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Indoor environmental quality (IEQgfers to the quality of a building environment encompassing several key factors that
are directly related to the health, wellbeing, and comfort of occupants and resithests factorspresented in Figure 1,
determiningthe quality of life inindoor enwronmentsinvolve (i) indoor air contaminantoncentrations(ii) light and
acoustic conditionand (iii) building design.[1] In order toimplement differenstrategies for improvindEQ, various
efforts in the scientific frameork are requiredo fully characterizeahe complex interactions between the health of

occupants and thiadoorspaces they inhabi]

Thermal
comfort

Light /
acoustic
comfort

Indoor Air
Quality
(IAQ)

Figure 1. Main key determinants for the assessment ofideorEnvironmentalQuality (IEQ)

Major efforts have been made to address indoor air current problematith&dedy activitiesof themost of the human
beings occurin confined environments represeting nearly 90% of the air that people are in contact with. As a
consequence of health problems linkeghtmrindoor air quality, French government spends the substantial amount of

19 billion of euros peryear DFFRUGLQJ WR 24%, 2EVHUYDWRLUH3GH OD 4XDOLWp GH

Among indoor contaminantpeople are exposed to a large variety of pollutants from chemical, biological or physica
origins.Indeed confinedindoorenvironmensg can beconsideredis an open reactor whdbe dynamics of thpollutants

are driven by various sources and sink$] The attention of the scientific community ishiefly given to chemical
pollutants,and among themolatile organic compounds (VG They are defined as organic compounds with lower
boiling points ranging from 50 to 100°C and upper boiling points ranging from 240 to 2f8), {6] Thecharacterization

of the sourcs of these pollutantstends topromotea better understanding of how chemicals are transported/faaid

aretheir indoor fatsin order to evaluate their impact on hunteralth.
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Sources othemicalcontaminantsn confined environmentsan be divided into three main categories: (i) infiltratio

from outdoor air, (ii) building materials and furnishing, and (iii) indoor human actiyitieEhe concentrations of these
pollutants can widely vary with time as they are driven by 4 different parameters, knamdoas air determinants

They are: (i) emission rates of primary sources, (ii) air exchange rate between indoor and outdoor ensjr@ifiment
interactions with surfaces, and (iv) homogeneous and heterogeneous re48liVibe fourth determinant should not be

ruled out since pollutants can react with other compounds or oxidants, forming secondary species, that otherwise are

absent from indoor environmenf8]

The main sources afidoor chemicalsre linked to the activities of occupastsch as interior renovation or decoration,
smoking, cookingheating,or cleaning activitied.3] Cleaning is an activity done by the population in order to increase
hygiene, esthetic, and material preservat[@d] Furthermore, among the thousand products available and marketed,
people are tempted to use scented products because a pleasant odor provides the sensation oharclieanat.én

spite of all the benefits involved in cleaning activities, they present many associatedAdsésling to literature,

household activities might represent nearly 20 % of the ingoltutant sourceg10] £12]

Nowadays, as indoor air quality hbscome a major concern for human health, air purifiers, antibacterial air fresheners
DQG 3QPWHKQWEG" FOHDQLQJ SURGXFWV EHFDPH WUHQG DQG PDUNHW OH
RQ WKH DPELJXLWurifgihgW B in@uRdl) Gdhstimer products formulated with essential oils have taken
benefits from skillful marketing strategies. Indeed, products containing essential oils take advantages frometiesr so
hatural’ Rgreén’ IRUPXODWLRQV WR SURPR W gualyQbylLpQrifyihgl Brid HedRdind. §y@HRtRU DL U
chemical emission®lonethelessSteinemanet al.[13] executed a comparative analysis of volatile emissions from green

and conventional fragranced products, including cleaning productirginesheners. Results evidenced over 550 VOCs
emitted from 37 products, whelessthan 3% were disclosed in the product label, and more than 42 VOCs were classified

as toxic pollutant under US federal laws. Moreover, emissions of carcinogenic haz&rdods SRO O XWwdeiQ WV IUR

fragranced products were not significantly different from conventional fragranced products.

Essential oils are known as a group of odorous or fragrant chemicals extracted from plants that might contain a hundred
of molecules, rainly belonging to the terpene chemical family: monoterpenes and sesquiterpenes, terpene alcohols and
terpenoids[14] Essential oils promise a decrease of microorganism aeti\atd an increase of indoor air quality due to

their anttbacterial propertieg15] £20] To that regard, they are widely used in the formulation of household products to

(i) naturally scent the products, (i) enhance purifying performances, (iii) refreskparity ~ indoor environments with
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a Thatural * claim. This perception of essential oils as ingredients of natural origins tends to shade the potential impacts

of these chemical species on indoor air qualityile they are massively useddifferent types of consumer products.

The main questiongising from this contexare: Do essentiabil-based products contribute to indoor air quality by
reducing emissions in the air and purifying it€an essentiabil based products be considered apgassiveremediation

practice for facirg current indoor air problematic?

This work, as a part of the ESSENTIEEnissionS et TransformationS dEs COV odoraNts Terpéniques : Impact sur la
TXDOLW( GH /YProjétt tugdedbVISHB((Gentre Scientifique et Technique du BatijedMT Lille +Douai
and$'(0( $JHQFH 'H OT(QYLURQQHPHQW HW GH OD 0DvW WkojeetsGHRTEA (QHUJL

(COnnaissances, Réduction a la source et Traitement des Emissions dans I'Aa) aabageing these questions.

In a first stagethis work providesa literature reviewof scientific articlespublished in thdast yearsaboutprimary
emissions and indoor reactivissociated tthe use of scented household produsis extensive analysis provided
anddriven by three ma axes:
® The identification of household products composition and use patterns when performing household
activities:How far cleaning activities lead to a potential exposure?
(i) The identification of primary emissions related to the use of esseiitizsed productss there a potential
exposure risk for consumers related to TerVOCs emitted from household products?
(iii) The assessment of indoor air reactivity linked to unsaturg@@s emitted from essentiall-based
products:What is the fate of terpenes once emitted in indoor environment? What about the exposure to

indoor concentrations of secondary air pollutants?

This critical review of the literaturallows abetter understating and framinghe currentissuesdealing with the indoor

use of essentialil-based household producthis critical review is presented in Chapter 1.

Thus, he objectives anthe positioning of thisthesisin the scientific context and regémg ESSENIEL projectis
developed in the Chapter 2 of this manuscripthla same Chaptera detailed description of the experimentaliget
and the protocolss presentedSubsequentlyChapters 3, 4 and 5 are dedicated to results obtained in the framework of

this thesis.
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ABSTRACT

Essential oils, as natural fragrances, drequently used in green and healthy marketed housecleaning products and air
fresheners. Nonetheless, they are volatile and reactive chemical species. This review is focused on the impact-of essential
oil-based household products on indoor air quality.sEiin order to frame the literature review, housecleaning products
containing essential oils are explored from a composition point of view while keeping track of existing regulationscA specif
insight is provided on terpenes present in fragranced hdéeseinig products, air fresheners and pure essential oils. Second,
experimental methodologies for the monitoring of terpenes are addressed from sampling to experimental chambers and
analytical methods. This approach emphasizes the experimental issuestty tagrenes in indoor air. Third, the temporal
dynamics of terpene emissions reported in the literature are discussed. In spite of noteworthy experimental discrepancies,
available results evidence essenidlFbased products as significant sources gpeémes in indoor air inducing a high
exposure of occupants to terpenes. Finally, the fate of terpenes is explored from a sorptive and a reactive point of view.
Beside terpene deposition on surfaces, indoor oxidants may induce homogeneous and heteroggrtemss These
processes are evidenced as sources of secondary pollutants such as formaldehyde and secondary organic aerosols. This
review draw attention to the fact that essentibdbased products can negatively impact indoor air quality. As a coegseqy

standard protocols and real scale approaches are expected to explore the indoor physics and chemistry of terpenes from

emission to reactivity.
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This chapteraims at critically reviewing and evaluating the literature related to terpene emissions and reactivity from the use
of household product. At the same time, it attempts (i) to synthesize the works dealing with the health impact of these

materids, (ii) to provide tools to take conscious decisions and (iii) to identify knowledge gaps in the scientific framework.

1. Household product compositions, use patterns and user exposures

1.1 Introduction to household products

In order to framdéhe approactof the present reviemthetype of household products consideredefined first Household
products in thisvork are defined ascentedand chemicallyformulated products used inronpermanentvay in indoor
environments for housekeeping and air freshg purpose Among them, are includedi) cleaning products, (ii) air

fresheners and (iii) air purifiers.

Nazaroff ¢ al. [16] have evidencedthat VOC atmospheric emissions per capita from general purpose cleaners and air
freshenes are the most coritruting in indoor environmerstwith valuesranging from 200 t@30 mgperday. Furthermore,
typical intake fraction from emissions in indoor air is in the order ofat@ 16 while outdoors is in the order of £@Gnd

103. Intake fraction is defined as the incremental pollutant mass inhaled per unit pollutant mass Hhitteis. point
highlights the fact that the pportion of emissions inhaled lBgher when emissions occur indeoather than outdosr[2]

In orderto assess the contribution of household products to indoor pollintformation is required concerningrioussets

of determinant@and processe®lated to the products and the environmaevtiere they are usedmong themhousehold
productcomposition, usage, consumer use patterns, emission dynamics, transport and mixing, building ventilation, sorptive
interactions with building surfaces, and reactive chemif2tyThe main purpose ohis chapters to defineand summarize
information regarding(i) chemical compositionf household productgii) consumer using patterasd (iii) user exposures
These points arkey drivers ofprimary emissionsThis will allow identifying the approaches required to assess and better

understand the chemical releases ftbmuse ohousehold product.
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1.2 Chemical composition of essentiabil based products

1.2.1 Formulation of cleaning productsir freshenerandpurifiers

Cleaning agents are assembled in different product categories according to their technical functions arsopuigmse

Moreover, they are typically composed by one or more active compof@rits.order to address that poinix studiesare

gatheredn Table 1, theyrovideinformation regarding household products composstenmd general formulatienThese

studies were performedetween 1998 and 2013 wariouscountries.Table 1discloses this information byapping the

chemical formulatiosof household productsnd classifyingproductsaccordingto their categoiesand diffusion mode

Table 1. Cleaning products and air freshemarailable in the market, classified by application mode and typical active

constituents[2] £7]

APPLICATION MODE

PRODUCT USE GENERAL FORMULATION %
AVAILABLE
Trigger spray
Foam Water
Floor, softand hard surfaces, o o o 7095
. Liquid Surfactam (anionic, noranionic,
General al toilets. 0.515
) ] Cream soap)
purpose cleaner It can be rinse or nerinse ) 2-15
Wipes Solvent (alcohol) antydrotropes
products. "
Powder Terpenes
Gel
) Water
Trigger spray " .
Disinfectant (chlorine releasers) 1595
Surfactant (anionic and neamionic) 0.1-10
Generally to be used on Liquid . .
o ) ; o Base (sodium or potassium 0.1-25
Disinfectant ~ surfaces. Main functionality is )
) o hydroxide) 5-30
cleaner to either inhibit growth or to )
) ) Complexing agent 1-10
destroy microorganisms. o
Wipes Corrosion inhibitor 2-10
Solvent (alcohol) "
THUSHQHV ”
Wipes Water
o o 7595
) ] Liquid Surfactan{anionic and nofanionic)
Glass (window) Glass surfaces, windows and 0-10
. Solvent (alcoholglycol or glycol
cleaner mirrors. ) 5-20
Trigger spray ethers)
Terpens
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Water
Wax - o 70-95
) ) . Surfactant (aionic, nonanionic,
Mainly for floor cleaning and Liquid ) 0-30
soa
polish. Cream/Gel 5-50
Floor cleaner ) . Solvent(alcohol, 2butoxyethanol,
It can be used diluted in wate
nonoxynol, glycolglycol ethers
or pure. .
> Wipes monoethanolamine) §
Terpens
Liquid Water 45-80
Surfactant (anionigaon-anionic, 0-30
) Clean and remove grease an Powder ) (
Dishwasher amphoteric)
food leftovers from surfaces
Cream Solvent (alcohol) 3-10
Terpenes "
Used to clean and sanitize Gel
bathroom surfaces. Need of Liquid Water(higher water quantity for 50-95
antibacterial active Trigger spray spray product)
Sanitary component as bleach Wipes Surfactant (aniowgi, noranionic, 0-15
cleaners (hydrogen peroxide or cationic)
hypochlorite). Remove Solvent (isopropanol) 2-15
Foam
organic and inorganic Terpenes "
residues.
Aerosol Waxes(not for aerosols) 51
Oils (not for aerosols) 22
Trigger spra
) gger spray Solvent 8
Furniture o ) ) o
| Hard and soft surfaces Liquid Stearic acid (Only for liquid) 7
cleaner
Water (Only aerosol) 55-65
Wipes Propelant (Only aerosol) ”

Oven cleaner

Strong degreaser, mainly use
on metal surfaces. Products
need to soak for some minute
and then rinsed off.

Can spray (aerosol)

Trigger spray

Styrene is contained in liquid wax.

Surfactant (anionic, neanionic).
Only liquid)

Bases (austic soda or caustic potas

Solvent(glycol/glycol ethers
monoethanolamine)
Terpenes

1-15

1-15
2-30

Air fresheners

Deodorize or hide any odor in a
confined space.

Electric diffuser

Can spray (Aerosol)
Gel (Passive diffuser)

Mainly contain essential oils

and fragrance mixture dilute

in a solvent.

Air fresheners may contain

Evaporating good sticks (Passive diffuser more than 50 % of fragrance

Potpourri bag

chemicals.

Air Purifiers

Can Spray
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) o Passive diffuser (heat diffuser, fan diffusel )
Air purifying performance, thus o ) Contain 100% w/w of
] ) nebulization diffuser) o
air refreshing. o essential oils.
Electric diffuser

A cleaningproduct isgenerally constituted bwater,solvens, surfactard, preservativesand fragrancesDepending on the
usagepurposeother compounds can be includaethas disinfectants, acids, bases, bleaching agents, abrasems/mes.
[4] According toTablel, surfactants are the main active compound of cleaning products. Theioffuisctd enhance the
effect of the cleaning agent by lowering the surface tension of V@nehe other hand, acids and bases can lukassactive
compoundsas theyenhance the dissolution specificstainsand improve the performance of surfacsanyg regulating the

pH of the solution[3], [8], [9]

Amongcleaning productonstituentswater is theompound addeih the highestproportionfollowedby solvens. Bothcan
be presentin formulations at maspercentagesip to 95% and 50%, respectivelyIndeed, water is added eithfer (i)
removing the watesoluble deposits of minesdnd inorganic salts (ii) dissolving metal ions that can decrease the effect of

surfactants ofiii) as anemulsifying agent[3], [4]

Concerningsolvents theyare the most volatileonstituentsncluded in cleaning productomposition.They haveboiling
points ranging from70 to 200°C. Moreover, hese chemicalsubstances can be presantoncentratiomranging fron2 to
50 % w/w. Water VROXEOH VROYHQWY DUH XVHG WR GLVVRO-YGHJ\RHOHFWG ROWHBWH

surfaces[4]

When a cleaning product emphasizes a disinfegeogerty complementary chemicals aagldedto their formulation to
suppress olinhibit microbial activities. Disinfectant substances can be chlorine releasing compounds, alcohols and
formaldehyde or formaldehyde releasd®, [7]. ,Q WKH FDVH Rl 3JUHHQ  FOHDQLQJ SURGXFW

constituentsuch agyeraniol can be considetas active compound, due to its biocatdon.

As reportedin Table 1,the mass concentratierof main constituents can vary for the same product category. Indeed, the

diffusion mode of the product determines themportionadded for the main family of ingredients e.g. solyewdter,
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surfactants, etdzor example, regarding ghurpose cleaners in wipes formiie solventcontentdoes not exceed 26 w/w;

while for liquid and sprayormats,concentratioacan be 1.5 times highdd]

1.2.2 Fragrancs confainedin householgroducts

Fragrance mixtuieand essential oils are used inarieng product formulationeither to provide them a pleasant odor, to

hide odors from other chemisalsed, or to enhance their antibacterial performajs¢e[10] Even thoughthere is a clear
difference between essential oils and fragrance migtiEssential oils areaturaloils, extracted from plantsvhile fragrance

mixtures representhe combinatiors of differentcompoundgsynthetizednaturallike or extracted)assembletb replicate a

3Q D WIX@WH@W L HTAP[12Y FFbr hstance, household products can be formulated with (i) synthetized fragrances, (i)
pure essential oil o mixture ofthem and (iii) mixture of synthetized fragrances and essential oils, in order to rédace
production costsSuppliers are required to label substances or mixtures contained in packaging in accordance with the CLP
Regulation(EC) No 1272/2008 on Claskgiétion, Labelling and Packag of Substances and Mixturbefore placing them

on the marketvhen the subance is classified as dangerpasthe mixture contains one or more substances classified as
dangerous above a certain threshold. Howewagrane mixtures can beonfidential and thus not labelled on the

compositionlist. [5] [13]

According toTable 1, TerVOCs irtleaning products can achiemgassconcentrations up to % w/w. The case of ia
fresheners and purifieis compektely different. The main purposeof air fresheners and purifiers is to maskliminate”
unpleasant odors from confined environnseAs aconsequencgdragrances are their main compounds. Fragrance chemicals
contained in air fresheners and purifiers can range froto 500%, depending whethethe product is diluteth an organic
solventor not. The mncentration ofhe organic solvent added the formulation is directly related tthe diffusion mode of

the product e.g. aerosol, passive diffuser,[&{¢[8], [10], [14]

Sarwar et al[15] reported the quantification dferVOCsin four different types of household products: (i) pgeented solid
air freshener, (ii) lemoscented general purpose cleaner, (iii) lisoented liquid air freshener and (iWpodfloor cleaner).
ODLQ GHWHFWH G - SWH)Hpithénd, \Bcatehe, B L.P R Q H QterpiDe@eswithindividual mass concentrations

rangingfrom 0.2 % w/wto 2 % w/w for individual compound®uthors confirmedthat the total TerVOC contribution in
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cleaning products reaches almost 5 % wiaximum Concerning air fresheners, limonene contribut®near 50 % w/w

while total terpene contributias practically the entire composition.

Finally, cleaning products and air fresheners present a wide variety of formulations and chemical cormpulegtiaing

mainly in their usagpurpose (general cleaner, disinfectant, floor cleaner, etc.) and their diffusion mode (cream, liquid, spray,
etc.)[5]. The diversity of VOGincluded intheformulatiors can result in differentemporalemissiorprofiles.Likewise,the
chemical composition of household products can influgheeinetic of emissionghrough (i) the concentration of the
cleaning constituentqii) the volatility of the constitients and (iii)the chemical affinities develop ihetween product
componentsThese parameters will affect tkimeticandthe dynamic of theoncentratiosof thechemicaldransferred from

the product to the gas phase

1.2.3 Terpenesn scented household phacts

A compilation of 14 studefocused on théentification of fragrance chemicals in scented household prodsiceported

in Table2. Reviewd investigationsncludenatural and synthetiscentedproducts from worldwide markets. Among them,
eightstudieshave been performeadongthe lastdecadeBeyond hformationrelated to the nature of the fragrance chergjcal
Table 2 summarize their occurrence ratesThe frequency of presence is defined as the percentage of products where

compound®f interest ar@letected.

Table 2. Nature and occurrence rate (%) of fragrance chemicals in household products tested worldwide

OCCURRENCE RATE (%)

Number of
25 21 31 15 54 13 59 15 19t 113 59 261 4502
products tested
Limonene 92 72 90 87 43 77 78 100 79 38 44 58 72
.-pinene 80 42 74 7 9 62 39 - - - 19 31 40
-pinene 80 38 81 13 31 69 37 - - - 7 31 43
Camphene 36 19 36 - 31 39 37 - - - 5 - 29
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.-terpinene 32 14 36 - 31 - 37 - - - - - 30
- terpinene 24 29 - 7 31 15 37 - - - 2 11 20
-terpinene - - - - 31 - 37 - - - 2 - 23
.-terpinolene - 19 - 7 17 23 37 - - - 2 - 18
Linalool 28 19 - 47 22 77 61 40 79 46 - 35 45
-phellandrene 24 10 - - 31 37 - - - - - 26
Citronellol - - - - - - 47 33 53 43 - - 44
Eucalyptol - - - 33 28 39 41 - - - - - 35
Geraniol - - - - 19 8 41 40 42 54 - - 34
4-Terpineol - 14 - a7 13 15 51 - - - - - 28
l-cymene 40 - 42 27 9 15 37 - - - - - 28
Eugenol - - - - - 8 27 20 63 37 - - 31
Myrcene - 59 - 13 31 69 37 - - - 12 27 32
Lilial - - - - 9 - 27 40 55 35 - - 33
Citral - 14 - - - 23 25 27 37 33 - - 27

-2 not a target compound in the study for the products tested.
L only air fresheners are tested in this study

2 (Total Reviewed Products)

CHN: China;FR: FranceNL: The Netherlands

Limoneneand linalool areespectivelypresenin 72% and 45% of theproductseviewed Limonene was detectedatrious
concentratiorranges in 272 out of 450 reviewed productandlinalool was identified in 15&®f the 360 productsOn the
contrary, .-terpinolenecitral, - D Q @erpinenes weraot deteted in the majority of products. Theye characterized by

the lowestmeanoccurrencewith 18, 27 % and 21 %respectivelyOn the other hand, Lili& is a specificcompound ©
European products. I$ only identified in 78out of 260 products. This fragrance substance is synthetized from aromatic

aldehydesand ismostly produceénd usedn European countries], [13], [14], [21], [25]

In sprays,other TerVOCghan limonene and linalo@refound in a limited number of products < 20 §44], [18] The
TerVOCdistribution in sprayss very different from aher scented productRegardingair freshenerdNazaroff et al[16]
confirmed that the four major constituents folard limonene linalool, dihydromyrcenol, and linalyl acetate the same
way, Ezendam et aJ14] and Huang et a[18] confirmedthat limonene and linalool are the most frequently used fragrances

for electrical room perfumes and scented candles.

