQ sensor to track PM
emissions. This sensor measures PM from 2 channels 1-2.5 um (PM25) and 3—10 pm (PMjo.).
The flow rate of these sensors has not been disclosed. The sampling interval was 90 s, and the
Cair sensor was placed 1 m directly across from the printer nozzle head, in the same position

as the OPS sensor.

Three replicate prints were carried out for all tested print conditions. The averaged data for
these replicate prints are plotted in all figures to describe the typical print profile. To visualize
the repeatability of the PM emission profiles, a set of replicates for a specified set of print

conditions is shown in Figure S1.
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2.3.1 Results and discussion

2.3.1.1 PM emission profiles using recommended print settings

The PMy 3 emission profile at all stages of printing the test cube was monitored using the OPS
sensor for both ABS and PLA filaments using filament-specific recommended settings (Figure
la,b).In the first instance, PMo 3 was monitored to establish the background level (Region 1).
As an additional control, null prints (no filament) were carried out under the same settings as
the filament used. However, no significant emissions beyond baseline levels were observed.
This trend was the same for other PM sizes measured by the OPS sensor, and these data are
presented in Figure S2. The printing process was initiated with the heating of the bedplate
(Region 2). In the case of ABS, the bed heating started at 30 min and was heated to 80 °C over
3 min. For PLA, the bed was heated to a lower temperature of 50°C over 90 s. Bedplate heating
did not significantly impact PM emission background levels for either filament. However, there
may be a minor impact on the ABS filament emissions observed in Figure la. This observed
increase in PM emission, if confirmed, is negligible and may be an artifact related to the
timescale of the data sampling interval (90 s). The extruder heater was switched on (Region 3).
PM emissions increased steadily for both ABS and PLA filaments. Finally, the extruder

temperature was programmed to increase the recommended temperature for both ABS (245
°C).

Moreover, PLA (205 °C) is related to the filaments' different melting points [408]. It can be
seen that even before printing, the heating of the extruder resulted in a significant
increase in PMy 3 for both filaments. The time point where this occurs is the onset time for an

observed elevation PM emission above the baseline level (OT:y) in this study.
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Figure 1-1- PM0.3 profiles over time before, during, and after printing of a cube (20 x 20 x 20 mm) for (a) ABSB1b
(bedplate-temperature: 80 °C; extruder temp: 245 °C, 0% fan, 20% infill) and (b) PLAB1b (bedplate temperature: 50
°C; extruder temp: 205 °C, 20% fan, 20% infill).

The print process commences with a base layer print in region 4 (Figure 2.1). The base layer is
100% infilled and printed slower than subsequent layers to allow the filament to cool and
adhere to the bed. It serves as the foundation layer for the object to be printed—the PM
emission increases during the base layer print for ABS and PLA. Following Region 4, the bulk
printing of the object is initiated at a pre-specified infill density (20%), and shortly after this
initiation, the PM emission reaches a maximum emission (referred to as PMwmax). The time

point for PMwmax is likely a result of a lag effect whereby it is the printing of the base layer that

results in higher extrusion per area, leading to the PMmax occurring in region 5. The

repeatability of this effect is also seen in Figure S2, where the same effect was observed for
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PM emission profiles for other PM size ranges. The bridging effect causes this high emission
during the base layer print. This arises from how the base layer is deposited through an initial
outer 2D square frame followed by extruded filament lines bridging across the frame. This
results in a high initial surface area of the structure, leading to a large amount of exposed heated

filament, from which the PM emission occurs.

After the base layer print, bulk printing is carried out at the user-specified infill density (20%).
Lower amounts of extruded filament are exposed per area than the base layer print during the
bulk print, leading to the observed decay in PM emissions. The systematic decrease continues
for the rest of the print and continues to decay post-printing (Region 6). The sharp decrease in
PMo; for PLA in Region 6 at approximately 80 min is unknown. However, the general trend
within this region, which is post-print, is for the PM emission to decay. It is noted that the PM
emission stabilizes at a level significantly higher than the background approximately 20 min
after the print finishes. Indeed, it was observed that the decay back to baseline only occurred
when ventilation was provided to the room by way of opening a window or door. Depending

on the print carried out, this ventilation time ranged between 30 min and 4 h.

Impact of filament on PM emissions

2.3.2.1 Filament color

To investigate the impact of filament color on PM, the test cube was printed in different colors
for both ABS (ABSB5b, ABSB5w, ABSB5y) and PLA (PLAB8b, PLAB8w, PLABS8y) and

PMy 3 emissions were monitored (Figure 2.2 a,b). It can be seen that the filament color
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dramatically impacts PMo 3 emission profiles for both filament types. Interestingly, the trend

observed was different for different filament types. However, it is important to note that this

study's ABS and PLA filaments were sourced from different brands.
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Figure 1-2-PM, s emission of a cube in different colors for (a) ABSBS5 (bedplate temperature: 80 °C, extruder temp: 245 °C,
0% fan, 20% infill) and (b) PLABS (bedplate temperature: 50 °C, extruder temp: 205 °C, 20% fan, 20% infill)..

The white filament exhibited more significant overall PM emissions than the ABS filaments,

followed by black and yellow. The OTpm and the PMuax emission varied considerably for the
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different colors. OTpm was the same for black and white (37.5 min), followed by yellow (43
min). OTpum is related to the thermal stability of the filament and indicates that the yellow ABS
filament is the most thermally stable. The PMmax emission is related to the pigment chemistry
used and its susceptibility to produce PM and was observed to be highest for white, followed

by black, and lowest for yellow when printing with ABS filaments.

Similar variability in PM emissions was observed for PLA filaments, where the black filament
had the earliest OTpm (34.5 min) and the highest PMmax. It should be noted that the PMmax
for this filament was higher than for any ABS filament, despite it being printed at a lower
temperature. The yellow and the white PLA filaments emitted lower PMy 3 concentrations in
comparison. The OTpm was much later than other filaments for the yellow filament, not until
Region 5 (40 min). The time point for the PMmax emission also occurs later. It has a
significantly lower PMwmax emission than the black filament. Finally, the white filament,
printed under the same conditions, exhibited no OTpwm during the print. No increase from

baseline PMy 3 levels was noted for the print duration compared to all other filamentstested.