Nazaroff et al[2], [16], Ezendam et a[14] and Huang et a[18] establishedhrough the analyses different types of
producs that the distribution of the most frequéntreportedfragrancesslightly variesfrom one productto another

Neverthelessdepending orhe specificatiors of the considerediousehold product, specific fragrance chemicas be
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present These specificatits are (i) the scent of the proddiite oil scented products contain limonene as major fragrance
compound while pine oil scented products contain pinenes as major comp@UNiV Kddrifying performancé of the
product(productswith purification puposescontainessential oils proved to inhibit midsi@al activity suchas eucalyptus gil

(i) the marketingstrategyrelated tathe consumer preferenceg], [8], [10], [14], [17], [18], [20]

It can be concluded from theviewedliteraturethat fagrance chemicaincluded in a household product formulation can
differ between manufacturingountriesithis point is highlighted by dble 2 Nevertheless, arldwide, most used essential
oils in household products formulation are citruslaivender oil pine oil, eucalyptus oil, tea tree oil and rose[d#i], [18],

[22], [24]

1.2.4 Chemical compositianof pure essential oils

Essential oils areatural oils extracted from plantSheyusually contairmore than 100 different chemicalibstanceg13]
Their extractiomprocessesanrely eitheron water vapor distillation, dry distillation, or mechanical extraction methods that
do not nvolve temperature changg26] An essential oil is often characterized by major compsuwvith specific relative
abundancethat providethe typicality of its smell. Therefore, the characteristic odaroéssentiabil directly depends on

its chemical compositiorj12] Moreover, proportion of chemical constituentsessentiabils might vary depending on (i)
the sort of the plant, (iithe place ofgrowth, (iii) the environmentatonditionsalonggrowthand (iv) parametersetalong

the extractiorprocessuch agpressure and temperatyfe], [13], [27].

Prekshd28], in 2018 performed a global analysis to investigitemarket size, share and trerafgssential oilsThe aithor
evidencedhatregardingthe global production aéssential oils, orange a8 the most demandeashewith 52.5 kilotons in
2015.The gowing demand of orange oil as raw material in cleanigenaiindustry is the main factor of the production
increaseConcerning applicatia) nearly 20 % othe global production adssential o8 corresponds técleaning and home
However, foodand beverageemainsthe leading segment with 32.9 §28]. Typical mass concentration rarsgaf seven
worldwide common essential oils used in household product forioualateprovided in Table 3. It is based on the analysis
of eleven studiepublished betweeri994 and 2018. Concentrationsare compiled and classified ina decreamg order.
Compoundgwrittenin bold highlight the major constituestf each esserti oil. Note that only compounds typically present

at a mass concentratitigher thar? % are included ifable3.
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Table 3. Typical chemical composition of the most widespread essential oils used in household product formylaitahs:

concentration ranges

wiw (%) wiw (%)
) 70.0 £80.0 Linalyl Acetate 40.0- 50.0
Limonene )
) 2.00 £11.1 % . Linalool 30.0-40.0
) -pinene Lavender Oil
Orange 0il[29] ) 22131 % Camphor 6.0-8.1
.-pinene [30][31] )
. 1.0 28 % Geraniol ~4.0
Sabinene )
] 1.1 +25% 4-terpineol 1.9-2.2
Linalool
. .-pinene
4-terpineol 40.1-41.0 | o 40.0
Bornyl Acetat
-terpinene 20.0-25.0 v
) Limonene
.-terpinene 6.0-10.4 25.0-30.0
: i Pine 0il[33] -pinené
Tea Tree Oil 1,8 cineole 5.0-5.6 12.5-22.0
. Camphene
[32][30][13]  Terpinolene 3.0-3.1 ~55
Borneol
Cymene 2.9-9.0 "
.-terpineol 2.4-40
.-pinene 2.0-2.6
Citronellol ~50.0
Rose Oil[27]  Geraniol 13.7-26.5
Limonene 55.0-80.0 [34] Linalool ”
Lemon Qil[12], 7.0-11.1
[12] _pinene Eugenol 0.4-2.1
[30], [35] ~9.0
.-phellandrene
) ~85
-terpinene
1,8 cineolé 19.8- 63.9
Eucalyptus  .-pinene 3.8-4.6
Oil [36] [37]  .-terpineol 0.2-5.5
Cymene 0.5-2.4

- wide composition range due to different extraction methodsd#ferenttypesof leaves

According toTable3, oxygenated terpene derivatives are major compounds for lavender oil. More specifically, &indlool
linalyl acetate known ashergamolrepresent wer 80 % w/w othe composition ofavender oil. At the same time, a hegh
portion ofmonderpeness identifiedin pine oil Indeed mass concentrations of limonene andD Q @inene can achieve
up to 92 % of pine oil compositioRegardingeatree oil, itcontains more thaB0 % of 4terpineol, andJ and D terpinene
while the major compoundf rose oilis citronellol.[12], [31]. Furthermoretea tree oil presents the lasgeliversity of

terpenemolecules in its composition. Indeed, more thardifférent terpenesan be detected ithatoil. [32] On the other
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hand, citrus oilssuchas lime, lemon and orange ®tend to havesimilar fragrance substancdmit with different mass
proportionsregarding limoneneand D and E pinenefor instanceln citrus oils, limonene mass concentration psachup

to 80 % w/w.[12], [29] Additionally, citrus oil ismainly composed by monoterpenes. Tadesolecules are lighter in weight
compared to terpenderivates and sesquiterpeneRose oil has &pecific composition compared to other essential oils.
Indeed rose oil mainly contains lorghain alkanes and alkes, -citronellol, geraniol, and nerdi38] [43] These fragrance

substances are lesslatile compared to monoterpensih a boiling pointaround230 °C.

Essential oils havspecific compositiors that provide their distinctive chemical and pbical propertiesand inducesheir
typical odor, color, densityolatility, stability and reactivityAs a consequence, theemical composition adnessential oil
may directly impacits dynamic ofvolatilization Therefore, theconsequencen indoor air qualityrelated tothe use of
essentiabil-based household prodsds directly linked tothe chemical composition diie essential oil usedheir impact

on indoor air quality igliscussedn the nextsectiors of this review.

Whetherfrom natural or synthetic origin, essential oils and fragrance mixtnmgoonentganbe transferred from the liquid
phasdo the gas phasthusincreasinghe inhalation exposure pmtentialallergeric and toxic aicontaminantsindeed, they
can leadd sensitization and subsequent induction of allergic symptoms in the respiratof2 fd&. In spite of thehuman
health concerns related to the used of scented household praderss naegulationframework to control and define the
use of these chemicdtsthe formulation oproducts[38] Thus, inthe next section of this review, an analysigrigposedo

evaluate currenegulatiors and policies of fragrance chemicalglive European frame.

1.3 Regulations related tohousehold products

Currentefforts arefocused on establishing restrictions and regulations regarding the use of toxic chigntihealadustry of

household products as they exist for food and cosmetic indugiBi@ls.Steinemann[17] aimed at investigaing the

undisclosed ingredienpgesentn 37 fragrance consumer product3hiswork evidencednore tharb50 VOCs among these

VOCs, lesghan 3 % were disclosed in the product laBahongthedetected VOCanore than 42ompoundsvere classified

as toxic pollutants under US federal laB&sidesthecontentR Igfeen” I[UDJUDQFHG S U R&Xr§dndXOCsH JD U G L (

was not significantly diferent from conventional productsikewise, Uhde et al[19] performed a similar investigation,
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aimingat evaluaing undisclosed ingredients among 6 renlid air freshener©btained esults evidenakthat amonghe 6
products tested only 18 fragrance chemicals were declared 200 detected substanc@&hie mean percentage of labelled
fragrance chemicals per product iewer than 10%. Thereforethemain scope of this section is teviewthe restrictions

and labellings in the formulation of fragranasmhsumer products, nrdy in the European frame.

1.3.1 Regulation and policies for consumer products in the European Union

Cleaning products/ The Eiropean regulationgquire manufacturers to make mandatory specific mentions on product labels

in order to promote the protection efvironment anddonsumersHowever what is writtenon product labelssifar from

being explicit to any citizenAccording tothe European Regulation N907/2006 industries amequiredto indicate the
presence of specific chemicals classified in two categories (i) surfactants and whitening agents and (ii) fragrance allergens
Table 4presents chemicatnsiderecamongmentionedregulationand the concentration restrictiomMéote that,regarding

allergen substancetgrpene compounds anéghlighted in bold[39], [40]

Table 4. Fragrance compounds labelled as allergens in household products in B®jpp&0]

CLASSIFIED ALLERGENS SURFACTANTS AND WHITENING AGENTS
Need to be labelled in the ingredient list if their concentratior Required to be mentioned in products labels if their mass
exceeds 0.01 %r products that require to be rinsed after us¢ concentration exceeds 0.2 %.
and 0.001 %or not rinsed products

Cinnamaldehyde, Amylcinnamyl alcohailial (Butylphenyl Hydrocarbons, soap agents, zeolites, phosphates, EDTA
methylpropional), Cinnamal, Isoeugeno] Citral , Citronellol,  (ethylenediaminetetraacett acid).

Coumarine, Eugenol Farnesol Geraniol, Hexyl Cinnamal

Hydroxycitronellal , Limonene, Linalool, Anisealcohol

Benzyl alcoholBenzyl benzoateBenzyl cinnamateBenzyl

salicylate, Evernia furfuracea, Evernia Prunasti extract, Lyra

Methyl 2 ®©ctynoate,.-isomethyl ionone.

Manufacturers are required label products witlthe completdist of ingrediens and to publishit on a websiteto make it
availableto consumersit is commonlyreferred toas material safety data sheet (MSDBhey may also have to comphyth
the Regulation (EC) N01907/20062KH 5($&+ 5HJ X ODW LR (htRelta%b piigttires ofchemicalfragrancs,

WKH\ FDQ EH ODEHOOHG DV 3)U Dhelutbliedtud Yropdrt@oRHe GikeldprapRsedbiptheDranifattdrer
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Moreover,it is required to visibly identify hazards linked to the product usage. These hazards can be (i) physisakttisk
asinflammation (ii) health risks, such ascorrosion, irritation, toxicityor (iii) environmentalisks, such aswater or air

pollution.

Purifying or biocides products/ For (i) air purifying sprays,(ii) antiacarian productgjii) pesticides andiv) biocides

special requirementsxist Manufacturers are not forced to publish their product formulatioa web site, or to label the
ingredientlist on their producpackags. However, according to the European regulatior28°/2012, a product containing

an active substance that ensures destruction, repelling or neutralization of a microorganisior, patssite needs to be
approved beforany introduction on the market. Approving procedures incl(ifiehe evaluation of the targeted active
substance regarding its performance as bioaidk(ii) the evaluation of itsazards to human health and enviramt.In the

case of products with active substances under evaluation, during the evaluation time of the restriction report, there can be
introduced to the market without any restrictiblonethelesst is required tamentionthe active compound dhe pioduct

with its masscontributionexpressedh percentagd41]

In comparison wittJSregulations ad policies consumer products are gengga HVWULFWHG E\ WKH 3& RQV XPH
$FW &36% °~ 7KH &3@afiufddtlidrXto ihelude a warning labeh aheir productskor instancea warninglabel

might be required if a warning i3U H D V R€cBsBady\to prevent or reduce an unreasonable risk of injury associated with
VXFK SURBXHAW YROXQWDU\ VWDQGDUGYV ZRXOG QRW NdthOly, Bs.thelRbpeB U DGHT
regulations,CPSA does not require discloswtall ingredents in products, even for chemical species regulated as toxic
pollutants under federal law4d.0] Steinemann et gl42] performed a survey aiming to evaluate knowledge lacks concerning

the composition ofragrance produstfrom consumes in the Lhited States Among surveyed population, 65 % were not

aware that fragrance chemicals do haveto be disclosed on the product labdturthermorey3 % were not aware that

fragranced productsiay contain toxic air pollutantsncluding green and natuhalfragrance products.

In spite ofthe advancement in Europed@gulations regardingousehold productsafety,chemicals in product formulations
are exemptedtom full disclosure Except for @rtain chemicals considered as surfactants, whitening agents or allergens are
required to bementionedin the product labels.Although there are regulations restricting or controlling the mass

concentrations of toxic substances that may pose a risk odengCLP and REACH regulation), unregulated but potentially
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dangerous substances may be present without any indication or c@unskquently, consumed® not have dequate
information concerninghe potential exposure to risks andicitious percepion of safety ZKLOH Enatral JKBR XVHKR O G
products.Neverthelesgnore restrictive requiremenmgedto be accomplished by household produetsufacturers order

to be certified a®rganicand greerproducts.Generally, he ecalabelling of products is based on the evaluation of the
environmental impact of a product during its life cyeled hazards to human heal®urrent Europearcclabelsare

reviewedin the next section.

1.3.2 European Ecological Certifications

Several labels have been developed in ordensoreT XD O L W\ V Wdbe@rG RWGaviicl RJU R Gritétalklore than
20 different ecological certifications exist for cleaning products in Europe. Main certifications are (i.&tDfrom the
Eurgpean Union, (ii) ECOCERTand (iii) NF Environmentfrom France[43] Among above mentioned certifications, the
strictest one is ECOCERTThis label is available for costie, food, and household productor a product to be certified

by ECOCERT, it has thulfill the followingrequirements:

1. 95% w/w of naturaingredients for all type of products. For organic products: minimu®s 1 ingredients from
organic agriculture and 100% w/w of natural ingredients.

2. Maximum of 5% of synthetized ingredients, organic products not included.

3. No compoundsargeted ashazadous” IRU WKH HQYLURQPHQW DUH DOORZHG

4. For air fresheners containing alcohol: it must be from organic agriculture.

Regarding additives and fragrances, ECOCERT only certifies products containing chemicals from natural sources extracted
by physical and chemical processi®. fragranceandadditive from petrochemical sources are allowed. On the other hand,
ECO-Label is acertification from theEuropeariJnion developed by the European Parlamh It mainly aims(i) to control

and decrease these of hazardous chemicals in consumer product formusatigrto reduceheimpacton aquatic life, (iii)

to reduce wasgfrom packaging(iv) to promote cle@r usage instructions and (v) poomoteassessegerformances for
products.[44] Regarding allergen substances, certification lal#elstanding for Controlled Allergenbas been developed

by ARCAA (Association ofClinical Research in Allergolggand Asthmolog) for household products.HE 26 compounds
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recognized as allergens or skin sensitibgrEuropearRegulatiorarementioned in Table.439], [45] This certification has

been extendeftom cleaning productt air purifiers.

In conclusionwhetherconventional or ecaertified, fragrance productmight contain a range of hazardous air pollutants
andonly few are revealed to the public through product labels. This lack of discii@esanot allow giving society sufficient
knowledge to make conscious decision while selecting household products. Additionally, it might inhibit efforts to understand
and reduce adverse effects associtetieexposure to harmful compoundsxposure tdazardous chemicals contained in
household products is also driven by toatacttime, the quantity of product appliedhefrequency of exposure, etc. These

influencing parameters are known@mssumer use pattesn

1.4 Exposureof usersto household produds: usagepatterns

Numerous household products are repetitively used aaily basis and by a large variety of peop@usehold products
may contain chemical constituents thaight affecthuman health. Reported symptoms are related to respiratory difficulties
and allergiesttributed tahecontact and exposure to hazardoompounds[9], [13] Exposureis defined ashecontacttime

with aspecificconcentration of a chemicat is estimatedby severakey drivers Among theseéey drivers the contacttime

with pollutans from household productsan bedetermined by the use patterns and product compositibese two
determinarg arecrucialto answetto the questionHow far cleaning activities lead to a potential exposurg@e patterns
include (i) frequency, (ii) duration of use, (iii) diffusion mode of the product e.g. aerosol, concentrated liquid, prigger s

(iv) applicaton mode e.g. spraying, diluting, or wiping, and (v) ventilation rate while performing household acfi@jties.

(3]

Little is known about the use patterns of household products from consumetbethgtimation of exposure levels can turn
difficult and inaccuratg46]. Indeed, only four studie$46] £49] address contadime and usagebehaviorsof household
productsby consumers. All studies have been performed in the European Hioiogthe last 17 yearsAmongthem, n
France, ECOVER (European Manufacturing Industry of Green Cleaning Products) alof@REDOC Research Center

of Study and Observation of Life Conditions (CREDOC) performe09a surveyof theFrench poplationaboutcleaning
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productsFigurel exposeshe percentage of French populati@mingcleaning products one or several times per Ragults

disclosedn Figure 1 areclassified by product categoff7]

According to Figure 1, 90 % of the French population reports a daily contact with cleaning products. Among them, 27 %
reports using at least 10 different products on a daily basis during their cleaning acfdijégherefore, it leads to an

increase of inhalatioaxposure to product constituents. Additionally, 32 % and 11 % of the French population respectively
use at least one and three aerosol products. Moreover, only 55 % of the population reads ingredients labelled on products;

chemical composition is not pat their purchase criterigd7]

$ VLPLODU VWXG\ ZDV GHYHORSHG LQ WKH IUDPHZRUN RI WKH (XURSHDQ S|
RI FRQVXPHU SURGXFWV’™ (3+(&7 WV PDLQ REMHFWLYH LV WR #HofDOXDW
consumer products among the European Market. A survey was conducted about the use of consumer products to enable the
identification of behavior patterns across European countries including: France, Germany, United Kingdom, Denmark,
Sweden, Italy, Spai Czech Republic, Hungary, and Poland. Results established that cleaning products and perfumes have
the highest market penetration, and women are the most frequent users. According to interviews, the presence of children

along household activities doesttave any influence in the product use pattg¥8], [49]

Figure 1. Percentage dhe French populatiomsing variousleaning products one or several times per[d&y
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Regarihg the selection oproduct, EPHECT survey revealed thiie price is crucial while buying Aouseholdoroduct,
followed by the efficiency. This resuttontrastswith the CREDOC[54] surveywhich evidencedthat among the French
population theefficiencywasthe main selection criteri@ported Interestingly according to both studies, othaspects such
asthe product safetythe chemical composition arithe precision ofise instructionsre not considereldy users [47], [48]
In terms of diffusion modereferencetwo investigationsn the framevork of EPHECT project have been reviewiadhis
paper Both studis areperformed in 2015. Table 5 gatheesults forthe preferred diffusion modeand quantiesapplied

for commonly used cleaning productsthge European population.

Table 5. Preferred diffusion mode and quantity used among population interviewed in the framework of EPHECT project

[48] [46]
MOST FREQUENTLY USED QUANTITY
PREFERRED DIFFUSION MODE .
TYPES OF PRODUCTS Quantity .
(EUROPEAN POPULATION) Population
(EPHECT Survey)
Spray! 2-3 sprayings
All -purpose cleaners .p .y praying 49%
Liquid 2 " FDS
Kitchen cleaning agents Spray 2-3 sprayings 54%
Liquid *
Floor cleaners 1to 2 caps 42%
Creant
Glass/Window cleaners Spray 2-3 sprayings 48%
Bathroom cleaners Liquid ” FDS 45%
. . Liquid *
Furniture polish 1to 2 caps 51%
Cream?
Floor polish Liquid 1to 2 caps 40%
Combustible air fresheners Candles 1 unit 60%
) Gel (Passive diffuser) 1 unit 60%
Air fresheners
Pressurized cah 3-6 seconds 53%

1 Firstchoice; % Secondthoice

The ppulation declared a preference for liquid forsfar most ofthe cleaning produst On the contrary, glass cleaners,
window cleaners and furniture polishes are usually used as spray. For air fregshepeeferencesf the populatiorare gel
format for a passive diffuser[46] [48] Regarding the amount of product applidte most frequently uskquantity per
application desnot exceed 2 caps for liquid and cream products for floor cleafingcerningsurface and bathroom

cleaningthemass applied desnot exceed 1 capMoreover, mass quantity applisttonglydepend®n the product dispenser.
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Generally, one cap of a liquid cleaning product corresponda.80 g.On the other hand, while using spray produstsst
of thepopulation desnot exceed 3 sprays per cleanprgcessDepending in the mechanical system of the spray, distributed

mass through one spray can range from 0.B6rgprayto 1.5 gperspray. [8], [22], [55]

In the framework of the project RIVM headed by thational Institute of Public Health and the Environmand Delft
University of Technology in The Netherlanf6], a survey waperformedto identify the duration,the frequency andhe
amount of products usefdr different cleaning activitiesThe nmain purposeof that surveywas toaccuratelyasses the
exposure levels regarding 3 classes of clegpiroducts (i) dishwasher(ii) all-purpose cleansrand (iii) toilet cleanes.

Detailed results data areportedin Table 6.The study revealed a wide variability in results andlencedhat bathroom
cleaning duratiorcould overcome 60 minutes beiige mostintense followed by allpurpose cleanerand dishwashing

respectivelywith 20 minutes and 11 minut@saverage

Table 6. Usage patterns by the population in The Netherlands, survey investigation adaptptbfrom

PRODUCT FREQUENCY OF DURATION OF CONTACT ( min) AMOUNT USED (g)
CONTACT/DAY Mean + SD Mean + SD
Mean + SD
Dishwashing liquid 0.63+ 0.79(n=45) 11+ 5 (n=45) 5+ 3(n=13)
All-purpose cleaner 0.35+ 0.70(n=28) 20+ 22(n=28) 27+30(n=12)
Toilet cleaner 0.28+ 0.55(n=18) 74+ 204 (n=28) -

Concerning ventilation, reported results evidenced thatfooy50to 60 % of European users of cleaning products ventilate
their room while undertaking cleaning activities. The most comveaitilation way is window opening, followed by internal
door opening. Magover, Dimitroulopoulou et a[50] performed a literature review to investigate ventilation rate in
European dwellingsThe nmain conclusion of this review is that ventilation poaslyeratesn European buildingsyith an
averageventilation ratdlower than0.5 h’. In spite of the fact thahe European commission hasven more attention to
ventilation requiremestthrough building regulation and policiesn the presence of indoor sources, undentilated
dwellings result in a increased ahdoor pollutant concentrations. Then, exposure levels to these pollutants might increase.

[48]
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Thebehaviorof consumers is strongly affected by large individual variations in frequdocatiorsand amourstof products
use. Nevertheles§) humanbehaviorand (ii) chemical composition of a produmpresentnainkey drivers of inhalation
exposure t@peciesontained in cleaning products and air fresheners. Indeeskdeterminanthiave beerevidencedas the
parameters with the most significamiiuenceon theconcentratiosof emitted chemicalsRegarding the inhalation exposure
risk associated to cleaning products and air fresheners, important information gaps have to bediked bafisfactory
understanding of risks can be observed in the populdtican besuggestdthat moreexplicit information onthe product

composition and human factasbould be made available to consusner

2. Experimental methodologies for themonitoring of TERVOCs emitted from household products

In spite ofthe potentialimpactof household products on indoor air quatityough VOC emissionstudieshavemainlybeen
focusedon building materialemissionsalong the last decadecauseStandards have been developed for construction and
furniture products by considering the relevant characteristics followed: (1) decreasing of concentration in the time (2)
characterizing of emission after 3 and/or 28 days (3) quantifying emissions reg#wdipecific emission scenario described

for reference room. The transposition of these standard to household product must be considering the use of patterns
(application mode, mass of products use and or release during the application ett¢heatimescale of the emissions
process (minutes or hourg)herefore, (i) international standard procedures and (ii) normalized sampling techniques on test
chambers have been weltablished for the assessment of construction material emissions (ISO- 33080 16000- 6,

ISO 16000 9). But what about household products? Do available experimental protocols allow accurate assessments of the

emissions and relevant comparisons from one study to another?