Overall, it is clear that there is wide variability in the impact of filament color and type on PM
emissions, ranging from filaments that have a significant impact to those that do not appear to
contribute significantly to PM levels in the home setting. These differences in PM emissions
stem from different additives and pigments in the different colored materials. The observations
are consistent with previous studies performed in closed chamber settings[402,408,409]. For
example, Stefaniak et al.[232] reported that the number-based emission rates varied by up to
nine when comparing the printing of black and white PLA filament materials. Although it is
acknowledged that filament color significantly affects PM emissions, the mean particle size for

both PLA and ABS has been reported to be equivalent[223,232,402,403].
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2.3.2.2 Filament brand

The influence of the filament brand on PMy 3 emissions was investigated for both ABS and
PLA filaments, and black filaments were selected as both filament types showed significant
PMy 3 emissions for this color. Five ABS brands (ABSB1b, ABSB2b, ABSB3b, ABSB4b,
ABSB5D) and six PLA brands (PLAB1b, PLAB2b, PLAB3b, PLAB6b, PLAB7b, PLABS8D),

all black in color, were used to print the test cube and PMo.; monitored over time (Figure 2.3
a,b). The emissions data indicate that filament brand accounts for large differences in PM

emission profiles during 3D printing.
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Figure 2-3- PMO.3 profiles for different brands for before, during, and after the printing of a cube for (a) ABSB1b, ABSB2b,
ABSB3b, ABSB4b, ABSB5b (bedplate temp: 80 °C, extruder temp: 245 °C, 0% fan, 20% infill) and (b) PLAB1b, PLAB2b,
PLAB3b, PLAB6b, PLAB7b, and PLABSb)

For all ABS brands, similar emission profiles were observed whereby the OTpwm occurred in
region 3, between 36 and 37.5 min, and PMwmax occurred, as expected, early on in Region 5.
However, there was variability in the PMo3 emissions profiles. PMmax for ABSB5b was
approximately 10 times higher than for all other filaments. The PLA brand study also gave
variable results, whereby the OTpwm occurred between 31.5 and 33 min. Most PLA filaments

had low emissions over the entire print.

In contrast, one PLA brand (PLAB8b) had a PMwmax approximately 10 times higher. These PM
emission differences observed across brands can be explained because the type and loading of
components within these filaments vary for different brands[410]. The additives’ composition
is not typically disclosed to consumers. More importantly, no awareness of the risks relating to
the heating of the filaments and the corresponding emitted PM (and VOC:s) is considered or

disclosed to the home user.

2.3.3 Impact of user-controlled print settings on PM emissions

2.3.3.1 Fan speed

Printer fan speed on PM emissions was investigated as a parameter that the home user controls
during printing. The fan is primarily used to cool the extruded filament as it prints.
Recommendations around the use of the fan depend on the filament being printed and the
structure of the piece being printed. Generally, the use of the fan is not recommended for ABS

printing as ABS curing is sensitive to rapid losses in temperature, and utilizing a fan can lead to
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delamination of the printed layers and structural integrity may be compromised. Therefore, the
effect of fan speed was only investigated for PLA. The results shown in Figure 4 demonstrate
a direct relationship between OTpum (right axis, scatter plot) and PMwmax (left axis, box plot) and
fan speed setting during printing. Fan speed will influence the temperature cooling profile of
extruded filament material, which will influence the direct emission rate of PM from the
extruded material and may also affect the rates of SVOC emissions and thus particle formation
rates. OTpm Was observed to increase with increasing fan speeds. Higher fan speeds potentially
resulted in a cooling effect on the filament, shifting the OTpum to later time points. PMwmax
emission decreased significantly with increasing fan speed, showing that fan speed can
significantly impact a home user’s PM exposure to PM during printing as a controllable print
setting. Overall, increasing the fan speed in PLA printing significantly delayed OTpm and

lowered PMmax emissions.
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Figure 2-4- PM0.3 profiles for different Fan densities over time for: (a)before, during, and after the printing of the test cube
using PLABSb (bedplate temp: 50 °C, extruder temp. 205 °C, 20% infill), (b) OTPM (left axis, scatterplot), and PMMAX
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2.3.3.2 Infill density

The effect of infill density on PM emissions was also studied. The infill density parameter
plays an important role in the strength, structure, and buoyancy of a printed piece. It is widely
used to reduce printing weight and time. The effect of changing infill density on overall PM
emissions from the printing process is shown in Figure 2.5a. The results demonstrate that as
the infill density was increased, overall PM emissions decreased. It should be noted that the
bulk print time (Region 5) varied as a function of infill density, ranging from 28 to 36 min.

This region is marked with blue dotted lines in Figure 5a.
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2.3.3.3 Extruder temperature

Finally, extrusion temperature was investigated for its effect on PM emissions for both ABS

and PLA filaments. Temperatures were investigated for each filament type within the

recommended range of temperatures for the filament. As presented in Figure 2.6 a,b, the higher

the extrusion temperature, the greater the overall PM emissions for both filament types.
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For all temperatures investigated when printing ABS, similar emission profiles were observed.

The OTrm occurred in region 3 (between 34.5 and 36 min). When printing at higher

temperatures, PMwmax significantly increased and occurred later. The PLA studies exhibit

similar results. The OTpwm is also seen in region 3 between 31.5 and 33 min. The highest PMmax

values are observed when printing with higher extruder temperatures.

Previous studies have also observed this positive correlation between extruder temperature and

PM emission profiles for different filaments[232,235,407], reporting that elevated temperatures

lead to higher vapor pressures of the organic compound components, promoting particle

formation.
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24

Figure 2-6- PM0.3 profiles for different extruder temperatures before, during, and after printing of a cube for (a) ABSB1b
(bed plate temp: 80 °C, 0% fan, 20% infill) and (b) PLABI1b (bed plate temp: 50 °C, 20% fan, 20% infill).

Assessing the usefulness of low-cost IAQ sensors for PM emission monitoring during

home 3D printing

Over the past decade, rapid advancements in sensor technology have led to commercially
available low-cost sensors for air quality monitoring. The increased deployment of such sensors
presents a new opportunity to improve air quality awareness and enable real-time personalized
exposure monitoring[411,412]. These possibilities can only be fully realized if sensor precision
is high enough to make the measurements meaningful[413]. To that effect, a commercial low-
cost IAQ sensor (Cair sensor, NuWave, Dublin, Ireland) was investigated for its ability to track
PM emissions from a home-based 3D printing activity. To investigate sensor response, the Cair
sensor was deployed alongside the OPS sensor, and PM» s channels were monitored during the
3D printing using both approaches. Note: the PM> s channel was used to compare the Cair and
OPS sensors, as the Cair sensor was not capable of PMo 3 monitoring. It was shown previously
that the profiles for different PM sizes (measured using the multiple OPS channels) were
similar; however, it should be noted that the decay profiles following the PMmax were observed

to be more rapid for larger PM sizes, specifically PM 25 (Figure S2).

PM2.5 data were collected using both sensors during numerous test cube prints (Figure 7) (print
settings as per studies conducted in Section 3.2.1) to compare the OPS and Cair sensor
responses. While the PM data shown here are collected for a range of print conditions, it is
assumed there is no print condition influence (e.g., filament color, pigment, etc.) on sensor
behavior; rather, the sensor responses are presented in this way to highlight their precision over

a broad range of print conditions. Overall, the sensors showed consistent PM profiles for
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each print. The OTpm was very similar in all cases for both sensors, indicating that the low-cost
IAQ Cair sensor could indicate to the user when PM is significantly increasing abovebaseline
levels in a room. For example, the PM emission profile for the Cair sensor generally increased
to a PMmax as expected. However, the time point when this occurs d for can differ by
approximately 10 min relative to the OPS sensor. However, PMmax is approximately similar in
magnitude for both sensors in most emissions profiles. The decay profile behaviors after

PMmax different sensors for specific prints.
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Figure 2-7- Comparison of PM2.5 emission profiles taken with the OPS and Cair sensors during the printing of the test cube
using (a) ABSB5w, (b) ABSB5y, (c) ABSB5b, (d) PLABSw, (e) PLABSy, and (f) PLABSb. Print conditions as stated in Figure
2.
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2.5

Despite the differences between the Cair and OPS sensors, identifying the time there is a
substantial increase in PM emissions (OTpwm) shows the value of using such a sensor for home
PM emission monitoring during 3D printing. This would allow a user to ensure adequate
ventilation once the OTpwm is reached (if they have not done so already) and allow the user to

ultimately make informed choices about the filaments with which they print.

Conclusions

In this study, PM emission profiles from 3D printing activities undertaken in a domestic setting
were investigated to assess the potential for 3D printing in the home to impact IAQ. 3D printing
was carried out in an open format under various conditions, and the PM emission was
monitored. Most studies on PM emissions from 3D printers have been designed in closed
chamber settings, which are significantly different from that used by the typical home user.
Therefore, the results of this study could be applied to investigate personal exposures to PM

for 3D printer home users.

A range of print parameters within the home user's control was examined to determine how
they impacted PM emission profiles. In addition to the overall profiles, quantitative measures
of the PM emission profile were utilized (OTPM and PMMAX). Significant impacts on PM
emissions were observed for many of the investigated parameters. For example,
PMMAX for one ABS brand was approximately 10 times higher than for all other filaments,
and in case of colors, the white filament exhibited more significant overall PM emissions than
the ABS filaments, followed by black and yellow. Therefore, according to our
findings, The filament brand and color can dramatically influence the PM emission and

influence personal exposure,
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ultimately, user health. While the scope of this study was limited to sub-micron PM size ranges,

further work will examine ultrafine PM and VOC emission profiles arising from 3D printing.

Using the approaches in this study, home users of 3D printers can be made aware of the

potential impacts of print settings and filament types on PM emissions, helping the user make

informed choices around the print parameters they choose. For example, to give users
awareness of PM emissions during their printing activities, low-cost IAQ PM sensors have
been demonstrated here as a viable way to monitor PM emissions during printing to alert the
home user when increased ventilation into the space they are printing is needed. Findings from
this study could serve as evidence to support the need for commercial suppliers of filaments to
provide information on the PM emissions associated with their printing materials so that the
potential for PM exposure can be considered by the user when making choices on filament use

for their home-based printing activities.
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Chapter 3:

Monitoring of volatile organic
compounds emissions from 3D printing
filaments
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3.1 Introduction

It is known that the melting of polymer filaments during printing leads to the emission ofboth
PMs and VOCs. The emission of PMs during printing has been discussed in several studies
and the previous chapter. A comprehensive meta-analysis of the body of research around this
area has also been tackled[407]. Previous studies have found that gas-phase emissions from
3D printers are complex and contain a mixture of VOCs, including odorants, irritants, and
carcinogens. However, studies of qualitative and quantitative emissions of VOCs during 3D
printing are relatively scarce. There have been several attempts to quantitatively characterize
the emission of VOCs, predominantly in the form of TVOCs. However, several studies tackled
the analysis and determination of emitted individual VOCs driven by the filament
type[223,231,233,414]. In the following section, these studies, their methods, and their

findings will be discussed.

In one of the largest studies on this topic, five commercially available desktop 3D printers from
various manufacturers were studied [236]. Two printers were fully enclosed, one equipped with
a high-efficiency particle air (HEPA) filter, and the others were designed to be used openly.
Twenty different materials from ABS, PLA, nylon, and PVA from 8 different brands were
sampled for 25 different print runs. All experiments printed the same object, a cube. Printers
were placed in a standardized stainless steel environmental chamber. VOC samples were
collected directly on a Tenax sorption tube with DNPH using a mass flow controller.
Background samples were collected for 30 minutes during the pre-operation phase, with
filament loaded in the chamber but without printing. The test sample was collected during the
last hour of printing to capture the maximum chamber emission. After collection, the samples

were thermally desorbed and further analyzed using GC-MS.
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TVOC emission rate varied by filament, where ABS filaments generated 4.3 times higher
TVOCs than PLA. TVOC emission rates of HIPS and ABS were similar. PVA emissions were
comparable to PLA. A total of 216 individual VOCs were identified in the samples. ABS had
the highest - 177 individual VOCs in recovered VOCs, followed by PLA with 57 VOCs.
Caprolactam from nylon filament had an emission rate as high as 1749 pg/h, followed by styrene
from ABS, with its emission rate being approximately 276 pg/h. The emission rate of lactide
from PLA (111 pg/h ) was less than half the emission rate of styrene from ABS. The overall
profiles of recovered VOCs varied by the filament material. Common thermal degradation
byproducts of filament monomers such as benzenes, toluene, xylenes, hydrocarbons, and
aldehydes were also detected. Out of approx. 100 VOCs were recovered, and only 5 for PLA
and 8 for ABS were consistently detected for each filament material. This inconsistency may
be due to the wide range of chemical formulations for 3D printer filaments. Out of the most
common individual VOCs emitted, 13 VOCs for ABS, 13 for PLA, and 11 for nylon have

toxic, irritant, or odorant properties.

VOC ranges from 5 other desktop 3D printers were also studied using nine different filaments.
All the measurements were conducted in a 3.6 m® stainless steel chamber[233]. The
standardized sample from NIST was chosen as the printing object. Tenax sorbent tubes were
used to sample chamber VOCs during the last 45 minutes of printing after the VOC

concentrations reached a steady state. TD-GC-MS was used as the method of analysis.

The individual VOCs emitted in the largest quantities included caprolactam from nylon-based
and imitation wood and brick filaments (ranging from ~2 to ~180 pg/min), styrene from
acrylonitrile butadiene styrene (ABS), and high-impact polystyrene (HIPS) filaments (ranging
from ~10 to ~110 pg/min), and lactide from polylactic acid (PLA) filaments (ranging from ~4

to ~5 pg/min). In this study, it was hypothesized that the filament material drove the majority
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of differences in the types of VOCs emitted while printer make and model drove the majority

of differences in the overall mass of VOCs emitted with the same filament.

In another study, real-time, quantitative monitoring of the composition of the VOCs during the
heating of PLA filaments using the PTR-TOFMS method was used. The qualitative
determination of the monitored compounds was confirmed using GC-TOFMS [231]. The
filaments were from two grades called economy and premium, each in three colors: black,
yellow, and neutral (white). SPME-GC-TOF-MS was used for the qualitative identification of
VOCs. The most abundant volatiles emitted during 3D printing were lactide, acetaldehyde,
acetic acid, and 2-butanone. The emission profile of the tested filaments was not very
dissimilar. In both filament grades, the emission rate of lactide was approximately 20% lower
in the white filament. One notable outlier was the emission of acetaldehyde in black economy

filament, with its emission being nearly four times higher than that of other filaments.