A reviewof 20 studieproposing experimental protocols to assess the impact of fragranced household products on indoor air
quality has beenperformed Studieshave beenassembledsummarizedand classified in wo tables First, Table 7 reports
studies performed in Franoghile Table8 reportsworldwide studies Amonggatheredstudiestwelve have beeronducted
during the lastfive years while aher eight studies have been performed between 1999 and Rffewed studiebave

been compared and classifiaccording tb mainexperimentaparameterpresentedeparatelyn each column of the table.
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0] The volumes of lkambess and their operational parametersit includes the volumes of the@xperimental
chambes usedandthe selecteénvironmentatonditions mainlytemperature, humidity and air exchange rate.

(i) The ategoiiesof producs tested andheir diffusion modes: It includes cleaning products and air fresheners
with different diffusion modeéif indicated)

(iii) The goplication methodology othe selectegroducs: It includes (i) the amount of product appliedndits
dilution if required (ii) the application processes.g. rinsé or not rhsed, and theuseof cleaning material
(iii) theloading factor expresslin m? m?, defined as the ratio between cleasedace and chamber volume
and (iv)thecleaning yielddefined aghe surface that can be clezahwith the amount of product applied

(iv) The sampling protocolof emitted speciest mainly refers tothe sampling tine andfrequency Generally, the
duration of the experiment and the samplfiregiuencyare directlydependentn the type of the products used
and theirexpectedemissionkinetic.

(v) The materials of the chambex It includes construction materials from floor, ceiling and lisahat can be
present in th@est chambersThese surfaces may highly contribute to the fate of species emitted along the
household product applicatiom addition,when experiments have been conducted in real environment (and
not standardized emissitest chamberfurniturethat might bepresent in the chambduring theemission test

arealsomentioned

31



Emissions and reactivity of terpenes from the use of esseiltidhsed household products under realistic conditions

Impact on indoor air quality Chapter 1

Table 7. Overview of experimental protocols used in France to assess the emissions of VOCs during the use of household products

APPLICATION METHODOLOGY SAMPLING STRATEGY MATERIALS OF THE CHAMBER

CHAMBER PRODUCT
\élglétliXEI/ONAL -I;IEFSFTUESDION (A Application rljnszlm3 Sampling Timing Dl.tl:]aétitoer;to i Ceiling Floor Walls AURINTIRE
PARAMETERS MODE
ADOQ Project, France[6]
EXPERIMENTAL . Depending on the Dishes cleaning during 5 NS Sampling timing of ofine Wood (Parquet Common Yes.
HOUSEMARIA El;t;iv(\j/asher surface to clean min. measurements is not Floor) cement walls
Diluted in water specified. Real scenario
Room1: 33m® Glass cleaner 12-23¢g 10 sprays 0.04 application in
Sanitary: 18 Spray an
Kitchen: 27 m Furniture cleaner NS Application with a tissue NS Ontline continuous experimental
Spray measurements for: house
AER Kitchen cleaner 14 #37 g 20 sprays 0.06
2.2-25/h Spray COV concentration
Glass cleaner Wipe weighted before 1 wipe 0.04
FOR SUMMER Wipes and after application Formaldehyde
TESTING Surface cleaner 1 wipe 0.06 concentration
Temperature Wipes
21 £34°C Floor cleaner 1 wipe NS Ozone concentration
HR Wipes
26-64% Kitchen cleaner 33 £112 g Rinse after application 0.06 Particle matter
Cream augmentation and
FOR WINTER 67 69 g Spray, leave on for few  1.67 composition
TESTING 13 +25¢g minutes, rinse 0.08
Temperature Sanitary cleaner
21 £34°C Foam
HR
26 +64 %

LS: Loading factor (rfim); N/A: Do not apply; NS: not specified in the studly.

32



Emissions and reactivity of terpenes from the use of esseiltidhsed household products under realistic conditions

Impact on indoor air quality Chapter 1
CHAMBER PRODUCT APPLICATION METHODOLOGY SAMPLING STRATEGY MATERIALS OF THE CHAMBER
\(ggléLFJ{X'EI/ONAL .IgIIEIfFTUESDION AT Application Ir_nSZ/m3 Sampling Timing E]Lér?éi:tn e Ceiling Floor Walls FURLIILIS
PARAMETERS MODE
AFSSET France +Solar et al.[51]
EXPERIMENTAL Incense 1 unit Placed and lighted in the test N/A 25 min after lighting 1 hour NS Uncovered Common Yes. Real
HOUSEMARIA room 60 min after complete concrete cementwalls  scenario
combustion application in
Test room: 32.3 /1 Scented candle 60 min duringighting 3 hours an
Bathroom: 4.7 rh 60 min after complete experimental
combustion house

AER Air fresheners NS 60 min during use 2 hours
0.6/h Plugrin 60 min after use
Temperature Air fresheners
2042 °C Passive diffusors 30 minutes after 30 minutes

Solid/Liquid application
HR Air fresheners 1 spray during 10 Sprayed in the room
~550% Aerosolspray seconds

Glass cleaner 9 sprays Applied on window. 0.05

Trigger spray No wipe step or rinse

Glass cleaner 4 wipes Applied on window.

Wipes No rinse

Furniture polish NS Applied on laminated table 0.06

Trigger spray

Toilet block Block installed day before the N/A

Solid test

4 flushes each 30minutes
Toilet cleaner Application during 15 minutes.
Gel 3 flushes every 30 minutes

LS: Loading factor (rfim®); N/A: Do not apply; NS: not specified in the study.
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APPLICATION METHODOLOGY SAMPLING STRATEGY AT RIS O1F T2l2

CHAMBER VOLUME/ PRODUCT CHAMBER
TESTED FURNITUR
OPERATIONAL DIFFUSION Duration of the E
PARAMETERS MODE Amount Application LS m?m? Sampling Timing test Ceiling Floor Walls
BEUC: The European Consumer Organization France[38]
Recent Built rooms. Scented candles 1 unit Product placed/ N/A 2 hours after ignition 2 hours NS NS NS Empty rooms.
Solid, combustion. sprayed in the middle
7 different rooms were ) of the rooms
tested Air Fresheners: Incense 1 unit After complete After complete
ested.
Combustion combustion combustion
. ~1.5 hrs.
Volume of chamber is
. Air fresheners 2 hours after switching
not specified
Plugrin on.
Temperature
21+2°C Air fresheners 3 spray with 15 1 minute after last spray N/S
Aerosol spray minutes
HR intervals.
50+ 5% Air fresheners NS 2 hours after opening. 2 hours
AER Passive diffusors
NS GellLiquid
Que Choisir, France +Chesnais et al.[52], [53]
1m 7 Essential oil based  Time and number of Depending on N/A Oh-after application 7+& " iial NS NS NS N/A
& Air purifiers sprays tested in each of product 1+3h
Chamber Testing  Spray the chamber were done recanmendations 3+5h
30 n? by following 5+7h
AER manufacturer instruction
5 Air Fresheners and &
0.5/h
air purifiers
HR . .
Diffusion mode has not
50% +5% B
been specified
Temperature
23°C+2°C

LS: Loading factor (rim); N/A: Do not apply NS: not specified in the study.
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APPLICATION METHODOLOGY

SAMPLING STRATEGY

MATERIALS OF THE CHAMBER

CHAMBER PRODUCT
\(gl(glétliXEI/ONAL -I;IEFSFTUESDION (A Application |I:nSZ/m3 'Sl'mﬁgl;ing alér?éi:tn e Ceiling Floor Walls FURLIILIS
PARAMETERS MODE
ASPA, France tDelmas et al[26]
42 ¥ (Testroom)  Air purifier Experimental Experimental chamber  N/A Experimental Experimental NS NS NS Empty Room
& PurEssentielle® chamber Sprays inside the chamber chamber
9 m? (Experimental (Mixture of 41 4 sprays chamber Each 30 30 minutes
Chamber) essential oils) seconds
Test Room
AER TestRoom 2 Sprays in each corner Test Room Test Room
3.381/h 8 Sprays of the room 1-30 minutes 60 minutes
(Experimental 30- 60 minutes
Chamber)

Not specified for
the test room

HR
42 % + 5 % (Test

Room)

Temperature
225°C+2°C
(Test room)

LS: Loading factor (rim); N/A: Do not apply NS: not specified in the study.
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Table 8. Overview of experimental protocols used worldwide to assess the emissions of VOCs during the use of household products

APPLICATION METHODOLOGY

SAMPLING STRATEGY

MATERIALS OF THE CHAMBER

CHAMBER PRODUCT
\(gl(glétli'\ﬁ'llgllONAL -I;IEFSFTUESDION AITIS Application rljnszlm3 _Srmﬁgng 5}??;{;” e Ceiling Floor Walls FURLIILIS
PARAMETERS MODE
USA - Nazaroff et al.[16] , Singer et al.[54]
50 n¥ Pine oil based 6.4-65¢g Spray directlyonto surface. 0.020 0-10min 24 h after Gypsum Wood framing Gypsum Laminated
surface cleaner Rinse and no rinse application 10- 30 min application of  wallboard with plywood wallboard table (1.16 rH)
Temperature Spray bottle 30- 60 min products coated with underlying. coated with in the middle
21+2°C All -purpose Surface: 5.7 Direct spray onto surface 0.020 1 +2h low-VOC paint low-VOC of the room
cleaner 6.69g Rinse and no rinsapplication 4 £24 h Subfloor covered paint
HR Spray bottle Floor: Dilution in water (~4l) 0.080 with aluminium
41 +67 % 53, 103, 153 g sheets
All-purpose Surface: 9.9 g Direct spray onto surface 0.020
AER cleaner No rinse 3.9 nft portion of
0.50 +0.02 /h Liquid Floor: Dilution in water (~4l) 0.080 floor covered
509 with vinyl for
Air freshener 1.5g/day Maximum setting fixed N/A Sampling 3 days mopping
Plug-in timing NS
Denmark - Ngrgaard et al.[55]
Full scale walkin Kitchen cleaner 39.8 g Applied in steel plate. 0.050 3 min after 310 minutes NS 8.9nt NS No furniture
chamber 20.28 tn  Cream Cleaning for 2 minutes. application Material: NS present
Air fresheners NS Placed at center of the chamber N/A 7326360
Temperature Plug in and plugged in at maximum Sapling: 30- minutes
24 £5°C position 60 min
intervals
HR respectively
40+ 5%
AER
0.6+0.1/h

LS: Loading factor (fimS); N/A: Do not apply; NS: not specified in the study; NM: not measured due to fast evaporation.

36



Emissions and reactivity of terpenes from the use of esseiltidhsed household products under realistic conditions

Impact on indoor air quality

Chapter 1

APPLICATION METHODOLOGY

SAMPLING STRATEGY

MATERIALS OF THE CHAMBER

CHAMBER
VOLUME/ PRODUCT TESTED Amount LS Duration FURNITU
OPERATIONAL DIFFUSION MODE Application m2/m? Sampling Timing of the test Ceiling Floor Walls RE
PARAMETERS
Germany - Uhde et al.[19]
Glass chamber of 1 Air fresheners NS Placed in the chamber after N/A After product application 1 day Stainless Stainless Stainless steel No furniture
m3 Passive diffusers package opening iohm'” steel steel
. ) ours
Air fresheners 1 unit 2 hours
Stainless steel of 2 Electric diffuser 4 hours
m3 Air fresheners 18¢g 24 hours
Temperature Car diffusers
23+ 2°C Air fresheners NS 1 spray each 2@inutes at
Automatic spray medium intensity
HR Air fresheners NS 5 spray with short intervals
50+ 2% Manual spray in-between
Scented candles 1 unit N/A Candle lighting30 minutes 28 hours Glass Glass Glass
AER 450 g Total burning (4h)
After burning30 minutes
0.5/h
2h
24 h
Air fresheners 100 g Placed with textile bag 5h 1 month
Potpourri bag Removed from the bag and 4212 E
placed in glass petri dish. Same samplesere tested at
days: 14, 15and 31.
USA - Sarwar et al.[15]
11 e Air freshener 1 pl of product  Direct injection in the N/A After application 600 £750min  Stainless  Stanless steel Stainless steel N/A
Temperature Passive diffuser was diluted in  chamber, not real simulation Sampling each hour during steel
23 £25°C Solid/ Liquid 1ml methanol test lasting
HR All-purpose cleaner 1 spray Sprayed in the chamber 350 min
~55% Trigger spray
AER Floor Cleaner 4 sprays
0.62-0.93/h Liquid

LS: Loading factor (rfim®); N/A: Do not apply NS: not specified in the study; NM: not measured due to fast evaporation.
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CHAMBER PRODUCT APPLICATION METHODOLOGY SAMPLING STRATEGY MATERIALS OF THE CHAMBER
\égELéXE{ONAL .ISIIEFSFTUESDION Amount Applicati LS Sampling Duration of - FURNITURE
AN it pplication m2m®  Timing the test Ceiling Floor Walls
USA - Singer et al.[56]
50 n? Orange oll 3.7and 6.7 g Sprayed in sheet 0.002  Ozone Ozone Gypsum Wood framing  Gypsum Laminated

degreaser aluminium 0-30 minutes 90 minutes wallboard with plywood wallboard table (1.16 )
Temperature Aerosol foam Wiped after 1 minute 30-90 minutes coated with underlying. coated with in the middle
20.8 £23.9°C Pine oil cleaner 50-52¢g Dilution 1/16 in water 0.080 No Ozone low-VOC pain low-VOC paint  of the room

Concentrated Floor mopping No ozone 12 h Subfloor
HR liquid 0-30 minutes covered with
36 56 % 30-90 minutes aluminium

1.54h sheets

AER 4-12h
~1/h Air fresheners 29-45 mg/h Plugged 2 days before  N/A NS Until Steady 3.9n&7n?

Plugrin start the testing state is portion of floor

achieved coverecby
vinyl for
mopping

Italy +Colombo et al.[57]
~4.6nf All -purpose 1l1g NS 0.072 NS 25 hours NS NS NS No furniture

cleaner
Temperature Liquid
23x05°C Floor Cleaner 429 0.290

Liquid
HR Carpetcleaner 15¢g 0.100
458&50+1% Trigger spray

Furniture polish  NM 0.200
AER Trigger spray
0.5/h Floor cleaner 0.072 g 0.072

wax

LS: Loading factor (fimS); N/A: Do not apply; NS: not specified in the study; NM: not measured due to fast evaporation.
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CHAMBER PRODUCT APPLICATION METHODOLOGY SAMPLING STRATEGY MATERIALS OF THE CHAMBER

\(gl(glétliXEI/ONAL -I;IEFSFTUESDION Amount Applicati LS Sampling Duration of il | I FURNITURE

A RAE e pplication mm®  Timing the test Ceiling Floor Walls

USA +Weschler et al.[58]

Unoccupied offices NS NM NS NS Particles counts 2 days Acoustic Carpeted NS Furnished

29 n¥ Commercial were measured ceiling tiles offices
FOHDQHU . continuously in

Temperature and  pinene as major diameter range

HR constituent of: 0.2-:2.0 pm

Varied through the

day; not controlled

parameters

AER

19-29/h

Austria tHollbacher et al. [59]
All-purpose 25¢9 Dilution in water  N/S 0-30 min 120 minutes Woodbase Woodbase Woodbase Yes. Fully

30 n¥ cleaner 1:10. (simultaneousl building building building furnished,
Liquid 10 min cleaning y with or materials materials materials including

Temperature immediately carpets,

23+2°C after the test) curtains,and

30 min ¥1 h furniture.

HR 1-15h

50+5%

AER

0.5/h

LS: Loading factor (fim3); N/A: Do nat apply;NS: not specified in the studiM: not measured due to fast evaporation.

39



Emissions and reactivity of terpenes from the use of esseiltidhsed household products under realistic conditions

Impact on indoor air quality Chapter 1

CHAMBER PRODUCT APPLICATION METHODOLOGY SAMPLING STRATEGY MATERIALS OF THE CHAMBER
WOIRg =S LIS Amount o . - Duration of - AR
OPERATIONAL DIFFUSION Application LS m¥m®  Sampling Timing the test Ceiling Floor Walls RE
PARAMETERS MODE
EPHECT European Project [58] [59] [22]
0.26 n¥ Kitchen cleaner ~ Amount used varied In aluminium surface. Oh-after 7+& " RI 1mé 1m 1m N/A
0.92 n#(VITO) Liquid depending on cleaned surfac No rinse. 0.40 application C initial Stainless Stainless steel Stainless steel
& Added with cotton tissue 1-3h steel
Full scale chamber Glass cleaner Glass surface cleaning. No rinse 0.07 3-5h 20.24 n¥ 20.24 n¥
20.24 nd Liquid 5-7h 20.24 n¥  Stainless steel Stainless steel

All -purpose Diluted and not diluted Stainless  with 5 n? of

cleaner application. 0.40 steel surface
AER Liquid
05/h £5% Floor cleaner 30 ml dilution of 2.5 L of Rinse and not rinse

Liquid water
HR 1 cap of product diluted in 2 0.40
50% £5% L of water
Temperature
23°C+t2°C Bathroom Sprayed and weighted befor¢ 1 m? of stainless steel was

cleanerLiquid and after application sprayed N/A

Furniture polish - 0.6 n? wooden table distributed 0.07

Liquid with a cotton tissue

Floor polish Y cap diluted in 4 L of water 5 n?was cleaned with a wet mog 0.40

Liquid

Air freshener Weight after and before N/A 0 +3h 3h after steady

Solid/Gel/Liquid  testing. N/A 3 +4h state ~ (6 h)

Passive diffuser  Proportional to the duration 4 t5h

of the test 5+6h

Air freshener

Electrical Spray in 45 ° orientation upward

diffuser air movement N/A
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Air freshener 0.5 g per ri/ if automatic: 1

Spray spray max position

Glass and Depending on instructions Direct to window surface/ No
window cleaner  and surface to clean rinse

Spray

0.07

Chapter 1
After spray 7T+& " RI
0-1h C initial
1+3h
315h
5+7h

LS: Loading factor (fim®); N/A: Do not apply; NS: not specified in the study.
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The mmparative analys of the variousexperimentamethodologieseported throughoufable 7 andrable8 is addressed
in 3 stagesn the following: (i) operational parameters aegperimentathambers(ii) application methodology of products

and (iii) sampling methodology for VOC quantificatson

2.1 Overview of gperational parameters and experimental bambers

2.1.1 The question ofamperature and relative humidity

For most of studiesemperature and relative humidiparameterareregulatedn the same rangéypically from 21 °C to

23°C andca.50+ 10% RH. These values are relatively closedtandard conditions for emission evaluation produas (

23 £ 2 °C and 50 = 5 % RH¥tudiesusing chamber where temperature and relative humidibyiions are controlled
generally adpted the environmental conditienproposedby the internationalstandards organization (ISGdr the
PDetermination of the emissions of volatile organic compounds from building products and furntghirigsion chamber
WHVW RIB®W ¥BR0B9). However two specificinvestigations are performed in an experimental houséhout any
temperature and humiditggulaton: Nicolas et al[6] and Solaet al.[51]. As a consequence, experimem@hditions were

directly dependentn outdoormeteorological conditiong.he highest temperatuneeached wa84 °C during summer period,
inducingcorrespondingariationsonambient VOC concentratisnNevertheless, no investigation reecificallyevaluated

the influence of temperature and humidity on household product emisgicesmost of the reviewed studies are performed
under regulated argtable temperature and relative humidity conditions. This represents a mismatch between test chambers
and reality. Indeed, under real conditions, environmental conditons can vary on a large range. As a consequence, further
studies are expected to investg#he emissions of household products under a larger range of temperature and humidity.
This approach has been developed for material emissions. Itgighat et a[61] performed a literature reviegealing

with the influence of temperature and humiditytbaemission ratesf indoor materialsResultdndicated that temperature

and humidity have substantiakffect on the ensisions from several materiatludingpaintngsand varnisks This behavior

suggests extensive variations as well regarding household product emissions.
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2.1.2 The question of entilation and air exchangate

The air renewal ratén indoor environmentgs an operational parameter that directly affdbe concentrations ahdoor
pollutans. Air exchange rate (AERs expressed ihl. Sincehousecleaning products arestly transient emissicsources,
the AER directlyaffectsthe decay time aémittedpollutants aftethe use othe product During the HealthVent proje{2],

a review of European regulation for AER showed inconsistent and heterogeneousindaezh.he ventilation rates in test
cases range from 0.23 to 1.B1 in dwellings. Nicolas et al[19], Delmas et al[37] and Weschler et a[64] aimedat
investigaing emissios under real scenario.hEn the air exchange rate waseasured duringachexperiment bunot
controlled.In this study, the AERvas directlydependentn the ventilation system of the room usedching as loweralue
2.5 ht. Based on thestudiesreviewed AER values are contrastdcbm oneexperimental chambep anotherand may

considerably differ frommeal conditions

It has to be noted thab studyreporttheimpactof the AER onVOC emission ratefom household product#gain, the
parallel withmaterialemissions is informative. Indeeginissiondrom indoor materialsan bestrongly influenced by (i) air
exchangeate, (ii) local air velocity and (iii) local turbulencgepending on the considered VQ&3] Then, fluid mechanic
considerationshould becombinedwith physical chemistry investigations for thea&ation of the emissions on closed

environments.

Another associated factor influencing indoor pollutants concentration is the mixing Atnerding to Nazaroff and
Weschler,dt is defined as the period required for an instantaneous point released in an unventilated room to diggerse
that the relative standard deviation among local concentratiod 50 % ". [2] Indeed,under natural convection flow
conditiors, mixing time in a room of 31 frcan vary fromil0 to 90 min, forquiescento strong convection sourcesnder
forced convection the mixing time candecreasdrom 15 to 2 min, depending on the type of forced flow conditiogl],
[65] Then in a nonmixed room, peak exposure concentrations might primary affect people undertakinggchedivities.
Finally, air exchange rate and air mixing factor can determine the residence time of pollutants in the gat@hass
direct influencei) onthe exposure level of occuparasd (ii) on theexperimentabampling strategiefor the evaluation of

emissions.
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2.1.3 The question ofxgerimental chambersize andmaterias

Regardinghe volumes of experimental chambers, 11 studies performed expergirergal size rooms with voluméarger
than 20 M. On the opposite hand studies executed experimentgéstchambes with innervolumes lower thanl n?.
Amongreviewed studieghreeinvestigationfrom Bartzis et al[66], Delmas et al[26], andChesnais et a[58] evaluated
emissiors in two or more chamberwith differentvolumes.The main scopef Delmas et al[26], and Chesnais et 4b8]
was not teaddresshe influence othe size of the experimentethamberion the concentrationsf emitted pollutantsn order
(i) to perform a secondary selection of targeted prodoc{d) to optimize application patterns of tested produices the
guantity of applied produeindits application moden the frame of th&uropean RjectEPHECBartzis et al[66] attempted
to proposea comparison of VOC emissiotetween selectedonsumer products in chambergth various dimensions.
Interestingly, his study presents and compares the resiitainedn chamber of 0.26, 0.92 and 20.23 oy three different
laboratoriesUnfortunately, esults are not conclusiveieto the variability betweernlaboratoriesand theoverall testing set
ups. Thusto decreassuchvariability, further studiesarerequiredto develop detailed protocols farstandardevaluationof

VOCs emitted frontonsumer product$Such a protocaloesnot existyet

Experimental chamber materials agenerally designed oselected accordingp two main concerns:(i) the potential
interactionsof emitted speciesvith the chamber surfacesand (ii) ther operationalcoss. Harb et al.[67] executed an
overviewof inner materialscommonly usedor experimental chamberResultsestablished thafeflon®, stainless steel,
glass, aluminum and loWOC paint might have minimasorptive propertiesregardingemitted VOCs Regardingthe
respectiveostsof the materials reviewedlass is an expensive matettalslimited to small chambers. Worldwide, stairdes
steel and aluminum are the megtlespreadmaterials due to thephysicochemicasurfaceproperties andheir low coss.
Thematerials chosefor experimental chambens almost 60% of the studies are stainless steel and glakas to be noted
that glass has been selected in studies only for chambers smaller thndlientotechnical constraints ancbst [67]
Regarding studies usingal roons, the construction materialgenerallyvary from ceiling, floor, and wallsThe most
widespreadnaterialsusedin five realconditionstudieq6], [16], [51], [54], [56], [58]are:(i) woodfor ceiling and floor and
(i) painted cement or gypsum board for waegardinghe presence diirniturein experimental chambeasd real rooms
more than 4046 of thestudies aimedt evaluating thnteractionsof indoor surfacavith emittedvVOC. Then, tested products
were applied in fully furnishedhambersindeed, furniture might have an influence on the emission dynaonitseuptake

andon the formation ofecondary pollutant. Surfagean interact byorptiveprocessesvith gas phasepecies[16], [58]
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Surface phenomeraethe result of theorptive orsink capacityof indoor surfacetave towards indoor pollutants.niieans
that they have thability to reduce peak concentrationgyttalso to extend occupant exposure due to thedondary
emissions[68] Consequently, it can reduce the real emitted concentration affecting the profile of the chemical substance
analyzed.In spite of the key role adurfaces in indoor air chemistrgnore than36 % ofthe reviewed literature desnot

specify the nature of thanmaterias of the experimental chambers.

2.2 Overview of gpplication methodologesof cleaning products

In terms ofapplication methodologiesthe main parameter&entified as key driver®f the concentrationof emitted

pollutants are: (itheloading factor, (iijtheapplication procedure and (itfhe amount of product used.

Theloading factoris defined as the ratio betweéme cleaned surface antie chamber volumeAmong studiesreportedin

Table 7 and Table,8nore tharv0 % of thestudiesconsiderdoading factos lower than 0.1 #m?3. Furthermoretheloading
factordepend®on the purpose dhecleaning product uske Underreal cleaning conditions, for surfaces it is lower than 0.1

m?/mé, while for floors itis generallyhigher than 0.1 Amq. For comparison,n the reference roomccording to the 1ISO

160009 standargdthe loading factor for floors is 0.4%m?. It mustbe highlightedthat this parametes of high importance

VLQFH WKH FOHDQHG VXUIDFH EHFRPHY WKH 3HPLVVLY H pdlktdritediddsedn W LV HJS
the gas phasi¢ the emissive surface is larger. However, the application procedure and the amount of prodatalsed

parameters ahfluence.lndeed thelarger the surface to cleaihehigher theamount of producto apply [2]

Regarding cleaning products, almost 60% of the reviewedstudies the application process arttle product quantityare
definedaccording to instructions specifieuh the product labelling in aier to simulate a realistic scenario. Nevertheless,
VWXGLHY SHUIRUPHG LQ WKH IUDPH RI WKH (XURSHDQ SURMHFW Ties+ (&7 KD?
approach aimed accurately identifingthe FRQV X P HU §V @& hbHitslodde Qirgté/real quantitieapplied andhe
effectiveapplication proceduee It has been observed that, beyond the instructionsppked quantity of cleaning products

depends on the category of product used, its diffusion mode and the sudbantf], [9], [48], [69] £71]
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The amount of product used deternsitiee maximum total mass obfutants transferredrom applied productto the gas

phase It can be calculated by multiplying the volume of product used by the concentration of volatile species (number of
species J_Ej contained in the produdDepending on the application process, appantof the applied mass might be emitted.
Forinstanceif a floor cleaning product is diluted in water aafter its applicationthe floor is rinsed, some of the volatile
constituents may be transferred dotkie drain with the wastewater. The sagweursfor kitchen or furniture cleaning
products where a msing procedure might be performed. Nazaroff ef2a] and Singer et a[60] analyzed the impact of
Jeaving the wiping towels LQ VL G H ReKUis tbRfifed thalhe cleaning materiatself might bean additional source

of emissions that can considerably incretige concentrations gfollutans in the room ifthe towels are not moved or

rinsed after cleaning.

The exposureof occupants iglirectly related to the application patterogthe cleaning productsuchas (i) rinsing and
removing the cleaning materiaad surfacegji) usingdiluted products that increase the product dispensed but decrease the

mass fraction of active componeaisd scentsand(iii) reduce thérequencyandduration of the cleaning activities.

2.3 Overview of application methodologies forair fresheners and purifiers

Thecase ofair freshenerdiffers from cleaning products. Indeed, thesedoes not involve apecific processSubsequently,
the loading factor cannot bdefined as for cleaning producttceair fresheners areot directly applied onto surfase
Gererally, a loading factor of m¥mdis considered in that caséBius, pimary emissions are mainly influenced by the

dispersed mass atide selected diffusion mode.

Plug-in air freshener / The gplication mods only dependingn the intensity adjustedn the electricalsetup. It can be
low, medium or high intensity.herefore theamount of dispersespeciesan vary.The poducstested areveighted before

and after use in all the studisorder to quantify the mass of product vaporized.
Passive diffuser air freshener/ It does not involve an application process, phstpositioningof the devicein the test

chamber Generally, passive diffusers are used toasdecontinuously odous chemica. The poducstested araveighted

before and after use in all the studiesrder to quantify the mass of product vaporized
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Spray aerosols The applicationprocess depesan (i) the amount oproduct distributed bgachspray(user dependent)

and(ii) thenumber of sprayperformed The number of spraymight change depending dhevolumes of theexperimental
chambes. For spray air fresheners, all revievwatddieshave followed indicationprovided by the manufacturérhe anount

of product released in one spray can vaont 0.39to 2.00 g/pray depending on the spray mechamniand the usef4]

Finally, depending on the diffusion mode of air fresheners, dynamic of emissions might vary. Plug in air fresheners and
passive diffuser serve as continuous emissive sources, while spray aerosgs@rgime source. Therefore, sampling

strategies i.esampling time and test duration are required to be optimized depending on the tested product.

2.4 Overview of sampling and analytical strategies

Sampling strategieprimarily refer to (i) the duration of tests, (ii) the duration of the sampling,ti@¥requencyof the
sampling and (iv) the interval of time between sainpgk Likewise, analytical strategies mainly refer to the instrumental
methodologies for qualitative amglantitative analyes. Both, sampling and analytical strategés required to be developed
and optimized depending on the species of intamedthe emission dynamid?egarding emissions from essentidtbased
household productghe main chemical compoundmrgetedare terpenes. Then, depending on chemical @ngical

properties oferpenessampling and analytical strategksveto be adapted.

Considering the analytical methodoleg 95 % ofreviewedstudies followed international standards for emissiors test
developedor building and construction matelsai.e. ISO 160006 and 1SO 1601-1. [72], [73] Indeed, forthe analysis of
TerVOCs, air samplearecollectedusingTenax TA sorbent tubes. Then, sammesanalyzed by thermal desorption and
GC/MSD/FID, as established in ISO 160680Nevertheless, Fan et fif4] selected different analytical methodology using
activatedcarbonsorbents tubefor sampling and asubsequeritquid-extracton andfiltration. Aliquots of 2 uL of extracted
samples were injected into GC/FID systdémespectively of the analytical devices and deteciois,important to mention

that all reviewed investigatisrareoperatedisingoff-line instrumentmethodologesfor VOC determination

For the majority of thestudiesreviewed the first hour of egerimentfollowing the application of theroduct is covered by

a continuou®ff-line samplingwith intervals of 30 minThen VOC concentrations are evaluatadlonger intervad, due to
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expectedemissionprofiles. Sampling strategieareoptimizedand adapteth most of thereviewed studiedepending orthe

type of product uskin order toaccurately address the spec#imissions profile.

Are experimental protocoladapted tchousehold product testing®om theanalysisof the reviewed studie# can be
concludel that wide variationsand heterogeneitgxist regarding experimental methodologies forahaluationof primary

and secondary pollutaemissions from fragranced household products. Variations are related to several crucial parameters
(i) on theone handt is linked to products:the quantity of dispersed prodwcnd application protocols, (ign the second

handit is linked tothe environmenbf test air exchange ratéemperaturechamber sizeand relative humidityTherefore,

the comparisorof results from onénvestigationto anothemay becomedifficult and inaccurateThis review suggests that

efforts inthescientific framework need to lechievedowardthe standard gperimental methodologider the evaluation of
household produatmissionsindeed standardized protocoivould allow to decrease theariability betweerstudiesand

improvetherelevarte ofcomparisons angubsequentlynore advanced conclusians

3. Emissions from essentiabil-based products

Regarding thevaluaton of theemissions fronbuilding materiad, thematerials of interestedresetas a fixed object in an
experimental chamber under standardizedditionsin order todetermine andeportemissions rates. Moreover, several
investigationsare executed in order tassess theeproducibility of emissionresults from theselectedmaterials. As a
consequencen the building material domaimpter-studies variationare minimizedto ca.20 %.[75] £77] On the other
hand regarding household prodsgcthe situation is totalldifferent. Household product emissions generally ocdwermthe
product is used, then an applicat&oenario iglefinedto simulat the use of the produict thetest chamber. Dependirp
the product, applicatianand emission dynamics might differ from one study to another.instance, theythamic of
emissions might be either continuoudransient In spiteof identified disparities regarding experimental conditions among
reviewed investigations, chamber emisstests allowan exposure approachgarding thediversity of chemical species
emitted from household produscin this sectiorthe evaluatios of emissiondgrom essentialoil-based products in small
chambers, large chambers and real size rammsliscusseih order toprovide answers tthe questionis there gotential

exposure risk for consumers related to TerVOCs emitted from household products?
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The presentectionrelies on thecompilation of 22 studies aiminat exploiing thesignificance of air pollutants releake
along the use of cleaning products, air fresheners and pure essential oils in homes -amdlstoial workplaces. A
comparison of experimentalathodologies implemented in thesteidieshasbeenaddressednddiscussed in the previous
chapter. Foiclarity purposethe discussioras been classifiecdccording tothe type of product: (i) emissions from pure

essential oils, (ii) emissions frooheaning products and (iii) emissions from air fresheners and purifiers.

3.1 Emissions from pure essential oils

Regarding emissits of VOCs from of pure essential oilsnly few studies have been performed. In this sectibree
investigations aimingt evduating the impact orindoor air quality fromevaporagd essential oils are discusséte three

studiesreviewed were performed in Taiwaetweer2006and2012 Chiu et al[30], Su et al[35], and Huang et a]78].

Chiu et al.[30] aimedat identifying the emissioafrom pure essential oils by theogravimetric analysis (TGA). Results
evidencedheemissions of 52 different VOCs with ésionfactors ranging from 137 to 173 mg/g. During the evaporation
inducedby the thermogravimetric analysis procedure with a heating rate of 2 and 15 °C per naiacidéng a maximal
temperature of 40 °Gecordedtotal Te’wVOC concentrations were 88, 75, 113, 116, and 89 mapectivelyfor rose oil,

lemon oil, rosemary aqiltea tree oil and lavender oithus regardingtheir emissionabilities, essential o8 wereranked as
followss URVH 8 URVHPDU\ ! WHD WUHH 8 OHPRQ § O Dc¥rhpQuadsftdm Xt T8 % Wesd® R U H
cyclic, from 21to 37 % wereparaffinand less than 1% were olefins. It is important twotethat there is deepgapbetween
essential oils vaporizeasing TGA systemcompared to their realistic uge an indoor environment i.e. through the use of
diffusorsin areal scale indoor environmentéthe use of TGA allows the evaluatiofithe terpene emissigntheeffective

connection between this experimental approach and real inskgss far from beingstraightforward.

Su et al[35] investigated the effects of evaporating three-bekt essential oils in two different indoor setticpsracterized
by the same volume1.6 n¥. Temperature and humidity were not controlled and not specified in this Stested essential
oils were (i)lavender, (ii) eucalyptus and (iii) tea treesoifhe perimental procedure used was basadhe diffusion

through a candle diffusor of essential oils diluted in wéftke total oncentration®f the emittedVOCswere 803, 787, and

855 pg/nt correspoding to tea tree, lavender and eucalyptus oil, respectiidiyre details about theoncentrations
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monitoredarereportedn Table 91t should be notethatthe majoremittedconstituens of the teste@ssential oilarewritten

in bold. FurthermoreTerVOC emissions during evaporation time mostly occurred during the first 20 minutes for eucalyptus
and tea tree al Peak concentrations were achievedirt the same time sparThe case ofdvender oil wasndividual.
Indeed,the peak concentration wagsached after 30 to 45 minutes. Su et{3%] attributed this specific behavior the
difference in thechemical composition ofavender oil compared to the other oils tested. Indeed, lavender oil is mainly
constituted by terpenes derivativeBaracterized byower vapor pressureghan monoterpenesCompared tathe study
proposed byChiu et al., his investigatiomeportsTerVOC concentratiofevelsfrom the evaporation of essential oils under

amorerealistic scenariandin a real size room

Table 9. Concentrations of volatile organic compounds during testing periods of 180 min in two diffgestofyindoor

environments.[35]

ESSENTIAL OIL TerVOCs CONCENTRATION AFTER 180 min
Dilution in water: (ng/m?)
300 pl/ 50 ml Diffusion through a candlediffuser
Office (21.6 n?) Home(21.6 n?)
AER: 1.3 ht AER: 1.8 ht
Tea Tree 4-terpineol 78 56
(Melaleuca 1,8 cineole (Eucalyptol) 16 4
alternifolia) d- Limonene 108 140
I- cymene 803 754
TOTAL TERVOC 2 1005 954
Lavender Linalool 544 787
(Lavandula d- Limonene 7 81
angustifolis) 4-terpineol 77 112
TOTAL TERVOC 2 209 980
Eucalyptus 1,8 cineole (Eucalyptol) 855 329
(Eucalyptus globules d- Limonene 46 19
I- cymene 52 19
4-terpineol 60 29
TOTAL TERVOC 2 1013 396

2: Total calculated among the target compounds detected
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In the third studyHuang et al[78] aimedat evaluaing theimpactof the use of essentiallpiin aromatherapy environment.
Thus,concentrations of erVOCsweredeterminecbefore and aftethe aromatlerapy process. One aromatherapy spa was
randomly selected from a survey 5iom main chain stores in Taiwan. Experiments have been performed under realistic
scenarioin a spa room of 16.26 3nTwo essential oils were evaluatedey areidentified in the study as aromatheragly

and aromatherap§?2. Unfortunately this study desnot reveathe mass andhetype of essential oil usedhich represents

a strong limitationResults evidence that major emitfeelrVOCsare . D Q G S L Qwis®, [detedted Heak concentration
reached 714 and 499 ugifor the mosemitted species fromromatherap¥l and aromatherapi2 respectivelyln addition

the total concentratiom of the five major terpenesmonitored reachedvaluesas high as2493 and 1137 pg/tnfrom

aromatherapyl and aromatherap$2 respectively.

Based on the reviewestudies linalool, eucalyptol, limonene, cymene, pinenes, attdrdineol are the main TerVOCs
monitored fromthe selected andvaporated essential ®ilAccording to Chiu et al[30] and Su et al[35], tea tree oil is
evidencedio be one of the most emissive oil amdegtedones Moreover,it clearly appears that theoncentrationof
evaporatedndividual terpenes can exceed the exposure limit vd&faedfor long term exposureas establisied by the
European commissiahroughthe INDEX Project[79] Proposedong termexposure limit concentration value is 450 pg/m
IRU OL PR Q-pilight ibd@iGually. Consequentlythe evaporation and diffusion @érpenes fronessential oils can be

asignificant anchidden sourcén indoorenvironments andan potentially impact indoor air qualif{30], [35], [78]

3.2 Emissions fromCleaning Products

Regardinghe evaluation o€leaning product emissignl2 studies have be@erformed, thugproviding a larger step back
than for pure essential aildmong them, 7 studies were executedingthe last 5 years while 5 others were performed from
1991 to 2006The rviewedstudies have been performedherin Europeor in theUnited States. Foriskussion purpose
concentrations have beeored out by productcategoriesthey aresummarized and disclosed in Tatlé. Emitted
compounds are listed with their maximum concentration values. Concentrations written in bold correspendajor

emitted compoundrom the consideredroduct.
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Threemain influential experimental parameters have bmmrsideredn Table10, namely (i) the chamber volume, (iijhe
mass oproductdispersed, and (iiithe diffusion mode of the tested produthe main contrastbetweerthestudiesreviewed
relies in thediversity of compounds monitored. Thetab TerVOC concentratioa are calculated as the sum dlfie
concentrationsf the targeted compounésitted Some studies not only addreéetal emitted TerVOQonceentratiors but
also provide individual identifications and quantifications of TerVOEsgperimental methodologiesvere quite
heterogeneousom one study to anothethen discussiaconcerning missionsareprimarily driven towards the variation

of concetration levelsandthe comparisomvith other terpeneom indoor sources.
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1
2  Table 10. Concentrations of TerVOC emission peaks from cleaning products in experimental chambers

COMPOUNDS MAXIMUM CONCENTRATION MEASURED (ug/m?®)
3
Floor cleaners
EPHECT (EU)[9] USA[54] [56] USA[15] France[6] Italy [57] Austria[59]
Chamber Volume 24 m? 50 m? Floor mopping 11 nm? 0.05 n? 4.5 n? 30 m?
(Quantity of product) (1 tbsp. = ~ 15g) Diluted (50 g) (~29) (1.06 g) (4.29) 25 ml (Diluted)
Diffusion mode Liquid Liquid Liquid Wipes Liquid Liquid
Limonene 37 1130 101 74 - 726
Terpinolene - 1270 - - - -
Terpineol - 953 - 784 1700 =
-pinene - 13 101 - - 62
Terpinene = 244 = = = 25
p-Cymene - 174 - - - 12
Eucalyptol - 330 - - - -
Dihydromyrcenol - - - 363 - 25
.-pinene 19 66 30 9 = 86
Citronellol - - - 78 -
Linalool - - - 76 -
Camphene - 105 - - 75 -
.-Phellandrene - 29 - - - -
Camphor - - - 121 -
3-carene - - 190 = - 271
TOTAL TERVOC 56 4 314 423 1438 6 510 1230
4 1. Constituent of fragrance mix in the European standard serhdst a target compound in this studibsp.: tablespoon
5
6
7
8
9
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10
COMPOUNDS MAXIMUM CONCENTRATION MEASURED (pug/m 3)
11
Kitchen cleaners (Spray/ Liquid)
EPHECT (EU)9], [66], [70] USA[54] Denmark[55] France6]
50 m?
Chamber Volume 0.92 n¥ 24 m? 0.05 n¥
9.9 d Towels 20 m?
Quantity of product - 3 thsp. 10 g/Towels removed . 3.79 0.42¢g
remained
Limonene 82 1715 960 1100 5282 522 44
Terpinolene - - 890 1040 - 22 -
Terpineol - - 431 545 - - 569
-pinene - - 12 14 - - -
Terpinene <1 - 185 225 - - -
p-Cymene 1 - 142 172 - 26 -
Eucalyptol - - 250 300 - - 22
Dihydromyrcenol - - - - - 143 -
.-pinene - ” 58 74 - - -
Citronellol - - - - - - 1038
Linalool - - - - - - 138
Camphene - - 87 109 - - -
.-Phellandrene <1 - 23 29 - - -
TOTAL TERVOC 83 1716 3038 3608 5282 713 2443
12
Surface cleaners
USA[15] USA[16] France6] France[80] [6]
Chamber Volume 11 P 50 m? 0.029 n? 0.05 n?
Quantity of product / Diffusion mode 4 sprays/ Trigger Spray (6.6 g)/ Liquid 0.42d Powder Cream 0.13 d Foam
Limonene 60 2 500 1230 374
Terpinolene - - 74 -
Terpineol - - 85 137
-pinene 8 - 27 -
Terpinene - - 23 -

I-Cymene - - 41 -
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Eucalyptol
Dihydromyrcenol
.-pinene
Citronellol
Linalool
Citral
3-carene
Geraniol
Borneol
TOTAL TERVOC

111

2500

12
1251
61
64

464

3437

115
171

61
858

13  1: Constituent of fragrance mix in the European standard seriést a target compound in this study; Tbsp.: tablespoon
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3.2.1 Variability of the Te'VOC primary emissiors

As disclosed in Table 1( total of 19 different fragrance species were detected among evaluated cleaning products.
Limonene is evidencealsthe mostemittedterpene, beingletected in & out of 17 tested cleansr In addition, limonene is
alsothe major compounteleased fronil cleaning product®©thermajor W H U S H QuitheheDalddHerpineol, identifien

10 and 8 cleaning produatsspectivelyFragrance molecules in gaomposition aftethecleaning activity are widely diverse

from onetested producto another Regardingconcentration profilgsmaximumlevels were detected during the first 60
minutes aftethecleaning activityis completed, thibehavior isobservedor all thestudiesThetotal TerVOCconcentratioa
rangefrom 56 to 6 510 pg/famongthe 17 investigated cleaning products, while the concentration of the major emitted

species can range from 3% 282 ug/nf.

Regardinghe category of productsheapplied mass of product diréctdepend onthecleaning purpose.e. the surfaceo

be cleared In the studiesreviewed the mass applied for surface cleaners did not exceed 6.6 g while for floor cleaners and
kitchen cleaners the mass of products apphedied 50 g and 10 g, respectiveNonethelessll cleaners evidenced similar
ranges of total emitted concentrationsf fragrance chemicalsThe ranking of product regarding their emitted total
concentration®f TerVOCs are (i) floocleanersfrom 56to 6 510 pg/m, (ii) kitchen cleaning agentfrom 82 to 5 282
ug/m?, and (iii) surface cleanerérom 111 to 3 437 ug/f Therefore, strongly contrasted concentration lecals be
evidenced from the use afne cleaning productor another Contrasted @ncentratiors can be attributedo: (i) the
discrepanciedetween experimental methods appliedhiareviewedstudies, (ii)contrastedmass concentrations ahigh
diversity of terpene constituents tine products (iii) contrastedphysicochemical properties of terpenes and different

chemical affinities of terpendsr other specidsolventscontained in produdormulatiors.