Our study described in this chapter developed a novel method for characterizing VOC
emissions from 3D printers and tested emissions for varying print conditions, including
filament material, color and brand, and extrusion temperature. Systematically designed
experiments were conducted using HS SMPE sampling. The qualitative determination of the
monitored VOC was confirmed using the GC-MS method. Furthermore, the relationships
between VOC and UFP emissions during printing have been discussed. A broad range of VOCs
from 3D printing, including VOCs with potential health concerns, has been identified. With a
better understanding of the emission levels from the tested printing conditions, our study could
provide insight into evaluating potential health concerns and adds another piece to the difficult

3D printer emission characteristics puzzle.
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3.2 Material and methods

3.2.1 3D printer and print chamber enclosure

The 3D printer employed in this work was a desktop home printer, Creality Ender-3
(www.I3D.ie), costing €215. This FDM ranked as the best budget 3D printer; the motorized
printer has a single extruder nozzle, a heating bedplate (235 mm x 235 mm), an active
cooling fan, and a hot-end fan. The cooling fan is located next to the extruder nozzle, operating
consistently at a user-defined speed to cool the extruded filament during active printing. The
hot-end fan is directed onto the motor to maintain its temperature. All printing was carried

out in a self-designed print chamber. The chamber comprised two transparent plastic boxes

woziL

« >

76 cm

Figure 3-1- VOC experimental setup

(dimension: 780 x 560 x 430 cm to give a volume of 130 L). The Creality printer was placed
in one of the boxes, and the other box was placed on top to create the enclosure of 260 L.
the septum was fitted in a hole in the top box (Figure 3.1). The septum holding the SPME fiber

was placed on the printer’s top to asses the VOC emission.
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3.2.2 Filament and printing object

A cube was 3D printed as the object for all VOC studies (20 mm x 20 mm x 20 mm) with print
parameters set out in Table 3.1 using a gcode file, with a print duration between 27 and 36 min,
depending on filament type and print settings. A range of printing temperatures was
investigated for their impact on measured VOC emissions. In addition, certain settings were

maintained constant throughout the study, as specified in Table 3.1.

Table 3-1- Print settings used to print objects for VOC emission study.

Print Settings Value
Print speed (mm/s) * 50
Filament diameter (mm) * 1.75
Bed temperature (°C) * 80 (ABS)
50 (PLA)
Filament colour white, yellow, black
Cooling fan speed (%) 0, 20, 40, 60, 80, 100
Infill density (%) 0, 20, 50, 80, 100
Extruder temperature (°C) 235-255 (ABS)

200-220(PLA)

ABS and PLA filaments were used for printing. Several different brands of black filament
materials were purchased from [1-3]Two additional filament colors (white and yellow) for a
single ABS and PLA brand were purchased. A summary of the filament materials investigated

is presented in Table 3.2.
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Table3-2. A detailed list of tested filaments

Filament Brand Color Code
ABS 1 Black ABSBI1b
ABS 2 Black ABSB2b
ABS 3 Black ABSB3b
ABS 4 Black ABSB4b
ABS 5 Black ABSB5b
ABS 5 White ABSB5w
ABS 5 Yellow ABSB5y
PLA 1 Black PLABIb
PLA 2 Black PLAB2b
PLA 3 Black PLAB3b
PLA 4 Black PLABG6b
PLA 5 Black PLAB7b
PLA 6 Black PLABSb
PLA 6 White PLABS8w
PLA 6 Yellow PLABS8y

The temperature and humidity were constantly monitored within the chamber using a Cair
sensor (NuWave, Ireland). This temperature increased from approx. 21°C £+ 1 to 24 °C £ 1.
After printing each test cube, the enclosure was opened and vented until the printer cooled
down. The TVOC reported from the sensor returned to baseline before a subsequent test cube

was printed.

3.2.3 Sampling procedure

VOC sampling was performed within the print chamber described above using an SPME fiber
— divinylbenzencarboxyen/polydimethylsiloxane (DVB/CAR/PDMS), 50-30 um (Supelco,
Bellefonte, PA, USA), which was pre-conditioned for 20 min at 300 °C before use.
Immediately after the printing of the object was complete, the SPME fiber was inserted into
the print chamber through the septum positioned above the printer nozzle. It was left in place
for 15 min unless otherwise specified. After sampling, the SPME fiber was retracted and

removed from the chamber, and immediately analyzed via GC-MS. The print chamber was
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opened up to allow the print head to cool down and remove VOC buildup. Once the enclosure

was re-assembled, a background SPME sample was collected and analyzed to ensure the
filament emissions were fully removed from the print chamber before the next print. The

experimental setup is illustrated in Figure 3.1.

3.2.4 GC-MS analysis

Following sampling, SPME fibers were injected onto an Agilent 7890A series GC/MS (Agilent
Technologies, Santa Clara, USA). Volatiles were separated using a mid-polarity capillary SLB-
S5ms column (30 mx0.25 mmx0.25 um d f, Supelco, Bellefonte, PA, USA) with a film thickness
of 1.8 pm. The carrier gas was helium at a 1 ml/min flow rate. VOCs were desorbed from the
fiber in the GC injection port at 260 °C, and the injector was set in a splitless mode for 4 min.
The oven temperature program was isothermal for the first 4 min at 35 °C, then raised to 120
°C at the rate of 5 °C /min, holding for 2 min, then raised again to 270 °C at a rate of 10 °C
/min and held for 2 min, with the total running time approx 40 min. The transfer line to the MS
was maintained at 250 °C. The mass spectra were obtained by EI at 70 eV and scanning over

the mass range of 33-330 m/z.

3.2.5 Data analysis

GC-MS data were analyzed using Agilent MassHunter Acquisition Data Qualitative Analysis
version 10.0 (Agilent Technologies). Features were identified by deconvolution, excluding ion
28 m/z with an area filter greater than 70,000 counts. lons were extracted from 0.3 to 0.7 m/z,
and the base peak shape was with a 25% sharpness threshold. The obtained spectra were

searched using the NIST Mass Spectral Search Program for the NIST Tandem Mass Spectral
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Library Version 2.3 (built May 2017). A minimum match score of 700 was set to accept initial
identifications. The match score reflects how closely the sample spectrum and reference
spectrum are compared and calculated using a built-in field*?!. Background samples were
paired with the corresponding models for the analysis. All identified data for each of the pieces
were then cross-matched with replicates. Compounds identified in at least 3 of the replicates
were accepted along with their abundances as part of the refined data sets. They were
considered for retention index (RI) matching. The usual approach to confirm compound
identification is the measurement of retention indices of chemical compounds and comparison
withavailableretention data collections. Compounds with retention indices <11 units

of the RI values found in the NIST, the database was deemed as acceptable matches. A standard
external mixture of saturated alkanes (C7— C30; Merck, Cork, Ireland) was injected into the
GC-MS under the same temperature conditions as the samples and used for retention indices
matching. This was done by rapidly dipping an exhausted SPME needle into the mixture and
injecting it into the GC-MS. Note: fully functional SPME fibers were not used because hexane

exposure can degrade fiber integrity.