Three investigatios specifically aimed at evaluatingthe impactof different application methadon IAQ under real

conditions Nazaroff et al[16] investigate the impact of different use patterns, thus two main experimental protocols were
implemented. For surface cleaning, applied methodologies evrer 3eaving” or ¥emoving WKH FOHDQLQJ PDWH
wiping towels out of the experimental room. Results evidenced that the fractional emissions of terpenes and solvents can
reachoverall levels from 35 to 100 % of the amount of product applied wieniping towels arekeptin the roomOnthe

contrary, when towels were removed from the chamber, fractional emissionsdemied t20- 50 %. Singer et al[54]
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evaluated emissions frothe use ofloor cleanersinderrealistic conditionsFor instance, 50 g of productw diluted in 4.5

L and mopped 04 n? of atile-covered portion of floor. The remaining solution was poured into a sdxarket within the
chamber to simulate disposal. Results confirmed that fleopping with diluted solution has thewestemission factor
compared to nowliluted countering cleaning. This behavior was attributed to the fact that part of the cleaniran soluti
remained in the bucket and was removed from the chamber at the end of the activity. Instead, fractional emissions of terpene
alcohols were in the range of 2 to 5 % whenea®derpene emissions were in the range of 7 to 12 %. On the other hand,
Singer ¢ al. [54] , [56] evidenced a discrepancy regarding emitted concentrations betweenptmeetéydrocarbons and
terpene alcohols. Authors attributed this behavior to a slower volatilization of the alcohols during initial applicagon and
greater partitioning of alcohols into water during stinlg and rinsingprocedures. Consequently, it wasdenced a higher
concentration of pollutants if cleaning materials are left in the room, since they will represent an additional sousseof emi
As a consequence, beyond the cleaning product,itbelfipplication method anthe human factof have asignificant

influence m the dynamic and level of emissioofsTerVOCs

3.2.2 TerVOCs emissionfom cleaning productgs. otherindoor sources

Wood-based buildingand furniture materials often contadignificantamounts offerVOCs Therefore, hese mateais are
identified as additionaland substantial sourseof TerVOCs in indoor environmentEor comparison purpose$able 11
disclosed maximal detected total terpene concentiafiiom different building and furniture matersdh largevolumetest

chambers

Table 11. Peak emission concentration of TerVOCs from buildings and furniture materials in large volume chambers

; TerVOC peak Testroom
Type of material ) Reference
concentration volume

Wood-basedboards 175 pg/n? 40 Harb et al[81]

Wood-based walls/floor 70 pg/n¥ 30 n? Hollbacher et al.
(60]
16-mm pine softwood 219 pg/nt 33.6 n¥ S.K. Brown[82]
particleboard

Pine board surface (1 ) 443 ug/nt 56.7 n¥ Toftum et al[83]
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Regarding real size test roomi®. with volumes higher tha880 m?, different categories of woeldased materialhave been
evaluatedas disclosed in Table 1The contrastmong reportedoncentratioa and the diversity of emitted VOCs are
expectedo bedue tothe variousmissive surfaces tested afifferent kindspinewood-basedmateriak usedThe maximum
concentrations derpensranged from 70 to 443 pugAriThe major emittederpens from woodbased material® UH . DQG

pinenes[60], [81] #83]

Regarding cleaning product emissiomvaluatedn real size testhamberg30 and 50 rf), theterpene peak concentrations
rangefrom 1230 to 5282 ug/ni. [16], [54], [56], [59]As a consequengeleaningactivitiescancontributeto TerVOCindoor
concentrationdy morethanone order of magnitude comparedwoodbased material Nevertheless, it is important to
highlight that emissions of cleaning produate characterized lgifferentdynamicscompared to indoor materieimissions

In fact, theymostly actas punctualor transiensource of pollutantsthuslong-term exposure is directly related with cleaning
occurrence and human factarhile sources constituted by indoor material mostly act as longaedzontinuous emission

sources.

3.3 Emissions from ar fresheners and3purifiers ~

Elevenstudies focused on the identification of fragrance cheméaraited alonghe use of air fresheneandso-called air
Jurifiers” have been identified and ameported in Table A Experimental methodologies implemented in these
investigations have been assessed and discussed in the previous Ehgititat.concentrations aessembledby diffusion
mode For aerosol productdjenumber of sprays arttiespraying timeintervalfor automatic aersols are indicateth Table
12. It should be notethatvalueswritten in bold correspond to major emitted compauiithe experimental chamber volume
is specified inTable 12whenindicatedin the corresponding studffurthermore, targeted compownéry from onestudy

to anotherthensome information related to emissionsesplicit fragrance speciesiay be not specifiedrhe @mpound
named Lilial® is a fragrance mis defined b¥uropean Standards, it hasly been detected iimvestigationgperformed in
Europe.Finally, total TerVOCconcentrations arealculated as the sum tife individualconcentration®f identified and

guantified TerVOCs.
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Table1l2 8RQFHQWUDWLRQV RI 7HU92&V HPLWWHG E\ DLU I[UHVKHQHUYV LQ H[SHI

mode
MAXIMUM EMISSION CONCENTRATION MEASURED IN pg/m 3
BEUC
EV) Germany France France USA USA Denmark EPHECT (EU) Austria
[84] [38] [19] [51] [26] [15] [16] [55] [9] [70] [59]
Chamber NS 17/24
3m 32m? 42 e 11 m? 50 n? 20 n? = 30 n?
Volume Apartment me
Plug-in (1 unit of product)
Limonene 499 499 5 94 / 685 15 26
Linalool 146 146 112 - - 118
Lilial 41 41 - - - -
Terpinene - - - LD /129 22 -
.-pinene - - - 13/75 18 10
-pinene - - - LD /132 32 -
3-carene - - - LD/ 22 8 10
.-terpineol - - 132 - 652 13
Dihydromyrcenol - - 109 - - -
Geraniol - - 15 - - -
Phellandrene - - - LD /89 - -
Camphene - - - LD/8 - -
Citronellol - - - - - -
TOTAL TERVOC 725 725 373 107746 1139 328
Passive diffusers (Gel/ Liguid) (1 unit oforoduct)
Limonene 735 - 39 1156 79 351
Linalool 37 560 98 -
Lilial 2 - -
Terpinene - - - 171 - 137
.-pinene - - 143 942 52 175
-pinene - - 40 1242 - 276
3-carene - - - 771 - 29
Camphene - - 99 - - 68
Eugenol 16 - -
Eucalyptol - 275 -
Phellandrene - - - - - 89
Cymene - - - - - 591
TOTAL TERVOC 888 1140 694 4281 131 1580
Aerosol spray
N° of sprays 3 1 8 1
Time-interval 15min 28min
Limonene 2003 12000 4876 1930
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Linalool 750 580 3123 -
Lilial 310 - - -
Terpinene - - 962 -

.-pinene - - 1248 119
-pinene - - 851 -

3-carene - - 762 920
~terpineol - 140 717 -
Hydroxycitronellal 51 = = =
Geraniol 40 - - -
Coumarine 22 - = =
Cymene - - 1010 -
Eucalyptol - - 12 366 =
Bergamol - - 4 505 -

TOTAL TERVOC 3176 12720 38972 2969

- : Nota target compound in this stydyS: not specified in the stugdiD: below detectionimit

As disclosedn Table 2, amongl6 air fresheners, more th&0fragrance chemicals have been identifesides, limonene
is detected athe major emitted chemical in 8ut of 17 air freshenerdtis IROORZHG E\ Hefpirie@ &8dliriGol .
being the major emitted compoursdn 2 products. Concentration levels from major compounds among tested products
reachedmaximal valus of 12000, 12 366, 652nd 560 pg/n¥, respectivelyfor limonene, H X F D O \-&eWiReOl and
linalool. Concentrationslassifiedby diffusion modsrange from (i) 2 969 to 3872 pg/n¥for sprays, (ii) 131 to 281 ug/n?
for passive diffusers and (iii) 107 to1B9 ug/n? for plug-in air freshenersln spite of the factthat results reporhigher
concentrationgor aerosol air freshenerhie mass composition of the fragrance mixture is likely more influential. Indeed,
studiesaddressing differerdiffusion modes, results indicated thia¢ composition othefragrancemixture is the key driver
of primary emissiosg followed by the type of delivergievice [30], [34], [35] Neverthelesghe main difference regarding
the varioudiffusion mode of air fresheners is that passive and heat diffusensinuouslyreleasespecies to maintain the
targeted odor, thugenerating a steady statar long term,concentratiorof Te’lvOCs while aerosols and spragct as

punctual sourceof pollutants.[49], [59], [64], [86], [87]

Delmas et al[26] evaluated a besld air purifier spray in France under realistimditions The total gak concentration
of terpenes almost reachd@ 000 pg/nt. The individual contributions agucalyptol and limonene were 386 and 4876
ug/m?, respectively. Furthermore, 3 hours afterproduct application, limonene concentratigasstill 70 times highethan

typical concentratiosireported irfFrench dwellings by OQAI (Indoor Air Quality Observatorg7], [26], [88] Therefore,
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from a VOC point of view,this investigationVW UR QJ O\ F R P $WiRiRd. ¢lalrks otikidHprdductsince itreleases
high amountf volatile compounds that have begpecifiedas allergens by European regulations. Chesnais g2l
performed a similar study where a total of 15 prodactstested. fong themsevenwere essentiabil-based air purifiers
andfive wereodor neutralizers. Results evidenced total VOC concentratimggngfrom 475 to 15790 pg/nt for essential
oil-based purifiers and from 514 to727 ug/n? for air fresheners claiminfpr an odor neutralizatioaction Among 31
VOCsmonitored the majoritywas terpenes.imonene and linalookeredetectedit thehighest levels for aliestedorodicts.

[52], [53]

Air fresheners can produce higher and stestdye concentration levels of terpenes when compared to other indoor terpene
sources. Reviewed investigations suggest that the use of air fresheners is responsible of the release of a great variety of
fragrance molecules, and suggest an elevation of the health risk of building occipantensequence, it appears thair

purifying” R ddot neutralizer FODLPVY DUH KLJKO\ DPELJXRXV VLQFH WKH\ PRVWO\ F
TerVOCs toprovide pleasant odarklowever, these purifying properties of the essential oils can come from their ability to

limit or eliminate the proliferation of microorganisni89] Thus,they have an impact on the hygienic quality of the air. But,

in return, they are responsible for the emission of mentgtile compoundsndmay considerably contribute to an increase

of the exposure of occupants to VOCs.

In the extensivdécuropearprojectEPHECT[69], [70] a plugin diffuser wasinvegigatedin two chambes with different

volumes: 1 m® and 24 m, asdisclosedin Table12. Results evidenced that for the plirgair freshenerthe total terpene
concentratiormonitoredin the 1 nichamber represesnbnly 14 % of the totalconcentratiorfound in the 24 mchamber.

This result isin agreementvith the study of the passive diffuser air freshertessted in the same projeshere terpene
concentratios in the smaller chamber represented onl§o&ompared tdotal concentration detected in 24° chamber.

Therefore differences irthe chamber volume might have a direct influence ¢theresultingconcentration leveds long as

realistic scenario are not defined taking into account the chamber vdlbis@spect questions the significance ofssioin

tests carried out in various chambesithout accurate emission scenario and without transposable environmental conditions
such as air renewal rate, temperature and relative humidity. This mismatch praises on the proposal of standard experimental

protocols to address the emissions of essentidbased products in a relevant way.
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3.4 Wrap up on TerVOC emissions

Unexpectedlythe largest contributors @érpenes to indoor aare not sourcethat are usuallyecognizedregulatedand
controlled Household productBave to be seriously envisaged as versatile and high impact sdsvaesesof fragrance
chemicalsn indoor airarechiefly linked to the use of cleaning products, air fresheners and purifieese products might
release concentratidevels ofseveraltens to hundreds of micrograms per cubic metefFe¥/OCs exceeding exposure

limits established byhe United State. Moreover, these molecules have been classified as allergens responsible to skin
irritations, allergic rhinitis, and asthm@0] Furthermorepne of the mairconceris associated tthese moledes is related

to their chemical structure. Indeed, they are unagtdrvolatile organic compounds, thnighly reactive with different indoor

air oxidants.To that regard, they can be considered as sources of secondary pollutants such as formaldehngdaiand
aerosols. These aspects questions their secondary impact on indoor air quality related to thdodesd.chemistry linked

to terpenes might take place under different pathways; homogeneous and heterogeneous reactivity. Next sectiom discuss

fate ofterpenesn indoorenvironments

4. The fate of TERVOCs in indoor environment: uptake, reactivity and sidetproducts

From a chemical perspective, the indoor environment is a reaction vessel with chemicals continually entering and exiting.
Some of these chemicals can react with one another (or themselves) creating reaction products that might otherwise be absent
IURP WKH LQGRRU VHWWLQJ 0DQ\ RI WKH UHVXOWLQJ SURGXFWVYHNB KCHUW H
et al [91] Therefore, the key questionds we address the relevant pollutan¥@koff et al.[92] Indeed, numerous indoor
processesnodify the concentration and temporal behaviors of air contaminants. phasessesnclude (i) indoor and

outdoor air exchange, (inonreactive fate, i.esorptive interaction between contaminants and indoor surfaceiii)

reactivefate including gas phase asdrfacereactionsTheseaspectsare fundamentalfor the prediction and assessment of

exposure risk to indoor pollutants.

Terpenes are known as volatile organic compounds of biogenic origins, being monoterpenes the lighter and more volatile
molecules. Chemically, monoterpenes result from the condensation of acpditaate unit with two unsaturated bonds,
isoprene (2methytl, 3-butadiene). They are composed of 10 carbon atoms and 16 hydrogen atoms that can be linearly or
cyclically arranged according to different isomégtd] These species might have various degrees of unsaturation, leading to
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highly reactive sites in their structufdd], [25]. To that regard, terpenes are highly reactive towards oxidgrigone, (ii)
hydroxyl radicals HO®) and (iii) nitrate radicalsThey arehe most common initiators for gghaseoxidationreactionsn

indoor and outdoognvironment[93]

As detailed in the previous chapters, the use of household products represents one of the main contributors of indoor terpene
concentrations, nonethelesghat is the fate of terpenes once emitted in indoor environmem@oor, depending on
ventilation onditions, he removal throughreactive processesompeteswith the removal by air exchange rabeit also
surfaceuptake Three main mechanisrassociated tohe indoor fate of terpenen indoor airshould be consideredi)
homogeneous reactivity, (gprptive interactions and (iii) heterogeneoustigdyg, as presented in Figure Bhereforewhat

about the exposure to indoor concentrations of secondary air pollutants?

Figure 2. Schema of indoor fate of terpenes and terpenoids

This chapter aims at addressihg fateof terpeneshrough the analysis and discussion of research works published in the

recent years on the subject of indéate of TerVOCs emitted bhiousehold produs. The dscussion is driven bfjve axes

0] Oxidants in indoor air. analysis of sources and concentrations of potential oxigants
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(i) Non-reactivefate: uptakeof targeted indoor air contaminaras indoor materiats
(iii) Reactivefate: evaluation of reaction kinetics amkidation mechanisms of terpenes;
(iv) Sorptiveinteractionsand heterogeneous reactivity
(v) Formation of products:assessmerftom the use of household products under realistic conditions.

4.1 Indoor concentrations and source®f oxidizing agents:HO®°, NOs and Oz

4.1.1 Ozone in indoor air: sourcespncentrationand deposition

Concentration levels of ozone in indoor environments depend on several influential factors. These factors are (i) outdoor
concentration levels of ozone, (ii) indoor emission rates and so(iiljegntilation rate, (iv) surface removal rates of ozone

and(v) homogeneous and heterogeneous reactions involving ozone.

Outdoor concentrations of ozone might widely vary depending on meteorological conditions and environmental pollution,
due to its photochemical production. This atmospheric process inwalla#e organic compounds, nitrogen oxides, carbon
monoxide and sunlighf16], [94]. During daytime, ozone concentrations are aerably higher and annual maximum peak
values are mainly observed during summer season. Weschle[3]akcorded ozone concentratfoaduring summer as

high as 183 pg/dwhile during winter the maximum concentration registered was 53%ig/am urban location in California,

USA. Likewise, the CSTB performed an investigation in their experimental hd0sk5 , $ Situated in France, cloge
Paris[92]. They evidenced the highest outdoor ozone concentrations ardhgm during summer with more than 200
ug/m?. This result also agrees with Blondeau e{28] who revealed maximum ozone concentration of 240 Jdfnhe
surrounding ofrench schools in Paris region during August 2003. According to the Fmrechsting platfornr85(971%$,5

during summer 2016, a peak concentration of atmerplzone increased up to 2280 pg/nt in the northern and eastern

regions of Francd97]

Nicolas et al. [92Fkvidenced that indoor ozomhiefly originates from outdoor aneary in a predictable way according to
outdoor concentration variations and air exchange rate. Likewise, indoor and outdoor ozone concentration ratio can vary from
0.2 to 0.7 depending on the outddo+indoor mass flow rate. Additionally, it has been vesitablished that\aariation of air
exchange ratéfom 1 to 4 ht can increase indoor/outdoor ozone ratio from 0.2 to (&3, [94], [96]
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Regarding indoor sources of ozone, Weschler ¢95], Destaillats et a[99] and Black et al[100] haveevidencedhat the
highest indoor contributors of ozone are office equipments such as laser printers, photocopiers, and air purifying devices
involving ionization processes. In the case of office equipment, emission rates can9@agly/h per equipment. Results

retrievedfrom studiesaiming at determining ozone emissions from office equipments are reported in Table 13.

Table 13. Ozone emission rates from photocopiers and printers ([@3h)[100]

OFFICE EMISSION RATE (ug/h) PER EQUIPMENT
EQUIPMENT Minimum value Maximum value Average value
Photocopiers
] 1200 7900 5200
(Units tested: 9)
Printers
" 20 6500 1200

(Unitstested: 12)

Deposition rate of ozone o surfaces are investigatéy a large number of studiesofSsurfaces and gypsum boackthe
most evaluated materiald01] £103] Lee et al]104] haveevaluatedhe meandecay of ozonén residencs it reache.8
+ 1.3 h%, with a mean deposition rate of 0.049 + 0.017 cm/s. From these investigations, decay m@@vadso bethe
highest in buildings witHarge surface to volume ratio&urthermore, Nicolas et 105 observed that eposition rates
decreases as the ozone concentration incredsgs.behavior is supported by the hypothesis pleaential sites for ozone
are limited and determined by the plogschemical properties of the surface of each matefiakn, the higher ozone
concentrationthefasterpotentialuptakesitesare covereddecreasinghe ozone deposition velocity and steady steggme
The deposiion of ozoneon surface definitely impactsozone concentratiom indoor air Neverthelessit remains high

enough taachievereactionswith unsaturated hydrocarbonedersignificant reaction ratg2]

4.1.2 Nitrate radicals (N@) in indoor air

The mainsource of indoor nitrate radicals resudliom the reaction between ozone and nitrogen dioXRRJ. The reaction
kinetic between nitrate radicals and unsaturated VOCs present in indoor air might be faster compared to other oxidizing

agents like ozone. In spite of the high oxidation ability ofsN@ery little experimental work &s been performed indaor
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Furthermore, indoor sources of nitrate radical are almost negligible, except for homes with unvented combustion appliances.

Typical indoor concentrations of N@re in the range of 1:362 pg/nt. [67]

4.1.3 HO° radical in indoor air

The determination of outdoor concentration$i@¥° radicalhasbeenrecentlyaddressedt is motivated byits high reaction

rates with most of the trace atmospheric constituents. With an outdoor concentration ranging fo&0Iiolecules/crh

as evidenced by Sarwar et §106], HO° drives the lifetimes of many atmospheric compounds. Regarding indoor
environments, the principal contributorstd®° radicals are related to chemical interactions between ozone amgsilks
reportedby Weschler et al107]. Authors performed an evaluation of the main indoor processes contributing to hydroxyl
radicals. Results revealed that primarily 13 reactions betimdenralkenes and ozone contribitean HO® production rate
ranging from 2.6 x 16to 9.5 x 16 ppb/s.It should be noted thahdloor ozone concentration in this investigation was 20

ppb; information about these investigations are gathergddhle 14| These data clearly evidence that terpenes are

characterized by the (i) highest reaction constant and (ii) the highest HO® productifhO&ite.

Table 14. Main reactive sources of HO® in indoor environment adapted [t

.-Terpinene 1.2*10*
2-methy+2-butene 0.89 4.5*10°
d-Limonene 0.86 2.6*10*
.-Pinene 0.85 1.6*10%
Isobutene 0.84 2.3*10°
Trans2-butene 0.64 1.5*10%
Cis-2-butene 0.41 6.4*10°
Styrene 0.37 1.5*10°
Propene 0.33 9.4*107
Isoprene 0.27 3.2*10°%
Camphene 0.15 1.7*107
Ethene 0.12 1.5*107
1,3butadiene 0.08 9.5*108
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Among potential oxidizing agengsesent in indoor air, 0zone is evidenced to be a key reaction initiator due to a strong intake
from outdoor leading to significant indoor concentration compared tg &@ HO° radicals. Moreover, the structure of
terpenes allows a high reactivity towasdone and such process can be pointed out as the main source of HO® radicals
leading to secondary reactivity. One of the main key driver of the fate of terpenes in indoor environment is suggested to be
the reaction with oxidants. In order to evaluate firbcess, it is important to understand its determinants: (i) thermodynamics,

(i) air exchange rate, (iii) kinetics, and (iv) reactant concentrations.