3.2.5.1 Chemometric analysis

Data analysis was carried out using principal component analysis (PCA) and hierarchial

clustering using the R (version 1.2.5033) packages: “FactoMineR” (version: 2.4), “factoextra”
(version: 1.0.7), “heatmap” (version: 1.0.12), and “cluster” (version:2.1.0). Euclidean distance
was used for the hierarchical clustering analysis to measure (dis)similarity. Other R packages
used for the graphics in this study were: “ggplot2” and “ggfortify”. PCA, mentioned above,

allows reducing the number of variables that characterize a set of data in a
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a small number of components (principal components), which are linear combinations of the
original variable, orthogonal among them, and ordered on the variance they subtract to the
system. For example, the first two components describing most system variability may be
represented as orthogonal axes, and samples may be projected in a bi-dimensional space. Data

were further visualized using Tableau software (2021.2) to plot bar charts and clustered data.

An overall flowchart for the sampling, analysis, and data processing is presented in Figure 3.2.

SPME sampling in the printing
chamber (n=4)

A
Headspace GC-MS

A
Extractiong Total ion current(TIC)
chromatogram using MassHunter
work station (m/z threshold=
7000)

A/

Compound identification using
NIST mass spectral library and
Retention Index match

A/

Generate crossmatch dataset for
specific conditions based on
(n=4) replicates

Y

Multivariate statistical analysis
including PCA and hierarchical
cluster analysis and bar charts

Figure 3-2- GC/MS data processing flow chart
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3.3 Results & discussion

3.3.1 Method development

To assess the VOCs recovered from 3D printing using different filaments, a method was
developed and optimized to sample VOCs from the print enclosure that served as the headspace
(HS) for sampling. The technique used is described earlier in the Methods Section, where
sampling of the HS was carried out directly after printing a cube object (20 mm % 20 mm X 20
mm). Following the print, a conditioned SPME fiber (triple phase to capture VOCs and
SVOCs) was inserted into the HS via the septum placed above the printer. The method was
optimized concerning extraction time to ensure the SPME fiber reached equilibrium with the
HS and maximum extraction efficiency was reached under the conditions used. The sampling

technique was also characterized by its reproducibility after replicating prints.

The number of chromatographic peaks detected in untargeted GC-MS is important to
maximize. The greater the number of detected peaks, the greater the number of compounds
trapped by the SPME fiber. The goal was to optimize SPME sampling time to obtain a high
extraction efficiency within a reasonable time. Since SPME is an equilibrium extraction
technique, the maximum amount of analyte that the fiber can extract is achieved at equilibrium
time[415]**2. The amount of extracted analytes increases the distribution constant and
equilibration time. Thus, a component with a high affinity for the fiber will reach equilibrium
later than compounds with low affinity at the same concentration. When the system (that is,
fiber, HS, and sample) comes to equilibrium, the amount of all analytes extracted should be

approximately constant in all 3 phases and independent of the exposure time of fiber to the
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model. As such, fibers were exposed to the chamber post-printing of the cube object for
different periods (5, 10, 15, and 20 min). Each print run was carried out in triplicate. Figure
3.3 shows the representative effect of extraction time on recovered VOCs from one filament
(PLADI, see Table 3.2 for detail). It was observed that longer extraction times were required
for an equilibrium where it can be seen that the less volatile, later eluting compounds were only
detected after 15 min. At 15 min, the abundance of volatiles appeared to reach a steady-state,
indicating equilibrium between the SPME fiber and the print enclosure. Thus, 15 min sampling

time was chosen for all subsequent work.
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Figure 3-3- Total ion chromatograms (TIC) after sampling in the printer chamber HS post-printing of the test cube using
filament PLAbI for sampling times of (a) 5 (b) 10 (c) 15 and (d) 20 min.

Before deploying the method for detailed analysis of the VOC emissions, it was important to
investigate sampling repeatability to ensure good confidence in the data. Repeatability

represents variation in repeated measurements on the same sample[416]. To investigate this, a
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replicate analysis (n=4) of the HS chamber post-printing with filament PLAb8 was carried out.
The resulting chromatograms were analyzed (Figure 3.4) [417]. The data were normalized to

the TIC and log-transformed to compare across data sets.

It can be seen that 3 out of 4 chromatograms are visually similar, with one of the replicates

appearing significantly different (Figure 3.4)

where recovered VOC abundance in Figure 3.4, rep2 is significantly lower than in other
replicates. For example, in the case of butanoic acid (RT being 14.7. 14,7, 14,73, and 14.72,
respectively), the abundance was approximately three times lower in Rep 2 than in others.
When considering all replicate data, the relative standard deviation (% RSD) for butanoic acid,
o-xylene and TVOCs were 46%, 45%, and 36%, respectively. However, when Rep 2 was
omitted from the dataset, %RSD values dropped to 12%, 10%, and 10%, respectively.
Therefore, for all further analysis, when %RSD values were greater than 30%, the
chromatograms were examined further to identify outliers and, if significantly different, were

not included in refined datasets.
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Figure 3-4- Total ion chromatograms (TIC) after sampling in the printer chamber HS post-printing of the test cube using
filament PLABSb for n=4 replicates: (a) Rep 1,(b) Rep 2,(c) Rep 3, (d) Rep 4. The sampling procedure and analysis are as
described in 3.2.5 and analysis are as described in 3.2.5 and 3.2.6.
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Figure 3-5- Recovered abundances of butanoic acid, O-xylene, and TVOC:s for a set of replicate analyses (n=4) from Figure
3.4, represented in millions (M), and thousands (K).

The values in the y axis representants the abundance of each component. The abundance
represents the area ,which is a reflection of the amount of a specific analyte that’s present and
it is based on the number of counts taken by the mass spectrometer detector at the point of

retention.

3.3.2 Colour studies

Colour pigment and additives in the filaments are assumed to cause differences in emitted
VOCs and their abundances. This impact was studied by printing the test cube in different
colors for ABS (ABSB5b, ABSB5w, ABSB5y) and PLA (PLABSb, PLAB8w, PLABSy),

where the emitted VOCs were recovered following the method described in sections 3.2.3 and
3.2.4. Figure 3.6 shows a PCA analysis used first to visualize the impact of filament type and

color differences on VOC emissions. The plot shows some samples clustered more closely
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together (PLAB8y, ABSB5w, ABSB5y ) than others (ABSB5b, PLAB8w), indicating greater
similarity in VOC emission profiles across replicates for some filaments compared to others.
Comparing filament type and color, the different filaments were not classified as dissimilar,

with many overlapping clusters observed.
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Figure 3-6- PCA scores plot for replicate datasets (n=4) for ABS and PLA filaments containing black, white, and yellow
pigments. Principal component 1 (PC1) and principal component 2 (PC2) summarised 43% of the variance of the overall
dataset, with 25.5% being summarized by PCI and 17.5% being summarized by PC2.

Quantitative data was also depicted with hierarchical clustering analysis (HCA). Figure 3.7
shows the resulting dendrogram associated with the heatmap, where datasets were grouped
based on their nearness or similarity. The heat map shows all recovered compounds from each
of the filaments. However, ABSB5b was the most dissimilar of all filaments where

significantly higher abundances of many compounds were recovered, including aldehydes such

87



as octanal and decanal and propanoic and octanoic acids BTEX, which has been grouped as a

carcinogen by the TARC[56].
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Figure 3-7- Heatmap showing the mean abundance of VOCs recovered (columns) from different ABS and PLA filaments
(rows). Values were scaled and centred by their respective rows.