4.2 Non-reactive fate of terpenes in indoor air: uptake onto surfaces

In contrast to outdogr indoor cmditions combine large surfaceea in a relatively small volumethus the largest
surface/volume ratio$Specifically, typical outdoor surface area is estimated to be rougflgm®cm? in urban areas while
typical indoor surface area might achieve nearhd2 cn?/cn? for a furnished spac§l09] Different types of surfaces with
variousuptakecapacities can be presentindoor environmentdepending onhe physical anctchemical properties of these
materials.Uptake,commonlyknown as%ink H | | H RaAthe potential taeducegas phase concentratiohereafter, he
secondaryrelease of compoundaken uponto indoor materials can delay the removal of pollutants by ventilation, thus
extending the residence time obllutants indoos. [68], [110] Five investigations have been carried out to evaluate the
interactions between indoor materials darperes. Generally, evaluated materials aetis test chambers and exposed to
artificially polluted air Materials are exposed to contaminagitBerby contnuousandknown flow of pollutants at a constant
concentrationor in astatic modeStatic mode experiments operate withany air renewatnd adefinedamount of VOC$

initially introduced

Meininghaus et a[111] evaluated the interaction of organic vaponsseveral indoor materials. Results are presevited
permeatia factor (PF) calculated in percentage, which characterizes the mass flow through the madrialose to 100

% after 1h indicates a low concentration gradientalogv resistage against diffusion. Among0 investigated VOCs, five
terpenes were evalted in several materials: (i) wadhper with paste, (ii) simple watlaper, (iii) acrylicwall cover, (iv)
carpet and (v) gypsum board. Res@tédencethat regarding carpet and acrylicpga, camphor has the highest FB: %

and 106 % for both materg@kespectivelyConcerning gypsum board, a significant permeability was detected for volatile

compounds ononpolarterpenessuch D \fpinene. Authos verified that materials not idirectcontact with indoor air but
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covered with permeable materiafsight strongly act as sink¥his studycharacterizedhe retention capacity of materials

(RC) defined as the estimation for the mass of VOCs held back by the material when the species difitis€darimhest

RC values were found for the carpet angbsum board. Indeed, higher retention capacities were verified with the
augmentation of boiling point of molecules and for hydrophilic speé€ieslly, regarding retention capacities, evaluated
materials were ranked é&gllows FDUSHW ¢ J\SVXFPERRDGG 38K LIORRULQJ agrégemeénOiitR YHU L Q..
this study, Thevenet et §1.10] investigatedhe uptakes 0¢OCson gypsum boardslemonstrating that under typical indoor

conditions, the hydrophilic properties of gypsum board highlyrféve uptake of oxygenated VOCs.

Complementary, Jgrgensen et[all2] HY D O X-pin&heahd toluenenteractionson wool, nylon carpets, PVC coverings
and cotton curtain, undeealistic indoor concentrationResults evidenced highaptake R |-pinene comared totoluene
for all tested materialby one order of magnitude. These results agree with Jgrgensen[&13].who investigated both
species on other carpets sudathis study confirms a four times highgritake F D S D F L-pihenRdn a carpet compared

to toluene Detailedcomparison ofhe uptakeof toluenewith .-pinene investigations areportedin Table 15.

Table 15. Partitioning coefficient Ke (m) and adsorbed fraction at equilibrium: comparison between toluene and terpenes

Partition coefficient Ke (m)

Material Referenc&/OC .
. *pinene REFERENCES
Toluene
Carpets (2) 0.616- 0.709 1.670 1.993
PVC covering 0.250 0.819 Jorgensen et g112]
Cotton curtain 0.074 0.283
Carpets 0.5 +0.6 2.300 Jorgensen et gi113]
Adsorbed massfraction (%)
Material Referenceompound ; ;
tpinene Limonene REFERENCE
Toluene
50-m*room
Painted wallboardyylon carpet, 45 % 51 % 80 % Singer et al[114]

draperies anavoodfurnishings.

These observations are in agreement witse reported bginger et al[114] aboutsurface interactiasin fully furnished
room of 50 m. VOCs werespikedin the chambenvhile gasphase concentrations were monitar&esultsevidencedhat

theadsorption ratesf terperes namely O L P R Q H @khedeQu@re higher in magnitude compared to toluene. Adsorption
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rate were 0.21"hand 0.32 H IRU O L P R Q-piighk, Ee§pEctively, while ivas0.15 h! for toluene. Authas observed
thatthe partitioning of singlering aromatic hydrocarbons can be related to tmmilecular masssuggestinga noteworthy
uptake in the absence of vertida for terpene hydrocarbonEinally, the uptake bterpens ontypical residential surfaces
wereidentified as a key driveto reducetheir gasphase concentrations on time scalemparablawith typical residential
ventilation ratesReviewedstudies verifiedhat cepending on (i) the molecular structure of dumsideredspecies, (ii) the
physical and chemical properties of the solid substrate and (iii) the environmental corftitigrerature and humiditythe
intensity of the uptake process might vatgnce Springs et al115] verified thatthe number ofmolesof terpenesaken up
per unit of surface ard¢and to decreaseith thegrowthof relative humidity, particularly on glass, sugges@ngompetitive

interadionswith watermolecules for adsorption sites.

4.3 Reactivefate of terpenesin indoor air: formation of side products?

Reaction kinetics and rate constants of terpemiés ozone, hydroxyl radical, and nitrate radical have been extensively
assessed, but mostly for open atmosphere purposes and generally in small volume atmospheric simulati@ chamber
Nonethelessat the molecular level, the fundamental principles of cherkioatics and dynamics are similaom outdoors

to indoors. Actuallyyeviewedstudies aiming to evaluate-biiolecular rate constaswf terpenes and ozone interactions have
proceededn simulation chambers under atmospheric conditions of temperaturbuanidity. This section attempts to
provide a context for the understandiafythe reaction kinetics anthe formation ofsecondary produstthat mightbe
generatediue to thendoor reactivityof terpenesn the presence of oxidanfBhe dscussion in this sectios addressed by

the (i) gas phaseeactiveinteractionsi.e. homogeneous reactiviaynd (ii) surface&ehemistry i.e. heterogeneous chemistry

4.3.1 Gasphase reactian

The chemical structure of the reactants is a key driver of tretigsnln order to assedhe reactivity of indoor terpenes
thirteenrecent investigationarereviewedin Table 16. These studies evaluate the bimolecular reactions rate constant of 24

terpenes and terpenes derivatives towards ozone, hydroxyl radical, and nitrate radiohig@itemperature.
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Table 16. Chemical structures amdaction rate constants of TerVOCs towards typical ox&]88{, [116]4£127]

HO® (x 10
NOs(x 10%)  Oa(x 109

11)
Limonene
17.1 1220 210
CioH16
.-pinene
5.4 616 86.6
CioH16
-terpinene
36.3 14000 21100
CioH16
-terpinene
17.7 2900 140
CioH16
2-carene
8 2150 240
CioH16
-myrcene
215 1100 490
CioH16
.-phellandrene
31.3 7300 2980
CioH16
Linalool
15.9 1120 430
Ci10H180
Linalyl Acetate
11.6 NS 431.8
C12H2002
Terpinolene
225 9620 1880
CioH16
Cis- -Ocimene
25.2 2200 560

CioH16
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Trans -Ocimene
CioH16
Geraniol
23.1 1660 930
Ci10H180
.-Terpineol
19.0 NS 300
C10H180
-Citronellol
17.0 1210 240
C10H200
Citronellal
15.0 NS 350
Ci10H180
-Caryophyllene
YOy 145 1900 11600

CisH24

Camphene
CioH16

Camphor
C10H160

1,8 Cineole
(Eucalyptol)
Ci0H180

-Cymene
CioH14

Dihydromyrcenol
C10H200

Borneol
Ci10H180

5.3

0.380.46

11

15

380

2.65

66

<0.06

0.017

0.099

230

NS

0.9

<0.07

2.0

NS
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Menthol
C10H200

1.48 NS NS

NS: Not specified in the literature

In order to have aignificantimpacton the concentration dhdoorterpenestheir gas phaseemoval has t@ccur at a rate
competitive with indoor removal processes suel air exchange rate. Asportedin Table 16, several terpenase
characterized bgignificantly lowreaction rate Then,the reactive removalf these species withdoor ozone might occur
atlow reactiorrates andthese terpenes might be considered as inert. Indeeghoundspeciexonsidereds inerfTerVOCs
are camphenel-cymene,eucalyptol, and camphor. On the contrary, thactionconstarg | R Uterpinenewith ozone is
higherby a factor 1I00FRPSDUHG WR OLPR Q H Gtétpingriti@adalniahlbbdriensekob3d $orldwide in
household product formulatiorthe gas phase reactivity this TerVOCmighthave a significanimpact o (i) its gas phase

concentration and (ithereleaseside productformed by its oxidation116] [128]

Pommer etl. [129] investigatedhemain factors influencinthe oxidation ofmonoterpenesnder typicaindoor conditions
Authorsevidencedhat (i) an increasi ozone concentration, (ii) an extended reaction time and (iii) a decrease of humidity
have adirectimpacton the reactivity of.-pinene and ®arene. Fobothspeciesa decrease of the mass fractidnmeacted
terpenes was induced by extreasen relativehumidity. This specificimpact of RH cannot be ruled out regardindoors

reactivity of terpenesincehumidity variations argenerally concomitant witbleaning activities.

On the other hand, indoor reactsdretweerterpenes and oxidanase highlycontrolled bytheresidence timédifetime of the
speciedn the indoor environmeniNazaroff et al. [17] and Nicolas et §82] evidenced that lifetime mig be longewhen
some of the reactants gaisorbedntoindoor surfacesTo that regard, the interactiavith surfacesan be an influencing

process

4.3.2 Heterogeneous reactivigf TerVOCs

Researcbsonthe reactivity oterperes with ozonearepredomirantly focused on the homogeneous reactivity. Nonetheless,

a substantial fraction of emitted terpenes might be sashéadoor materials and surfaces, as discussed in the section 4.2.
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The uptakeof terpenes woto indoor surfacedo not prevent any reactiyitwith gas phase oxidants aeffective surface
reactionratesof terpene oxidation in the adsorbed phase may competaheithomogeneougas phase kinetics. Indeed,
Stokes et al[130], [131]revealed thasurfacereactionrateof an adsorbed alkene can be up to 5 orders of magnitude higher
than the same reaction the gasphaseln addition Destaillats et al[132] observedhat theconsumptionof ozonein an
experimental chamber remaindihh beyond the removal oferVOCsby ventilation. Author suggested that terpenes

remained on indoor surfaces, promoting heterogenemusumption of gaghase ozone.

Regardingsurface reaction rateSprings et al[115] evidence that thereactionrate of 3-carene and-imonene adsorbed
onto glass and polyvinylchloride (PVQ)eadsbecomeslO to 100 timeshigher thanhomogeneous reaction kinetids
agreenentwith this study, Fik et al.[133] reportedthat among thevaluatederpenes molecules;@&rene has thieighest
contributionto heterogeneousteractiors on the surfaces of ventilation systermsaddition Shu et al[134] determined the
VXUIDFH UH D FérpireorBmsvaddinddor surfaces(i) glass, (ii) polyvinyl chloride (PVC) and (iii) tax paint
surfacesFor all evaluated surfacethie heterogeneousaction probabilities are higher thiarthe gas phas&lore precisely
the highestsurface reaction rate wadservedor PVC under 50 % of relative humiditwith a factor 25 compared gas

phase kinetics.

Concerningheterogeneous reactions resultfingm the application of household prodydtticolas et al[6] observed that

dried residuegeft onthecleaned surfacawereresponsibldor anincreasdén ozone consumptiobecause of reactivity with
remainingTerVOCs.In the same way, Palmisani et HI35] investigatedthe reactivity of TerVOCs emitted by a carpet
deodorizer with indoor surfaceghe main @tectedterpenoidreactants were dihnydromyrcenol and linalool. Other reactive
TerVOCs found in lower concentration were: limonene, cymene, -4aghmeol. Experimestwere carried out by the direct
application of the cleaning products sprayednexperimental chamber under two condition: (i) empty chamber arid (ii)

the present odi carpet covering the complete surface of the floor. Results evidenced the potémti@arpet to significantly

remove ozone, promoting the increase of secondary produced aldehydes concentration in the gaseous phase. Indeed, ozone
decay was relatelly authordo reactionsoccurringon the surfacef the carpetSide productsesultingfrom heterogeneous

reactivity were mainly aliphatic aldehydes i.e. nonanal, decanal, and dodecanal.
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Based on thdive studiesreviewed heterogeneous interactioase suggested by authors to be predominant coeth#o
gaseous phase reactivit§) higher heterogeneous reaction rate of ozone compared to homogeneous seéctiamger
surface area vs. volupipical from indoor environments and (iii) source of emissions due to desorption prauessite
product formation However, if heterogeneougactive processes appear as significant sinks of TerVOCs, similarly to

homogeneous reactivity they have to be considered as potential sources of secondary pollutantpreeéusideimpacting

IAQ.

4.3.3 Formation of secondary pollutantgases angarticulate matter

Based on fourteen reviewed studies, TdMeeportsheformation yields of products obtained from the reaction of the three
mainindoor oxidantsvith (i) nine monoterpenes, (ii) one sesquiterpenes and (iii) three terpene alcohdsnTdten yields

of products argenerallyexpressed in moles of reaction product generated per mole of oxlzaity considered as the
limiting reactantNote that NS in th@able 17corresponds to not reported yield but confirmed secondary produtie In
same way, NQ correspond to species Migtimation yieldsunder the detection limit&dmong stablendvolatile oxidation
products detected and quantified in gtedies reviewed to create Table fotmaldehyde is of particular interdstcause of

its toxicity.

Table 17. Formation yields of gas phase products formed from the reaction between selected terpenes axiditimge
agents Adapted fronj116] £122], [122]£124], [128], [136]4138].

FORMATION YIELD
REACTION PRODUCTS HO° NOs Os.

Radical Reaction Radical Reaction Reaction

LIMONENE
. 0.20 £ 0.03 0.02
Limona Ketone (4acetytl-methylcyclohexene) -
0.174 + 0.028 ~0.01
ENDOLIM #Limonon aldehyde (3sopropeny6- 0.28
0.69 0.004
oxoheptanal) 0.29 + 0.06
Acetone " -
~0.02
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0.10

Formaldehyde - -
0.19

Hydroxyl Radical - - ra il

.-TERPINENE

Formaldehyde - - -

Hydroxyl Radical - 0.38+0.05

.-PINENE

From 0.05%£0.02 to From 0.03+£0.01
Acetone -
0.15+0.10 to 0.08+0.02

Formic acid 0.07+0.02 0.030.20

.-Pinene oxide 0.03+£0.005 0.021+0.007

Pinic Acid 0.030.06

Pinonic Acid 0.0220.079

Norpinonaldehyde 0.0120.026

Hydroxypinonicacid - - 0.0150.037
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2-Hydroxypinan3-nitrate - 0.05+0.004 -

-PINENE

0.54+0.05 From 0.42 to

Formaldehyde -
0.45+0.08 0.76+0.02

Formic Acid 0.02+0.01 0.02+0.05

Pinic Acid 0.0260.037

From 0.073 to
Hydroxypineketones
0.15+0.05

Organic Nitrates - 0.61 -

MYRCENE

Formaldehyde 0.30+0.06 0.26+0.03

Hydroxyacetone

4-vinyl-4-pentanal 0.19+0.04 0.70+£0.13

3- CARENE
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From 0.10+0.02

Acetone 0.15+£0.03 -
to 0.22+0.05
0.21+0.04
Formaldehyde - 0.16
0.25+0.02
0.08+0.02
Formic Acid - -
0.11+0.01
saxz427
Hydroxyl Radical - - ek
0.86+0.11
3-Caronic Acid - - 0.042
Hydroxycaronaldehydes - - 0.032
3- Caric acid - - 0.019
Pinic Acid - - 0.012
Nor-3-caronic acid/isomers - - 0.023
Hydroxy-3-caronic acid - - 0.012
Organic Nitrates - 0.66 -
Carbonyls - 0.29 -
OCIMENE
0.18
Acetone - 0.21 to 0.24+0.04
0.20+0.15
4-methyt3,5-hexadienal " - 0.33+0.06
r & @45 6
Hydroxyl radical - - raes
0.55£0.09
-PHELLANDRENE
4-1sopropy}2-cylcohexenrl-one 0.29+0.07 - 0.29+0.06
Hydroxyl radical - - ~0.14
TERPINOLENE
4-methyt3-cyclohexerl-one 0.24 t0 0.26 +0.05 - 0.40+0.06
1-methylcyclohexend-one 0.08 to 0.10 +0.02 - "
0.32 to 0.39 +0.05 0.50£0.05
Acetone -
0.44+0.04 0.44
Formaldehyde 0.29+0.06 - -
0.08+0.02
Formic Acid - -

0.04+0.04
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LT

0.74+0.10

Hydroxyl radical - -

CARYOPHYLLENE (SESQUITERPENES)

0.80
Formaldehyde - -
0.76
3,3Dimethyl -methylene2-(3-oxobutyl)
- - 0.08
cyclobutanebutanal
3,3-Dimethy} -oxo-2-(3-oxobutyl)
- - 0.08
cyclobutanebutanal
Hydroxyl radical - - rax;ial

LINALOOL
From 0.160 to
Acetone 0.505+0.047 0.225+0.052
0.211+0.024
6-Methyl-5-hepten2-one 0.068+0.006 - -
0.85+0.14
4-Hydroxy-4-methyt5-hexenl-al 0.46+0.11 0.191+0.051
0.50£0.09
From 0.34 to
Formaldehyde - -
0.36+0.06
Methylglyoxal - - 0.11+0.01
From 0.110 to
5-Ethenyldihydre5-methyl2(3H)-furanone - - 0.126+0.025
r3 t>4g?1/:
Hydroxyl radical It
0.66+0.10
.-TERPINEOL
Acetone NQ NS -
Ethanedial (Glyoxal) 0.014 NS -
2-oxopropanal (methyl glyoxal) 0.005 NS 0.019
4-Methyl-3-cyclohexenrl-one 0.057 - -
6-Hydroxyhept5-en-2-one 0.20 - 0.31

4-oxopentanal 0.022 - 0.006
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GERANIOL
Acetone NQ NS -
Glycolaldehyde 0.29 - 0.31
6-Methylhept5-en-2-one 0.075 - 0.14
6-Hydroxy-4-methyt4-hexenal - - 0.26
Ethanedial (Glyoxal) 0.005 - 0.006
2-oxopropanal (methyl glyoxal) - - 0.065
4-oxopentanal 0.37 - 0.035
5-oxopent4-enal - - 0.10

1: In the absence of &tO° radical scavenger.

Several species displayed in Table 17 correspond to the first generation of oxidation product, i.e. primary reaction
intermediates, such as limona ketone Bmebnon aldehyde formed from limonene oxidation. These primary intermediates
are characterizedyllower reaction rates with ozone compared to initial terpenes, however they are highly read®?e to

and NQ. Thus, along the oxidation pathway of terperseseral andiarious oxidant can be involved. Formaldehyde is a
major secondary product of tergenxidation. As reported in Table 17, among monoterpeBpgjene shows the highest
formation yield with 0.76, followed by myrcene with 0.30. The ability of terpenes to form formaldehyde-psosidets of

their oxidation represents the main concern in terpene indoor reactivity.

4.3.4 Formaldehyde production from hsehold produateactivity

The formation of formaldehyde related to indoor reactivity involving household product emissions has been specifically
evaluated by eight studies. The main results are assembladblie 18 These investigations were perfodredong the last

15 years in the Unites States, France and Denmark. Several factors might strongly impesuiltingconcentratios of
formaldehyde. These factors are (i) ozone inleicemtration, as oxidizing agefnd acting as the limiting reactaand (ii)

the reaction rate of emitted terpemneish oxidants. Reviewed studies were executed under diverse experimental chamber
scales, from small size to real size. Likewise, different cleaning products were tested, therefore emitted terpenes might be
largely contrasted from one study to another. Moreover, ozone concentratiemewiewed studies ranged from 20 to 250

ppb. Consequently, this section does not allow the direct comparison of formaldehyde concentrations after the household
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product applicaon. Nevertheles it is possible to comparthe formation yields of formaldehydehus the ratios of

formaldehyde concentrations before and after ozone introductf@/@BO ratio)for each tested household product

Table 18. Peakconcentration of formaldehyde produced by gas phase reactivity between ozone and terpenes emitted from

household produc{$], [16], [54], [56], [80], [132], [139] [140]

FORMALDEHYDE
FORMALDEHYDE
PRODUCT CONCENTRATION AFTER RATIO
CONCENTRATION BEFORE
CATEGORY OZONE INLET (FAO: FAO/FBO
OZONE INLET (FBO: pg/m 3)
Hg/m°)
Bathroom cleaner (Foam 220 330 1.50
All -purpose cleaner
17.0 8.0 0.47
(Powder to cream)

Kitchen cleaner (Spray) 7.0 10.0 1.43
Glass cleaner (Spray) 9.0 100 111
Air freshener (Plug-in) 25 28.2 11.28

Orange degreaser 10.1 29.3 2.89
Pine general cleaner 9.0 19.8 2.19
Air freshener (Plugn) 6.7 13.8 2.07

Complementarily, Fan et di74] evaluated lte reactivity of 23 volatile organic compounds with 40 ppb of ozone.i$n th
study, the air exchange rate is set to 118nha 25 ni experimental chamber. Among the tested VOCs, this study compared
the reactivity of two gas mixtures: (i) 21 nterpenicVOCs typically observed in indoor environmentgxed with40 ppb

of ozone DQG LL W H U S H Q Hpinend)mx&Quiha el pfib@1Gozone. Reported reaction products included
compounds that are not directly generated by the reaction with ozoraybrgaction product resulting from the oxidation
process and possibly involvingO° radicals. Regardinghe formation offormaldehyde, after ozone introduction in the
presence of the twterpene mixture, thiotal formaldehydeoncentrationgom reactions with ozone excee®8pug/me. On

the contrarythe 21 VOC mixtur@nly produceatotal formaldehyde concentratiofi2.1 pg/n¥. Moreover, in the @terpene
system, almost 70% of the formaldehymleservedwas derived fronthe reactions oHO® with .-pinene and dimonene.

This studyprovides astriking evidence thahe indoor reactivity oferpeness a key source of secondary formaldehyde.

As presented in Table 1Bestaillats et a[132] investigatedhe formation osecondary pollutants in a 0.13 experimental

chamber from the use of 3 household products: (i) a-ipligr freshener, (ii) a pine eblased general purpose cleaner, and
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(iii) an orange oHbaseddegreaser. Ozone was introduced unddeudifit concentrations: (i) low, i.80 ppb, (ii) moderate,

i.e. 60 ppb, (iii) high,i.e. from 120 to 130 ppb and (iv) very high, i.250 ppb. Authcs evidenced that thgields of
formaldehyde were contrastém one testegroductto anotheri(i) 90 % for the plugn air freshener, (ii) 20 % for the
pine-oil-based cleaner, and (iii) 30 % for the oranjjebased degreaser. This investigation coincides with Singer[66al.

who observed aA&AO/FBO ratio of11.28for a plugin air freshener, the highest compared to other tested products. Both
studies agree on the fact that TerVOCs mass concentration in air fresheners are substantially higher compared to cleaning
prodicts. Likewise, an important effeatn formaldehyde productiowas observednd attributedo the longerindoor

residence timef TerVOCs fronplug-in air freshenersince they acés continuous emissicgource.

Regarding thdifferences in FAB/FB@eportedn Table 18, investigationsonfirmedthat thevariance in the formation yield
of formaldehydewas strongly related to the diversity of molecules containetthértested household productsideed,
Destaillats et al[132] evidenced that after application of a pinelmsed cleandn the presence &50 ppb of ozone, up to

R I-terpinene was consumed in comparison witly 30 - R I-terpinolene and 1520 % of limon&e. Results
are consistent with the fadlv K Befpineneis the most reactive among tested terpene molecule, as discussed in Table 16.
Furthermore, Liu et a[139] investigatedhe reactivity of TerVOC#$rom an air fresheneAs ozone was introduceid the
largescale chamberapid decag of limonene, and pinenesene observedOn the contrary, camphene decayed at a lower

rate consisterly with its slower reaction rate with ozone.

Overall, for all household products tested, reviewed studi@srtan increase of the concentration of formaldehyde after the
application of products compared to blank concentration levels of formaldehyde. Formaldehyde is clearly pointed out as a
major secondary products formed with significant yields from most of thertegp The indoor reactive chemistry of emitted
terpenes may contribute to an increase of the concentration of formaldehyde and higher exposures of occupants to

formaldehydeamongother secondary pollutants

Moreover, several primary reaction products obséralong the reaction between terpenes and ozone are characterized by

high molecular weights, increased polarity, and low vapor pressure, therefore, beyond the formation of gaseous products,

nucleation processes might take place and lead to the fornadis@condary organic aerosols.

81



Emissions and reactivity of terpenes from the use of esseiitidhsed household products under realistic conditions

Impact on indoor air quality Chapter 1

4.3.5 Formation ofsecondary organic aerosélem household productsmissions

The formation of secondary organic aerosols from the use of household products has been assessed by twelve studies,
corresponding results are gathered’able 19.These investigations were performed along the last 15 years in the Unites
States, France ai@enmark.Table 19 present by column (i) the category and the diffusion mode of the applied product, (ii)

the particle number measured in the experimental chamber before introducing ozone, (iii) the particle number formed by the
reactivityof TerVOCsand a@one, (iv)formationratio associated to introduction of ozorféhe marticle number is expressed

in number of particleparcubic centimeter (#.cr). As for formaldehyde production, differences in experimental parameters,

such as ozone inlet concentratishowsa direct impacbn the formation of particles. Subsequentlyis section doesat

directly comparearticlenumbersetween studies but evaluate alisbusghetrends inparticle number before and aftbe

introduction of ozonghrough thePAO/PBO ratio, i.e. particle number after ozone introduction / particle number before

ozone introductionindeed, mlet aone concentrati@in reviewedstudies varyrom 20 to 250 ppb.

Table 19. Peak particle number (# /énproduced by the reaction of terpenes after ozone inlet and household product

application[6], [15], [16], [55], [56], [58], [74], [80], [13}, [139], [141] [142]

PARTICLE NUMBER PARTICLE NUMBER
PRODUCT
BEFORE OZONE INLET AFTER OZONE INLET PAO/PBO
CATEGORY
(PBO: #/m®) (PAO: #/md)
Bathroom cleaner (Foam) 4678 87715 18.75
All-purpose cleaner
4999 187475 37.50
(Powder to cream)
All -purpose cleaner (Spray 5000 211000 42.20
Kitchen cleaner (Spray) 3498 10493 2.30
Glass cleaner (Spray) 3034 13595 4.48
Floor cleaner (Liquid) 8200 >L.D =670000 >81.71
Air freshener (Spray) 11 500 >LD = 670000 >58.26
Air freshener (Solid
7300 >LD = 670000 >91.78
passive diffuser)
Floor pineoil cleaner
1826 189 881 103.99

(Diluting + mopping)
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As reported iriTable 19 Long et al[142], in collaborationwith Harvard School of Public Health, examined the formation
of particles associated to the use of household products under realistic conditions. Experiments were cofudut¢techas
located infour different suburbamown close tdBoston, USA. Thistsidy evidencedhat during floor mopping with a pine
oil-based cleaner, thgeakparticle number concentration (#/&nmncreased by ratio of 104 During the application of this
pine-oil-based product, local ambient concentration of ozone was modefatat4é to 48 ppb) and AER wa8.53 h'.
Moreover, a key finding in this studglies in the facthat morehan50 % of generated particles during floor mopping were
ultrafine particles with a diameter in the range of 0.02 and 0.1Similar results wer@btained by Weschler et §88] by
evaluating indoor sources of particles by introducing a popular commercial cleaner in two different furnished offices: (i) a
3QR]JRQH” RIILFIQ MOQBGHEIH@® RIILFH ZLWK DQ HP LV ozARr@ perbivNhjdR terpendd R
GHWHFWHG LQ WKH FRPPHUFIID@H @&6piHdn€) &hd liddhena@hidiGvediDation confirmed that
reaction between ozone ahdrVOCscan produe a substantidhcreasen the number and mass concentration ofsutron
organic aerosoldndeed, under supplemental ozoties measured net mass concentratibmerosolsncreases nearly to 95
ug/m3. In addition Nicolas et al[6] evaluatedhe reactivity of terpenes emitted frdiv household products under realistic
scenario. Experiments were performed in the experimental house MAIRi#&r non controlled temperature and humidity
Results evidenced an augmentation of particle nurnpeatios of 38 and 19for foam allpurpose cleaneand a bathroom
cleaner, respectivel\similar behavics are observed for othegsted productslhis trend is confirmed b8arwar et al[15]
who experimentallyevaluated the potential of secanyg organic particle formation and growth from the use of several
consumer products in the presencéigh concentrations afzone.Tested products were (i) a solid air freshener, (ii) a-plug
in air freshener, (iii) a floor cleaner and (iv)generalpurposecleaner. For the first three mentioned produetsthors
evidenced that the particle numtstronglyincreased by a factdrigherthan60. Results m@sented herein clearly indicate
thatthe formation ofine particle andheir growth occurconcomitantly wittthe application of terpereontaining household

productsjn the presence of ozone

Regardinghegrowthof produced aerosqlseviewedstudiesconfirmsthat the particle size distributiaf particulate matter
shift tohigher diameteyalong thecleaning activies, i.e. during the ageing of aerosMéeschler et a[58] noticed that aér
introducing ozone, the number of particles monitarethe 0.1 pm channealeclinesconcomitantly with the increase the

0.2, 0.3, and 0.4 um channels of the partgiier. Moreover, the Environmental Protection Agency in the United States (US

EPA) [139] observed that ultrafine particles were formed with high number concentration rightzfter was introduced

83



Emissions and reactivity of terpenes from the use of esseiltiahsed household products under realistic conditions

Impact on indoor air quality Chapter 1

in the experimental chamber in the presence of aiplady freshener; followed by (i) sshift of the particle size distribution

toward higher diamete@nd (ii) a decrease of the particle number concentration. Author illustratethéise observations

are related to a primary mechanism of particle growth through condensation in the initial reaction process, followed by a gas
to-particle partitioning of oxidation productas a resultthis section illustrate mintensdancrease ofhe particle numbens

soon as thexidation process of terpenes ocguhen the sizedistributionof particlesshift to higher diameters.

Generally cleaning activities are performed in order to improve indoor air quality and hygiene. Howesmistiensof
terpene containeith cleaning products and air fresheners combined with indeidantsmight produce significaramounts
of secondary, i.e3 KL G G Hipollutants. Among them, formaldehyde and secondary organic aerosols might be generated

in significant amounts anahayincrease thexposureof occupantsexceeding relevant health standards and guidelines.

5. CONCLUSIONS

The perception of essential oils as ingredients of natural origins tends to shade the potential impacts of these ctiesical spe
on indoor air quality while they are massively used in housecleaning products and air fresheners. Essential oils nsbstly consi
in complexmixturesof terpenes antkrpenoidsThe physical and chemical properties ofM@LCslead to their direct transf

from the liquid phase to the gas phase, increasing the inhalation exposure to allergens and pollutants. Moreover, TerVOCs
can lead to sensitization and subsequent induction of allergic symptoms in the respiratory tract. In spite of the ptibsible he
concerns related to the ubiquitous use of scented household products, no specific regulation is proposed. More restrictive
requirements have to be satisfied by household products manufacturers in order to be certified as organic and/or green
products sincehe ecelabelling of products is based on the evaluation of its environmental impact and hazards to human
health along its life cycle. However, whether conventional oroectified, fragranced products might contain a range of
hazardous air pollutants aodly few are revealed to the public through product lal#dsa consequence, consumers do

not have adequate information concerning the potential exposure to risks and a fictitious perception of safety while

EX\L@dtukal” KRXVHKROG SURGXFWV LV SRVVLEOH

The exposure to hazardous chemicals contained in household products is mainly driven by the contact time, the quantity of
product applied, and the frequency of exposure. These parameter enable the definition of the consumer ude hzdterns
been evidenced that the behavior of consumers is characterized and strongly affected by large individual variations such as
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the frequency and durations of use, and the amounts of products applied. Nonetheless, (i) human behavior and (ii) chemical
composition of a product are pointed out as the key drivers of inhalation exposure to species contained in cleaning products
and air fresheners since they determined the concentrations of emitted chd®eigatsling the inhalation exposure risk
associated ¢ cleaning products and air fresheners, it is suggested that important information gaps have to be filled

before a satisfactory understanding of potential risks can determined

Beyond the consumer use patterns, the emissions of TerVOCs from househaltdtgpoad be strongly affected by indoor
environmental conditions such as temperature, relative humidity and air exchange rate. Nevertheless, no reviewed
investigation has specifically assessed the influence of temperature and/or humidity on househcicprisdions since

most of the investigations are performed under regulated and stable temperature and relative humidity conditions. This
observation highlight a first mismatch between test chambers and the reality of indoor air. Similarly, the davetsity,
sometimes the ambiguity, of the experimental chambers regarding (i) volumes, (ii) air renewal rates, (iii) inner,materials

(iv) mixing factors make difficult the comparisons from one study to another and question the discrepancies between
reviewedinvestigations and realistic conditionss a consequence, in order to decrease such a variability and make
further studies compliant with the reality of indoor environments, it is required to develop detailed protocols for a

standard evaluation of TerVOCs emitted from consumer products

If a standard evaluation protocol is proposed, it should be adapted to each type of products. Indeed, in spite oha significa
variability, the reviewed literature still highlight that (i) the category of product usgdts(diffusion mode and (iii) the

surface to clean are influential factors of TerVOC emissions. The exposure of occupants is directly related to thenapplicatio
patterns of the cleaning products such as (i) rinsing and removing the cleaning matdrisisfaces, (ii) using diluted

products that increase the product dispensed but decrease the mass fraction of active components and scents, and (iii) reduce
the frequency and duration of the cleaning activities. It has been evidenced that the casesbtaieifs differs from cleaning

products: depending on the diffusion mode of air fresheners, the temporal dynamic of TerVOC emissions considerably
differs. Plugin air fresheners and passive diffuser act as long term emission sources, while spray aerdsoiporary.

Therefore, beyond the definition of standard experimental protocol, the complementary construction of realistic

scenarios of use are definitely expected
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The emissions of TerVOCs from household product can act as continuous or tremsieas of VOCs but their intensity is

most of the time higher than other sources. It is evidenced that the use of pure essential oils can temporarily dwarf other
indoor sources of VOCs since the concentrations of evaporated individual terpenes caxaasilyhe exposure limit value

defined for long term exposure by the European commission. If TerVOC levels emitted from cleaning products are lower,
they are highly variable. Reported concentrations are highly contrasted; this behavior is suggesiddhatbd to: (i) the

diversity of experimental methodologies used in the reviewed studies, (ii) contrasted mass concentrations and high diversity
of terpene constituents in the produdis) contrasted physicochemical properties of terpenes and ffféreit chemical

affinities of terpenes for other species or solvents contained in the product formulations. Regarding air fresherndys, it clea
DSSHDUV WuUiikg WRKoHbE bewtralizer FODLPYVY DUH KLJKO\ DPELJXRXV Mlmadside WKH\ P
emissions of TerVOCs to provide pleasant odors. They only provide a feeling of sanitization and no purification actions are
assessed. On the contrary, their contribution to an increase of the exposure of occupants to VOCs can be cleatly. pointed
The emissions of TerVOCs from essentiabil-based products are not enough considered among indoor emissions
sources while their significance can be clearly evidenced. They are not related to the building itself, but dependent on

the activities of occyants.

Beyond their emission, the fate of TerVOCs in indoor environments has to be assessed in order to provide a global and long
term overview of their impact on indoor aflince indoor environments are characterized by high surface/volume ratios,

the uptake of terpenes is likely higher than outdoorsThe deposition of terpenes on typical indoor surfaces and its
dependence on environmental parameters has to be deeper investigated and considered. Alike outdoor chemistry, indoor
oxidants can initiate oxidi@n reactions in the gas phase, before any uptake of TervVib€sefore, in spite of the fact that

cleaning activities are performed in order to improve indoor air quality and hygiene, the reaction of terpene with

indoor oxidants might produce significant amounts of secondary air pollutants.Among them, formaldehyde and
secondary organic aerosols might be generated in substantial amounts and may increase the exposure of occupants, exceedin
relevant health standards and guidelines. Results reported litethéure related to outdoor chemistry provide relevant
orientations to understand the homogeneous reactivity of indoor TerVOCs. Nonetheless, the homogeneous reactivity does
not preclude that adsorbed terpenes do not react with indoor oxi@arttse cortrary, the formation yields of secondary

pollutant are enhanced when TerVOCs are in the adsorbed phase suggesting a predominant impact of heterogeneous
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processes on indoor air quality. The homogeneous and heterogeneous reactive behaviors of TerVOCs am indo

environment evidence further needs to understand their indoor physics and chemistry.
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1. Context of the ESSENTIEL project and objectives of this thesis

1.1 Context of the ESSENTIEL project

This project takeplace at &ey time when the buildings are facing technological changes to meet growing constraints in
terms of energy efficiency and health. The reduction of energy costs leads to an increasing of indoor confinement,
affecting the air exchange rates. These energyawements carry with them the risk of worsening the indoor air quality.

The awareness of the importance of the health issue is still, at this stage, less pronounced than energy issues. The
implementation of good practices in terms of ventilation, cleaaimsanitation of confined environments is currently
adopteday a certain fraction of the populatisrho becomeaware of the environmental issues. Nevertheless, some new

practices based on the use of essenilabased productsan be questioned reganditheir effective impact oimdoor air

quality (IAQ).

The project call CORTEA aimat supporing initiatives permittingthe improvemeniof ambient and indoor air quality.
Along the last 20 years,it has clearly been stated thatindoor air quality can be improved by (i) optimizing
ventilation, (ii) reducing the inner sources of pollutants, and (iii)complementary, in some specificsituations,
pollutants can betreated by different remediation technologies and devicefegarding the last pdinin terms of
remediationtechnologes, adsorption and photoatalysis have been the mastestigated andleveloped processes. In
2009, standards related to these technologies these proposedl] £3] The risk of byproducts formation using these

air remediatiortechnologies has been pointed ¢4i, [5] Therefore, since 2010, passive remediation technologies have
been more and more investigated for indoor applicati@s , Q WKDW Fd® Qa&tr¢nt B8l plrification” and
¥emediation” the use oko-called hatural” air purifiers,suchas essential oils, have recently upsurge among consumer
producs. However, thewllow a purifying performance mainly associatieda bacteriological point of viewTo that
UHJDUGY WKH\ PD\ FUHDWH DQ DPELJXRXV 9uityirdd SSMOIDR @ D F RPRW R Q ¥ B RJK
and established. Moreovehere is no warning to consumers regarding the potential toxicagsential oils released in

indoor air and the fate of essential oils constituents after their diffusion in indoor air.

The ESSENTIEL projecims at satisfyingwo needs

(i) Toenhancehe knowledgeelaiedto the emission factors and tblearacteristicef terpenes released during

the use ofessentiabil-based household producitsdoors To that end the project proposes a test
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methoalogyinvolving specific and realistic scenasialowing the accurate characterization of the emission
related to thesenew consumeproducts;

(i)  Tostudy the fate of terpenes indoors and in particular iteractionwith indoorsurfacesThe projecaims
atinforming on the contribution of the homogenous and heterogeneous chawrliztgito terpenes in indoor

environnents

The ESSENTIELprojectillustrates one othe collaboratioabetween IMT Lille Douai (SAGE) and CSTBiéalth and
Confort). It takes place in the frame of several research projectsoimectionwith indoor pollutant source
characterizatiopand their impaconindoorair quality. The experimental approach is based on the complementarity of
skills and knowledge between the two partners. The main strength of this collaboration is Hseatauliethodologio

achiee comprehensive results.

1.2 Objectives of ths thesis and structure of the manuscript

The scientific outlines of the thesis have been designed to answer to the first need of the ESSENTIELgroject
investigate the emissiors of essentialoil-based household products under real caumer use patterns andto assess

their impacts on indoor air quality.

The followingissues emerge from thabjective:

® How to define realistic scenasfor the evaluation of emissions from essential oil based products? How to
take into account diverse mhes of diffusion: from the usa thecleaning products to the direct diffusioh
essential oil$n indoor environments?

(i) $UH HPLVVLRQ WHVdiNMe KKDERERBYPD QWG SUHVHQ WD Wl Yis¢e Rttert HD O\
experiments?

(iii) How to determine aaccurate, representative and usefimission factofrom the monitoring ofresulting

indoor concentrationsf pollutant®

This workaims atproviding realistic test protocols allowing the accurate assessment of texpessions from the use

of essentiabil-based products via the determination of representative emission factors.

To achieve this objective, multiscale and integrated approdasbeenelaborated and split into three wepkckages:
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- Thedeterminatiorof theconcentrations of terpene moldes in thdiquid selected household products and their
respectivegastransferred concentratisby micro-chamber testing

The investigation of the primary emissions of terpene molecules from the usesaintieselected products
under realistic use cditionsin alm? emissiontestchamber,

- The comparisorof the primary emissions of terpene molecudetermined ina 1 n# emission chamber with

those determinednder real usand real scaleonditionsin the 40 ni experimental room IRINA .

Therefore, thishapterdetails (i) the selection of tHavestigated householgroducts, (ii)the investigatiorprotocol to
characterize theontent of terpene molecules in the seledigqdid essentiabil-based cleaning products, (iithe
experimentalsetups for the evaluation of their emissions in experimental chambers at different, smadesiii) the
experimentaktrategiesncluding analytical devices for characterizing the emission process from the use of this type of
productsFinally, the resut obtained from the experimental approach presented in this chapter are discussed in Chapters

3 to 5.Figure 1 describes the experimental results and discussion presented in the following chapters of this manuscript.

Chapter 3 Chapter 4 Chapter 5
fhe impact of essentialoil- fhe impact of essential oil ffhe impact of cleaning
based cleaning products on diffusion on indoor air quality products and essential oil
indoor air quality (IAQ): From (IAQ): 1 m® emission test diffusion on IAQ under real
their liquid composition to chamber. consumer  use patterns
emissiontest chamber.

experimental room of 40 m3

Figure 1. General description and structure of the investigated proposed in the following chapters

2. Experimental approach for the evaluation of essentiabil-based producs under real consumer use

patterns
2.1 Benchmarking of essentialoil-basedhousehold productsand diffuser devices

In the frame of this project, essental-basedchouseholdroducts are defineals naturally scented and organic certified
products used in a nggermanent way in indoor environments for housekeeping purpbseg can be classified two

categories of products: (i) essenidl-based cleaning productsd (ii) air purifiers, defined as puressential oilsor
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essential oil blendslaiming for air cleaningperformance andor toxin-neutraliazng activities For their selection, a
benchmek analysis is performed among household products that have been certdmmlaagcal productby different
European labelg7] £9] A total of 108essentiabil-basechouseholgroducts are identified frowariousretailstoresin
France 48 cleaning products and 60 air purifiers including 22 pure essentidlleddenchmark analysis also permits to

identify a totd of 21 different devices allowing the diffusion of essential oil blends under different mechanisms.

Annex 1 reports an exhaustive list of the identified products andctheiacteristics: use purpose, diffusion mode, brand,

retail store, fragrance, andmposition indicated by the manufacturer.

Selection criteriaof cleaning products /A total of 8 cleaning products are selected in the frame of this prdjeptayed

in Table 1 This selection has been done by considering: (i) the diverse purposeafdutige diversity of application
instructiors, (ii) the variety of application mode=. liquid form, spray, foam cleaners a(iig the diversity of essential
oils used as natur&ragrances in the formulatios. The product selectioimtends tobe representative of the market and
targes the assessment of the impact in indoor air quality of the product formuldtgoterpene content and tthiéfusion

mode

Table 1. Specification on the selected cleaning products.

Type of

Cleaning products characterization

é ~ % =
§2 5% g5
iffusi : ot 2539 -gg 5T
L o —
Selected Product Diffusion Natural Fragrance: Retail Appllca_tlon ESE S 9t
Product  category mode store instructions 8 88 89 =
ss6 2e §E
8% GSE w8
S 4
Trigger Lemon oil Naturalia Rinseoff X X
KC #1 _ spray
Kitchen
cleaner
: 0 ‘
Trigger Eucalyptus oil ALR F Rinseoff X X X
KC #2 spray bon
Surface cleaner: X X
Multi Liquid / Leave on
ulti-use qu Citrus oil Carrefour X X
MC +1 cleaner  Dosing cap
Floor cleaner: X
Rinseoff
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Liquid Lemon oll Naturalia Leave on X X
MC +2
Liquid Mint and _eucalyptus Carrefour Leave on X X
MC 3 oil
e S Lavender and sage o Biocoop Leave on X X X X
SC+l  syrface spray
cleaner
Wipes Lavender oil Naturalia Leave on X
SC +2
Ciees Trigger Citrus oll Naturalia Leave on X X
GC +1 cleaner spray

1: Based on infornation given by the manufacturer

Selectbn criteria of air purifiers / As report in Table 24 representative air purifiers are selected. This selectibonis

by considerindfirstly their chemical compositieand thér diversity of terpene moleculesecondly their application

modesi.e. aeroV ROV W U L J J Hhe uges with d¥fusetdr hal'R

Table 2. Specifications on the selected air purifiers.

Air purifiers Type of characterization
[} e~
5§ 5% 95
= 0 — O
Z 12 % c =
Selected Diffusion Instruction of Natural . g % 5 -% g
Retail store 5 - 05
Product mode use Fragrance! 3 2% = £
= 22 g =
g 8E w8
— rxod o X
- Tobeusal witha Mixture of different Nature &
Liquid . o . X
AP-1 diffuser essential oils Découvere
A To beusa with a . Nature &
APog Liquid diffuser Tea treepil Découvere X X X
Aerosol To bedirectly Mixture of_dlffe_rent Naturalia X
AP -3 sprayed essential oils
Trigger To bedirectly Mixture of_dlffgrent Pharmacy X X
AP - 4 spray sprayed essential oils
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Selection criteria of diffuser deviced As presented in Table 3, three contrasted diffusion devices are selected. To frame

this study, solely the process of transfef terpenedrom essential oito the gas phasesing a commercial diffusés
investigated. Thertwo mainpointsaretaken inb accoun{i) devices not requiring water and (ii) devices not involving
a candle or flamdndeed, (i) the emission dynarsibirough mechanisms involving water might alseolve interactiors
between terpenmoleculesand water droplets and (ii) diffusigamrocesssinvolving a candle or flame may also generate

secondary products from the combustion prosestascombustiorgases and particulate matters.