Recovered VOCs were also grouped and visualized based on the chemical class to further

understand differences in filament VOC profiles. Acids, aldehydes, aromatic hydrocarbons,

and branched alkanes were recovered from all filaments. Other recovered compounds

belonging to either ether, ester, or ketone functional groups were classed as others. Interesting

differences in composition in terms of chemical class across the different filament types and

colors were noted. As expected, ABSB5b recovered the highest abundance of VOCs. The
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TVOC was approximately double that of the ABSB5w and approximately five times that of
the ABSBS5y. All ABS filaments emitted styrene in high abundances, as ABS comprises
monomer units of styrene and acrylonitrile, 1,3-butadiene. High amounts of aromatic

hydrocarbons were also recovered from ABSB5w and ABSB5b.

In the case of PLA, TVOCs recovered were much lower than ABS in general. Of the three PLA
colors, the highest number of VOCs were recovered from white, followed by yellow, and then
black. High abundances of acids were retrieved for all PLA colors, likely due to the acidic
nature of the polymer itself. Of all the PLA colors, alcohols were recovered in the highest

abundances for white, indicating that this compound class may be related to pigment chemistry.

The reasons for different acidic VOC emission colors are not clear yet. One study hypothesized
that the admixture of colorants serves to lower the melting temperature of the filament and that
the emission of lactide, for example, is much lower in the case of white than black PLA at its
melting point[231]. Nevertheless, given the fact that the composition of the filaments is a trade
secret of the manufacturers, further research is needed to isolate and assess the effect of

admixtures.

Comparing the PM emissions studied in Chapter 2 with the recovered VOC emission levels is
interesting to identify any relative correlations between the measurements. Figure 2.2 showed
that PMmax value order as ABSb5w>ABSb5b>ABSbS5y. In the case of the TVOCs from ABS
filaments, the order of abundance was ABSb5b>ABSb5b>ABSbSy. Although the order of
black and white pigments changed, ABSbSy had significantly lower TVOCs emitted,

consistent with its low PMmax. However, no correlation was noted for the PLA colors,
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comparing the two filament types. The white filaments are twice as high as the black filament

for PMo 3(225].

Besides styrene, aromatic hydrocarbons were a major class of VOC recovered from ABS

filaments. This class was further analyzed at the compound level (Figure 3.9). Significant

differences for certain recovered compounds were observed across the ABS colors. In

previous studies, it has been estimated that styrene accounts for more than 30% of the emission

of the TVOC:s, with its abundance being highest for black filaments and lowest in the case of

yellow filaments with intermediate emission in the case of white filament[410,418].
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Figure 3-8- Stacked bar plot illustrating average abundances of the different compound classes recovered from black, white,

and yellow ABS and PLA filaments (n=3), represented in millions (M).
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Figure 3-9-Comparison of TVOC and PMmax emission profiles for different colors (a) ABS filament and (b) PLA filament,
represented in millions (M), and thousands (K).

The values in the y axis representants the abundance of each component. The abundance
represents the area ,which is a reflection of the amount of a specific analyte that’s present
and it is based on the number of counts taken by the mass spectrometer detector at the point

of retention.
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BTEX was also detected in this work. Ethylbenzene, for example, was recovered from black
(ABSB5b) and white (ABSB5w) filaments but not from yellow (ABSBS5y), which may be
attributed to styrene, as ethylbenzene is a precursor to styrene synthesis. While not being the
main constituents of the VOC profile emitted during 3D printing of ABS, their presence has
been confirmed in several other studies regardless of the color of the pigment[232,236,407].
Benzaldehyde was recovered for all colors but in the highest abundances for black (ABSB5b),

which is in agreement with the previous findings[407].

Several other aromatic hydrocarbons were also recovered. It was noted that apart from
ethyltolune and 1,2,4,5-Tetramethylbenzene, all other aromatic hydrocarbons were emitted in
the highest abundance from the ABS black filament (ABSB5b). However, looking at filament
color's impact on VOC emissions (Figure 3.8), ABSB5b emitted almost double the abundance
of TVOCs compared to ABSB5w.
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Figure 3-10- Abundance values for frequently recovered aromatic hydrocarbons from ABS filaments (n=3), represented in
millions (M),

and thousands (K).
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With PLA being an acid-based thermoplastic, the recovered compounds differed significantly
from ABS. The acid profile (comprising five acids) was more deeply analyzed and represented
in Figure 3.10. Propanoic acid was recovered from all filament colors, but its abundance was
highest in yellow (PLAB8y). This compound has been detected in previous studies on the
black, white and yellow filaments; however, the relative abundances were not given225. Both

acetic acid and benzoic acid were only recovered from the black filament (PLAB8b). In

contrast, butanoic acid was only detected from the yellow filament (PLABSY).
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Figure 3-11- Abundance values for frequently recovered acids from PLA filaments (n=3), represented in millions (M), and
thousands (K).

The values in the y axis representants the abundance of each component. The abundance
represents the area ,which is a reflection of the amount of a specific analyte that’s present
and it is based on the number of counts taken by the mass spectrometer detector at the point

of retention.
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3.3.3 Brand studies

The influence of the filament brand on PM0.3 emissions was investigated in Chapter 2 for both
ABS and PLA filaments, where black colored filaments were used for all brands. For ABS, the
order of decreasing PMmax values in filaments was found to be as follows:
ABSB5b>ABSB1b>ABSB3b>ABSB2b=ABSB4b. For PLA, PLABS8b> PLAB1b>PLAB7b=
PLAB6b=PLAB2b=PLAB3D). In this study, the same brands were used to print the test cube,

and the emitted VOCs were recovered following the method described in sections 3.2.3 and

3.2.4. The emission data indicate that filament brand accounts for large differences in emission

profiles during 3D printing. Figure 3.11 shows the PCA to visualize the effect of ABS filament
type (ABS or PLA) and brand on VOC emissions. It can be seen that some brands of ABS
(ABSB2b, ABSB4b) clustered closely together in terms of their replicates, indicating greater
similarity in VOC emission profiles across replicates, and others (ABSB1b, ABSB3b,
ABSB5)b were more variable in terms of their emissions, potentially indicating filament
heterogeneities or the presence of impurities. In the case of PLA, the replicates were more
clustered, and the different brands were much more similar, with only one replicate from

PLABSb being an outlier.
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Figure 3-12- PCA scores plot for replicate datasets (n=4) for (a) 5 different brands of ABS filaments. PC 1 and PC2
summarized 41.7% of the variance of the overall dataset, with 22.9% being summarised by PC1 and 17.84% being
summarised by PC2. (b) 6 different brands of PLA filaments. . PC 1 and PC2 summarised 45% of the variance of the overall
dataset, with 26.8% being summarised by PCI and 18.1% being summarised by PC2.

In addition, compound-level data was depicted using hierarchical cluster analysis (HCA) Fig.
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3.13 displays a dendrogram of the heatmap indicating the grouping of datasets based on their
similarity. The heat map shows all recovered compounds from each of the studied brands.
Among ABS brands, ABSB3b was the most dissimilar of all filaments, as it is clustered
separately from the rest of the brands. High abundances of carcinogenic compounds, including
ethylbenzene, benzaldehyde, and acetophenone, were recovered from this brand. PLAB8b
exhibits a high abundance of 14 unique compounds, including O-xylene and naphthalene,
which are not recovered in other brands of PLA. Thus, this brand is likewise clustered

separately from the others.
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Figure 3-13- Heatmap showing the mean abundance of VOCs recovered (columns) from different ABS and PLA brands
(rows). Values were scaled and centered by their respective rows.

Recovered VOCs were also grouped and visualized based on their TVOCs and emitted VOC

chemical classes, as shown in Figure 3.14, to understand the effect of brands on compound
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class profiles. Acids, alcohols, aldehydes, aromatic hydrocarbons, and branched alkanes were
recovered from all brands, regardless of their type. TVOC:s also varied significantly by filament
brand, whereby TVOCs generated by ABSB3b was almost 2.5 times higher than those from
ABSB5b and ABSBI1b, with styrene emissions making up almost 50% of the composition. All
ABS brands emitted styrene in high abundance, as expected. A high abundance of
acetophenone, classified within others, was also recovered. This compound, whose presence
has been acknowledged in other studies[235,419,420], is another suspected breakdown

product, likely derived from styrene.

In the case of PLA, TVOCs recovered were much lower than ABS in general. Of all PLA
brands, the highest TVOCs were recovered from PLAB8b and PLAB7b. High abundances of
alcohols and acids were recovered across all brands, likely due to the acidic nature of the PLA
polymer itself. Relatively high amounts of branched alkanes were also recovered from
PLABG6b. The difference in TVOC emissions for different brands was also reported in other
studies. One study claimed that the difference in TVOC emission rates was as high as 49% for
ABS and 14% for PLA. The brand has a large effect on the monomer emission rate for each
filament type. In the case of ABS brands tested here, the styrene emission rate varies by 45%,

and the lactide emission rate varies by 35% in the case of PLA[236]. These differences in
VOC

emissions from the different filaments of the same type likely arise from their different
chemical compositions. Different brands will likely contain different additives compositions
such as plasticizers, fillers, dyes, flame retardants, and UV stabilizers or antioxidants. The
presence of additives may affect the VOC emission directly (thermal decomposition of

additives) or indirectly (by affecting the thermal stability of the main polymeric
component)[410].

PM emissions, it was noted, do not strictly follow the same trend as TVOC emission

abundances. ABSBS5 was found to have a significantly higher PMmax value - over ten times
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higher than ABSBI, the second-highest PM emitter[225]. This difference in the emission trend
profile may be because PM formation is associated with vapors with low saturation vapor
pressure (SVOCs)[236]. In terms of VOC emissions, ABSB5b was found to have the highest
abundance. In the case of PLA, when considering PM emissions, PLABS8 had the highest
PMMAX, approximately ten times higher than all other brands. Interestingly, this brand

also had the highest TVOC emissions along with PLAB7b. However, PLAB7b emitted

relatively lower amounts of PM.
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Figure 3-14- Stacked bar plot illustrating average abundances of the different compound classes recovered from different
brands of ABS and PLA, represented in millions (M).

The values in the y axis representants the abundance of each component. The abundance
represents the area ,which is a reflection of the amount of a specific analyte that’s present
and it is based on the number of counts taken by the mass spectrometer detector at the point

of retention.
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Aromatic hydrocarbons were a major class of VOCs emitted from ABS filaments and are
examined in more detail in Figure 3.16. Significant differences for certain recovered
compounds were observed across the ABS brands. Ethylbenzene, a potential human carcinogen
was recovered in high abundances in ABSB3 and ABSBS. Isopropylbenzene and propylene
were recovered from all ABS brands except ABSB4. The presence of these compounds was
also observed in previous findings[407].
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The presence of isopropyl benzene, which has been highlighted in previous research, may be

attributed to the decomposition of cumene—commonly added as a flame retardant[421,422].
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Figure 3-16- Abundance values for frequently recovered aromatic hydrocarbons from different brands of ABS filaments
(n=3),

represented in millions (M).

The acid profile of PLA emissions was further analyzed and represented in Figure 3.17. 8 acids
were identified as recovered from different brands of PLA. Propanoic acid and butanoic acid
have been detected for all brands; the abundance is highest for PLAB7b and PLABS8b. Acetic

acid and benzoic acid were only recovered from PLAB6b and PLAB7b, respectively.
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Figure 3-17- Abundance values for frequently recovered acids from different brands of PLA filaments (n=3), represented in
millions (M), and thousands (K).

The values in the y axis representants the abundance of each component. The abundance
represents the area ,which is a reflection of the amount of a specific analyte that’s present
and it is based on the number of counts taken by the mass spectrometer detector at the point

of retention.
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3.3.4 Temperature studies

Finally, extrusion temperature was investigated for its effect on VOC emissions for both ABS
and PLA filaments. Temperature variations were investigated for each filament type within the
recommended range of temperatures for the filament. Figure 3.18 represents recovered and
class-based grouped VOC:s. It was found that the higher the extrusion temperature, the greater
the TVOC emissions for all filaments. Acids, alcohols, aldehydes, aromatic hydrocarbons, and

branched alkanes increased in abundance with temperature for all filaments.

TVOC emission rates when setting nozzle temperature to 235 °C and 245 °C were comparable.
However, increasing the nozzle temperature to 255 °C increases. The TVOC abundance
recovered to almost 2.5 times higher, with compounds classified as others, specifically
isophorone and o-xylene, showing the highest abundance level and making up almost 50% of
the composition. As expected, the emission rate of styrene also increased with higher extrusion
temperatures. In the case of PLA, TVOCs abundances recovered also increased with
temperature. The compound class most impacted by temperature was alcohol. As seen for ABS
filaments, the level of isophorone and o-xylene elevated with higher extrusion temperatures.
These observed trends have also been noted in other published studies. One study indicated
that the increase in nozzle temperature from 230 °C to 255 °C when using ABS filament
increases the TVOC and styrene abundances by 25% and 27%, respectively[236]. An increase
in TVOC abundance has been reported in another study using different nozzle temperatures

(245°C and 270 °C) when printing with two different ABS brands[421].

Previous studies have observed a positive correlation between VOC and PM emissions with
the increase in the extruder temperature, reporting that this elevation in temperature has a much

greater effect on PM emission (128% increase in Pnum) than it does for VOC emission[236]>%.
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103



45M T T W PMmax
1100K SLIOS

40M 1000K
35M 900K
— 800K
700K .
O 25M ©
g 600k E
T 20m 500k &
15M 400K
300K
10M
200K
=M 100K
oM
2350°C 245°C 2550C
16M 1300K 13 PVmax
. 1200K
1100K
12M 1000K
900K
10M 800K
g 5
g 8M 700K é
L 600K o
6M 500K
400K
i 300K
5 200K
100K
oM
200°C 210°C 220°C

Figure 3-19- Comparison of TVOC and PMmax emission profiles for different nozzle temperatures(a) ABS filament (b) PLA
filament, represented in millions (M), and thousands (K).

The values in the y axis representants the abundance of each component. The abundance
represents the area ,which is a reflection of the amount of a specific analyte that’s present
and it is based on the number of counts taken by the mass spectrometer detector at the point

of retention.

Aromatic hydrocarbons compounds emitted by ABS filaments were further analyzed in Figure

3.20. Seven compounds from this class were recovered, all in the highest abundance when
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printing with the highest temperature of 255 °C. The presence of naphthalene, which is

classified as a Group C, a possible human carcinogen by the EPA, was only recovered when

printing at this high temperature.
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Figure 3-20- Abundance values for frequently recovered aromatic hydrocarbons from different extruder temperatures of

ABS filaments (n=3), represented in millions (M), and thousands (K).

The PLA acid profile for different extruder temperatures was also analyzed (Figure 3.21). Tetra

decanoic acid and octadecanoic acid were recovered for different extruder temperatures with

relatively different abundances. Propanoic and benzoic acid were detected in abundance when

increasing the extruder temperature to 220 °C.

Overall, this study shows that the higher the temperature used for extrusion, the greater the

abundance of VOCs and the greater the diversity of VOCs, e.g., naphthalene was only

recovered when printing ABS at the highest temperate was within the recommended range.
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Thus, in a domestic environment, the user is made aware of the implications of using higher

temperatures in terms of both the VOC emissions and the impact on PM emissions.
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Figure 3-21- Abundance values for frequently recovered acids from different extruder temperatures of PLA filaments (n=3),
represented in

millions (M), and thousands (K).

The values in the y axis representants the abundance of each component. The abundance
represents the area ,which is a reflection of the amount of a specific analyte that’s present
and it is based on the number of counts taken by the mass spectrometer detector at the point

of retention.

3.4 Conclusions

This chapter investigated the VOC profiles of 3D printer emissions using a closed printing
chamber setup and SPME sampling. An untargeted GC-MS analysis was carried out. Overall,
the data shows that significantly higher TVOC abundances were recovered from ABS than

PLA, regardless of the color, brand, or extruder temperature. ABS's most frequently identified
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VOCs included styrene, ethylbenzene, benzaldehyde, and acrylonitrile, all categorized as
carcinogenic by the EPA and IARC. The most frequently identified VOCs from PLA included

acetaldehyde, lactide, and caprolactam.

The abundances of these compounds and classes of compounds vary depending on polymer
type, producer/manufacturer, and filament color. Certain filament VOC profiles were more
reproducible across numerous prints, indicating that certain filaments may have had significant
heterogeneity. All differences can be associated with the chemical composition of the filament,
particularly related to the various additives (fillers, dyes, flame retardants, plasticizers)
contained within. The correlation of the VOC emissions with the PM emissions was also

examined, and some correlation was seen. However, it was not consistent.

Undoubtedly, additive manufacturing, particularly 3D printers, is a promising technology
offering many new opportunities and enabling the home printing market as a consumer device.
However, because most home 3D printers are currently sold as standalone devices without
exhaust ventilation or filtration accessories, results from the work presented here suggest that
more information on the impact of the filament being used on the emissions during printing
should be provided to the consumer at the very least. Ultimately regulation is required to ensure
commercial filaments are demonstrated to have minimal emissions and provide filtration

systems/enclosures with these undoubtedly, additive manufacturing, particularly 3D printers,
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is a promising technology offering many new opportunities and enabling the home printing
market as a consumer device. However, because most home 3D printers are currently sold as
standalone devices without exhaust ventilation or filtration accessories, the result from the
work presented here suggests that more information on the impact of the filament being used
on the emission during printing should be provided to the consumer at the very least.
Ultimately regulation is required to ensure commercial filaments have minimal emissions and

provide filtration systems/enclosures with these printers.
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Chapter 4:

Future perspectives
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Indoor Air Quality (IAQ) has significantly influenced peoples’ health, comfort, productivity,
and general well-being. People spend up to 90% of their time indoors, continuously interacting
with their indoor environment. The ongoing COVID-19 pandemic has also highlighted the need
for a better understanding of the effect of different sources on IAQ. Most indoor pollution
comes from toxic substances emitted by building materials (asbestos, for example) and
consumer products or from human activity like cooking, cleaning, smoking, burning candles,
and using printers and photocopying machines. Other than that, new sources of indoor air
pollutants are emerging due to advancements in technology and the shift in the living paradigm

due to COVID-19, one of which is 3D printers in the home, office, and school settings.

3D printers function by melting plastic filaments. Heating plastic causes minor decomposition
in the filament. Even though it does not impact print quality, it is enough to produce particulate
matter in the ultrafine range (PMO0.3), indicating that 3D printers using ABS and PLA may
inhale these particles for 3D printer operators. The initial particle emission spike observed
toward the end of warming up but before printing starts is due to elevated temperature, dripping

of semi-liquid filament, and filament residue in the nozzle.

However, the gaseous emission from 3D printers is far more complex. It contains a mixture of
VOCs, which may include odorants, irritants, and carcinogens. ABS generally releases more
TVOC than PLA, regardless of color or brand, 30% of which is styrene, a group 1 carcinogenic.
Other VOCs that have been commonly detected include ethylbenzene (ABS ), O-xylene (ABS
and PLA), benzaldehyde (ABS), and benzoic acid (PLA). Filament properties and 3D printer

operating parameters, including extruder temperature, significantly affect the VOC emissions.
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While 3D printing makes numerous products more readily available and at cheaper costs, as
we have seen with the manufacturing of Covid-19 face shields, respirators, and other personal
protective equipment, it is important to consider the potential risks associated with 3D printing.
Moreover, as 3D printing technologies become more widespread, regulators, manufacturers,
and users may need to focus their attention on better managing those risks. As 3D printers are
sources of high ultrafine particles and hazardous gases, their emissions should be mitigated and
regulated. However, consumers cannot identify which printer or filament is safer to operate
due to the lack of information and standardization in the current market. A standard on 3D
printer emissions is beneficial to regulate emissions and notify users of potential emissionsand

hazard levels during 3D printing.

A standardized method to test and assess 3D printer emissions could accurately measure ERs
and evaluate the associated risks. The test data from various 3D printers could be compared,
guiding consumers to choose manufacturers to produce lower-emitting 3D printers and
filament formulations. 3D printer brand, filament brand, filament color, and nozzle temperature
all influence VOC emissions. Some 3D printing conditions affect VOC and UFP emissions
differently. Therefore, both must be considered when selecting a filament that minimizes

potential adverse health effects.
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Figure S1. PMo3 emission profile for time before, during and after printing of a

cube object for ABSB1b (bed plate temperature: 80 °C; extruder temp: 245 °C, 0%

fan, 20% infill) for 3 replicates)
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Figure S2. PM emission profiles for (a) PM 0.3, (b) PM 0.5, (¢) PM 1.0, (d) PM 2.5 over
time before, during and after printing of a cube object for ABSB1b (bed plate

temperature: 80 °C; extruder temp: 245 °C, 0% fan, 20% infill).
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