Table 3. Specifications of the selected diffuser devices.

Diffuser devices Type of characterization
2 = Ee
o o o o
w2 NS
[0} E =
: . : . = 5 =
Device Diffusion mechanism Retail store Photo 3G =
o = R )
7 8 € E
= () 5
8 IS T o
x 2
@ o

An air flow is forced through a sma
tube, increasing its velocity whil
the pressure at the exit point
reduced. That difference of presst
o induces a suction causing tt  Nature &
Nebulizing ) . . , ,
. essential oil to rise upwards in  Découverg
diffuser X
separate glass tub&hen a stream
of pressuried air hits the oil surfact
and creates micrdroplets that ge!

easilyevaporated.

Ceramic It evaporates essential dily a soft

electric  electric heat gain. A heating Pharmacy X X
heat resistance maintains a small cerar

diffuser  receptacleta constant temperatur

It consists in a wiclkhased systen
that combines the action of wickin
o and evaporathnA stick made of Nature & ) y
.p|IIary beech.woc.)d isscrewed on thg Découvere
diffuser  essential oilflask, the top of this
porous stick is exposed to the air,
that the volatile liquid slowly
diffuses atthe liquid-air interphase.

Regarding the investigation of the emissifmom theuse of airpurifiers and the diffusion of essential oil blendsly

the results associated to the diffusion process of tea tree oil are included in this manuscript. The characterization of the
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liquid composition of all the selected products (Tabland 2 and the ealuation of the emission from AR4 in the

emission test chamber will be providedADEME in thefinal report of the ESSENTIEprojectand published otine.

2.2 Characterization of the liquid composition of the essentiabil-based household products

The preliminary stage before evaluating the emissions and the ifatedrom the use of essental-based household
products is the identification of their chemical composgiorhe experimental sefp for the assessment of the terpene
content is spéfic to the type of product evaluated (i) tBeessentialoil-basedcleaning productsand (ii) thetee-tree

oil.

Cleaning products /Several extraction parametdrave beemptimized in order tonaximizethe completeextraction of

terpene moleculescluding (i) the selection of theextractionorganic solvent, (iithe mass ratio of theleaning product

to thesolvent, (iii) the contact timebetween the solvent and the cleaning product to be extrastddiv)the number of
consecutive extractiongor the evaluation of the terpene content, 60 + 5 g of aqueous cleaning product samples are
extracted with 120 g of diethyl ether or dichloromethane, depending on the performance of the solvent regarding each
cleaning product formulatioamong 4 evaluatearganic solvents. Lopez et §l0] compared the extraction of 5 terpenes

into 7 organic solvents. Results evidenced that dichloromethane and diethyl ether were the most efficient solvents
regarding the quantificationf these aromatic compound3etails regardingthe physical and chemical properties of

organic solvents used for the extractions are gathered in Table 4.

Moreover, he testedtontact timesnd product/solvennhassratiosare 20 40 and60 minutes and 2:11:2 and 1:1The
optimization resultén evidendng thatthe maximunterpene mass concentrations (ug/g of prodisatetrieved fromthe
samples settled 60 minutes under a mass ratio product/solvent dthk: 2Zxtraction process is repeated three times
consecutively tassesshe complete extractioMerpene molecules are identified and quantified from each sample of the

consecutive extraction process
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Table 4. Organic solvents used for the terpene extraction from cleaningigeod

Relative . . Water . . Extracted
Molecular Density Boiling . Viscosity :

Solvent formula molecular (kg.L ) point (°C) solubility (cP) cleaning
mass ' (g.LY products

KC +1

KC +2

Diethyl ether CsH100 74.12 0.713 35 69 0.29 MC +1
MC £2

GC #1

SC#1

Dichloromethane  CH.Cl 84.93 1.330 40 20 0.55 MC 3
SC +2

Subsequently, the extracted samples are analyzed by gas chromatographgif@@iyect liquid injection. The injection

volume for each sample is 1 pL. The analysis is performed @sirgR0A type instrument from Agilent Technologies
equipped with a Restek 10189 chromatographic column (105 m x 530 um, 3um film thickness) connected to two different
detectors (i) a Flame lonization Detector (FID) used for quantification, and (ii) a $fsstrometer (MS) used for
identification from Agilent Technologies 5975C inert MSD. Additionally, 22 high purity standards of terpenes from
SigmaAldrich®, diluted into methanol andssemblednto 3 distinct mixtures are used for analytical developsient
(compounddentificationand quanfication). Severathromatographiparametertiave beemptimized including (i) the

split flow, (ii) the injection temperature, (iii) the temperatpregramof the oven. The typical detection limit of this

instrument fotydrocarbon VOCs with abovementiongaialysisconditions is 0.01 pg/g.

Tee Tree oil/ For the composition analysis thie tee tree oithree samples apreparedat a concentration of 0.7 mg/mL
diluted in methanolThen, 1 uL of each diluted sample is directly injedtethe gas chromatograph (GClhe analytical

protocol to quantify terpene concentrations is the same than the one reported for cleaning products.

2.3 Experimental setups of different scales from micro-chamber testing to real-scaleroom experiments

For the investigation of the indoor emissidrom the use of essentiall-basechousehold produstthreeexperimental
chambes of different scales are employed @)micro-chamber, (ii)an emission test chamber of 13nand (iii) an
experimental room of 40 iRINA (Innovative Room for INdoor Air studjesn this sectionthe respective experimental

setups aredetaiked
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2.3.1 Micro-chambeithermal extractor (ULCTBHgstingsetup

Description of the micro-chamber / Theliquid-to-gas transfer capacity of the selected cleaning products is evaluated
by employinga micro-chambeithermatextractor devicef 44 mL volume(M-CTE-120 Markes International®)he
micro-chambereviceconsistf six individual stainlesssteelcylindrical micro-chambers (& 4.5 cm) positioned in a
heated blockas repordin Figure 2. The temperature of the heating blecian beadjustedrom ambient temperature

to 120 °C. Moreoverhe six micrechambersresimultaneouslgupplied with a controlled flow afry air via a restrictor

The dry air generationis ensured by an air compressmmbinedwith membranes for humidity removdt is coupled

with a mass flowcontroller Before entering the micro chaeh tte dry air is purified by an actatedcarbon filter in
order to remove particles and trace pollutaBtank measurements are performed to deteritiiebackground levels of
VOCs at the chambemoutlet before running each set of experiments. Note thaan concentration lexebf blank
measurements in the microchamber did not exceeguantification limitsfor individual target VOC background
concentrationsFor each micr&chamber, lte air flow can be adjusted by changing pinessuresuppled. Thedevice is
equipped with restrictarallowing the selection of a loflow range and a higlow range of 10+70 mL/min and 50+

500 mL/min, respectively. In this worthe lowflow rangeis usedandsetat 50 mL/min Thedry air flow entersin each
micro-chamber through the lid, as shown in Figure &iq is peheated tdhe temperature of the microchamberat 40

°C. A total volume of 50 pL of each selected cleaning products is placed in the chnaber operatedinder the above
mentioned optimized paranegs (temperature and air flowjhe top of the chamber acts as a door, whereby sealing is

done with a silicon gasket for leak control.

Analytical strategy/ The TerVOCsemitted from the investigated produatside eachmicro-chamber are monitored
usingan offline devicefor their identification and quantificatioBubsequently, the entire exhaust flow from eattro-
chamber is collectedn two consecutivesorbent tubepacked \vith Tenax TA adsorbentwhich areattached to the lid
one after the othefor evaluating whether arfyreakthrougtof the collected VOCs occurfhe sampling times fixed at

15 minutes and thiotal collectedsamplevolumefrom the outlet of the micrkeshamber is 750 mL.

Samples areélesorbedat 280 °C, under a helium flow of 50 rmhin during 20 minutes bysing a PerkinElmé&rthermal

desorber (Model: Turbo Matrix 350). Then, desorbed compounds are thermally transferred under helium and refocused
on a Carbotrap B/C trap at 5 °C with autlet split flow of 70 mL/min. Thesesetparameters regarding the thermal
desorption process are optimized for terpene quantification and identification without any chemical transfofriragion

analytes(i) the desorption temperature, time and flow, (ii)tfiag cold temperature, and (iii) thelisflow are optimized.
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The gas chromatographic analyses are performed using a 7890A type instrument from Agilent Technologies equipped
with a Restek 10189 chromatographic column (60 m x 320 um, 1 um film thickteasgcted to two different detectors

(i) a Flame lonization Detector (FID), and (ii) a Mass Spectrometer (MS) from Agilent Technologies 5975B inert MSD.
Severalparameter$or the gas chromatographic analyses have been optimized including theeimyeratire program

The typical detection limit of this instrument for hydrocarbon VOCs with abovementioned samptingnalytical
conditions is ca. 0.1 ppfhe individual @alibratiors of the identified and quantified TerVO@se achieved by liquid

doping of tieir corresponding high purity and certified standards from Sigtdech® on adsorbent tubes Tenax TA

The entire experimental sap configuration is detailed in Figure 2c.

(@) (b)

Figure 2. (a) Scheme of themicro-chambetthermal
extractor  device MCTE-120  from Markes
International®. (b) Specifications of the experimental ¢
up and optimized parameter for-GITE +120 testing (c)
Global experimental setp for liquidto-gas transferrec
concentration evaluatien(T = 40 °C, dry air flow = 5C
mL/min, microhamber volume = 44 mL, analytici

device = TD+GC- FID / MS).

(©
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2.3.2 The 1 niemissiontest chamber

Description of the emission test chamber The investigation of the emissisfrom essentiabil-based household
products are conducted in amission test chambef 1 n¥ (Model: Votsch VCE1000 Classicyhis setugomplieswith

the ISO 16006 and the ISO 1651standards[11] This emission test chamber allows the evaluation of emisaiuer
controlled environmental parameteifyi) temperature, (i) humidity and (iii) air exchange réd&R). Theemission test
chambercompiles: an external box and936 L stainlesssteeltest chambe(inner box)where the experiments are
executedas presertdin Figure 3aThe external box acts asteermal regulatingacketto controlthe temperature of the
stainless steathamberlinside Thedry air generations ensured by aexternalair compressoequipped with different
filter stagesand amassflow meter controlling the air flow. Before entering thmission testhamber, this aiflow is
purified by dfinal activatedcarbon filter placedbefore the inlet aiof the chamber, to remove particles and trace pollutants
(Figure 3b) Blank measurements are performed to determine background levels of VOCs in the chamber before running
each set of experimentllote that mean concentration levef blank measurements in teenission test chambdid not
exceed standardized values for background concentratigmdividual VOCs(according to the recommendations of ISO
160066 andNF 16516standardg [12] The inlet air flow is controlled bg mass flow controller located in the external
case of the chamber and introduced throaigplkhead connectiofurthermore, the air inside tleenission testhamber

is continuously mixed by a magnetic fan, ensuring the homogeneity gathphase The humidity is controlledby the
water tank located at the back of the chamber, and it is continuously monitored. FHieakly, inside the chambés
evacuated via a main outlet through a bulkhead connedtiatan besampled thought sorbent tubes visecond
controlled outleflow. In the frame of this workheabove describednvironmentatonditionsare set at 23 + 1 °C, 50
5 % and 0.3 i+ 0.05. The values for humidity and temperature are established according to the 1S®.16QP0
Concerning the air exchange rate, the established value correspond to the percentile 25 reporteddwéiliegshby
the OQAI (Indoor Air Quality Observatory)13], [14] Theentire experimental setp for the emission evaluation from

essentiabil-bas& household progkcts in emission test chamber of Eispresented in Figure 3b.

109



Emissions and reactivity of terpenes fromtise of essentiadil-based household procks under realistic conditions

Impact on indoor air quality Chapter 2

@)

(b)

Figure 3. (a) Internal and external view and (b) Scheme of the 1 m3 emission test chamber Votsch VCE1000 Classic.

[15]

Sampling and aalytical strategy of cleaning products / Regarding the analytical methodology, the VOC
concentrations inside themission testhamber are monitored usiag off-line device that allows their quantification.
Several preliminargetsof experimentsare performed in order ®xplorethe duration of theexperiment depending on
thetype ofproduct. From these preliminary results, the duration of a typical emisspmriment involvinga cleaning
productis established at 5 hour@ff-line samplings argerformed using Tenax TAadsorbent tubeand 2, 4
dinitrophenylhydrazine (DNPH) impregnated silica cartridges (Model: Xpo®iater®) according to ISO 16068 and
160006. [11], [16] Samplings arperformed using a pump (KNFconnected to a mass flow controller unsieecifically

optimizedflow rates andgamplingtimes for each typef producttested, as described in Table
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Except regarding the transfer split flow, optimized at 4 mL (owhdit), the analytical protocol to quantify TervOC

concentrations are the same than the one reported in s2d@idrfor the gastransferred concentraticsetermination

usng prchambers

Derivatized carbonyl compounds (OVOCSs) are extracted from Dd#Ptidges with 3 mL acetonitrile and analyzed with

a Thermo Dionex Ultimate U3000 liquid chromatograph. Compounds are eluted on Acclaim RSLC Carbonyl column
(2.1 x 150 mm) and detected by RS variable wavelength UV absorption. Calibrdtiba carbonylsire achieved using

high purity certified standard solutions (Aldehyde/Ketd¢PH Stock Standardi3). Considering these conditions, the

typical detection limit for carbonyl compounds is 0.01 ppb.

Table 5. Optimized experimental pameters for off line sampling systems for the analysis of essentladbased
cleaning products

Evaluation ofTerVOCs and OVOGamission from cleaning products

Terpenes (TerVOCs)Tenax TA adsorbent

Sampling devices
Carbonyl Compounds (OVOCsPNPH cartridges

Duration of experiment* (h) 5h
Sampling TerVOCs 0.150 L/min
flow* 0.800 L/min

Carbonyl compounds

Time intervals (h)* and

From O to 1 h: samplingf 15 mineach: total of 4 samples
sampling duration (min)

From 1 h+5 h: samplingdf 60 min each: total of 4 samples

* Optimized &perimental parameters

Sampling and analytical strategy of tee tree oil diffusion/ Regarding the analytical methodology, the temporal
dynamic of TerVOC concentratianat the outlet othe emission testhamber are determined bjf-line and onrline
samplings withdifferent temporal resolution®etails concerning the sampling parametgstimized fortea treeoll

diffusion are gathered in Tabte
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Off-line measurementsare performed on Tenax TA sorbenm tubes and 2, 4dinitrophenylhydrazine (DNPH)
impregnated silica cartridges according to IS&003 and160006. [12], [16] Samplings are controlled by a pump
connected to a mass flow controller undgecificallyoptimizedflow rates andgamplingtimesfor tea treeoil diffusion.
The parametatfor off-line sampling are described in Tabg Preliminary setsof experimentsi@ performed in order to
assess duration of a typi@tperiment depending on thge of diffuser. From these preliminary results, the duration of
an emissioninvolving the diffusion oftea treeoil by electric and nebulizing devicés established at 14ours The
emission from the diffusion of a capillary device nhastfor severaldays; nevertheless tldeiration of theexperiment is
restrained af2h This duration allows addressing the typical stesidye regime of this type of diffusérhe analytical
protocokto quantify TerVOC and OVOC concentrations are the dharethos@escribedor cleaning produatmission
experimentsHowever, the transfeptt flow is optimized depending on tlencentration oferVOCsin the adsorbent

tube, therthe outlet spliis optimized at 20 mL/min.

Table 6. Experimental optimized parameters for ofine sampling sysims for tea tree oil diffusion.

Evaluation of TerVOCs and OVOCs emission from tea tree oils diffusion

Off-Line
Tenax TA® DNPH Cartridges
for TerVOCs for OVOCs
Sampling Flow 0.040 L/min 0.800 L/min

0 £2 h: 10 min sampling each 30 min

2h +6h: 10 min sampling each hour
Sampling duration (min) and

time intervals (h) 0 %1 h: continuous sampling each 15 min

1 5 h: continuous sampling each hour

8 160 h: 1 hour sampling with intervals of 6, 8, and 12 hours

On-line measuremens areperformed with a compact gas chromatograph syste@@EID) (Model: Global Analyzer
Solutions CGC4) with a RestékMS column (15m x 0.32 mniD, 1.8um film thickness) It is coupledto a Flame
lonization Detecto(FID) for the quantification of TerVOCsAdditionally, this ortline device is equipped withn

automatedsampling systemit sanplesair at a flow rate of 281L.min" during 4 min,each 15 minutesSubsequently,
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analytesare refocusedn a multilayer sorbent (Model: General Purpose Hydrophobic from Markers Internafipaats
transferredo the columrunder helium at 280 °Q’he oven temperature ¢®nstantand it issetat 100 °C. Several C
GC/FID parametersave been preliminarilgptimized by the injection of individual TerVOCs vapeiilin a 6L canister
(Model: Silonité® from Entech)Typical detection limi of this instrument foTe’VOCs with abovementioned sampling

conditionsare0.1 ppb.

I nter-comparisonof monitoring methods/ Since no gaseous standards are available for the calibration of the considered
TerVOCs using &5C/FID, a specific calibration methodologgshbeen developed. This method relies on thescr
calibration of GGC/FID with the TDGC-FID/MS. The TDGC-FID/MS is preliminarily calibrated offine usingTenax

TA® sorbenttubesdoped with liquid TerVOC standard solutions. TerVOCs are identified using the MS detector and
guantified using the FID detector. The correlation between #®CEID signal and the TIGC-FID/MS quantitative
response is achieved through simultaneous samplingg #he diffusion of terpenes in tleenission testhamber. For

each TerVOC, the concentration monitored by the quantitativinefsystem is plotted as a function of the peak area of
the GGC/FID signal, as reported on Figure Bor all detected TerVOCs linear trend is observed with correlation
coefficients ranging from 21 to 124. The slopes of the linear regressionsed for the quantitative analysis of TerVOCs

by the GGC/FID.

The off-line sampling is considered as the reference measurement meth However, for discussion purpose C-
GC/FID is preferred since it allows a complete quantitative screening of all TerVOCsnder a shorter time of 15

minutes along the emission experimers resolution, if compared to offline sampling methodology
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Figure 4. (YR O X W LgténeRcbncentration measured by-lafe TD-CG-FID/MS as a function of the eline C

*& )," SHDN Dfirneme Wth a correlation coefficient value of. 85

2.3.3 IRINA: the40 n¥experimental room

Description of the 40 P experimental room/ The set of experiments aimirag evaluatinghe emissioaand impact

on indoor air qualit related tothe use of essentiall-based household produdts a real scaleroom andunderreal
consume use pattersare conducted in the experimental room IRINA. This experimental room has (i dOvsiume

and (i) 1.59 m of surfacévolume ratio.Theroom is operated in a sewiosed mode withraaverageir exchange rate

of 0.3 £ 0.1 K. The inner surfaces of IRINAre fully covered with aluminum foils tminimize VOC sinks or sourcs

from the experimental roomvalls. A looped air conditioning system (ACMitsubishP®) is placed in IRINA to ensure
temperature and humidity control as wedlar homogenizatiohy the recirculation of the air inside the rodPamela et

al. [17] evaluated the homogeneity of VOC concentration injected in the room by measuring their concentration at three
different positions. The obtained resulerified thatthe air inside the room homogenize within 150 secofldsrefore,

the positioning of the table for surface cleaning and diffusers support is not a factor that might impact the measured
concentrationsln spite of the rapid homogenization of the experimental rabentable is placed at the center of the

experimental room, gxresented in Figure 5.

Four sensor arraygecontinuouslyused tamonitor temperature, relative humidity and £&@ncentration inside the room

located at different position¥he complete description of the experimental room IRINA is exposedably etal. [17]

who performedits experimental validation.
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As describedn Figure5, four bulkhead connections allow (i) the injection of VOCs and & (ii) the connection of
online sampling systems. They a®ton the eastern chamber walls at a distance of 5.7 m from the air conditioning and
0.5 m high from the floorFFor comparative purpose, the environn@mondition parametersetare the saméhan the
parameters ahe 1 nm?emission test chamber of. Théamperature and humidigrerespectivelysetat23 + 1 °C and 50

= 5 %. The air exchange rate is experimentallyggeined during each set of experiment through the injection of this

tracer gas, C®

Figure 5. Overview of the 40 m3 experimental room IRINA showing dimensions, air conditioning system, sensors for
constant monitoring of temperature, relative humidity and CO2 concentrations in the room, and instrumentation dedicated

to injection, sampling andnalyss of TelVOCs.[17]

Online measurementswith C £GC/FID / TeAvOC emitted concentratiafrom tested products in the experimental
roomare monitoredvithin a short temporal resolution by employiihg compact gas chromatograph systemIC/FID)

(Model: Global Analyzer Solutions CGC4)

The analytical protocol tquantifyand identifiedTervVOCsemitted in the40 n¥ experimental roons the same than the

one reported in sectidh3.2associated tthe evaluation of themissiors from tea tree oiln theemission test chamber
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of 1m?. However,the split ratio used foexperiments relative to cleaning proddiffers fromthe onefor essential oil
diffusion. Indeed, monitored concentratiorary from one ordebetween cleaning product and essential oil diffusion
experimentsSnce no gaseous standards for the calibnatifbterpene molecules are available, the calibration of the C
GC/ FID is performeés wellby a cross calibration @-GC/FID with the TDGC-FID/MS. The correlation between the
C-GC/FID signal and the TEEC-FID/MS quantitative response is achieved through simultaneous sam@linmgsutes
sampling each 11 minutega)ong the volatilization o& mixture of22 high puritystandards of terpenes from Sigma
Aldrich® in the 40 n¥ experimentatoomthrough the VOC injection system. This injecti®ystem relies on the heated
and pressurized injection of liqutdrpenessaporizedin the room The injector temperatuiie setat 220°C in order to
volatilize the terpene mixture without any chemical transformafldre carrier gas used to projple¢ TerVOCsinjected

in the room is ero air.Subsequently, simultaneous sampéinge performedisingthe online system and the preliminarily
calibratedadsorbent tubeSenax TA?, until the completeevacuatiorof the volatilized terpenefsom the experimental
room It generally take$ hours.For each TerVOC, the concentration monitored by the quantitatfviéne system is
plotted as a function of the peak area of th&C/FID signal as reported in Figuré. This process is performdd
triplicate for each type of product (i) essent@l-based cleaning products and (ii) essential oil diffusion, simeesplit
flow of the online measurement system is optimizet mil/min and 20 mL/min, respectivelsiccording to the terpene

emitted concentrations from the preliminagt ofexperiments

For all detected TerVOCs a linear trend is observed with ctioelaoefficients ranging from 154 to 530 and 25 to 75
respectivelyfor cleaning products and essiah oil diffusion. The slopes of the linear regression are used for the

guantitative analysis of TerVOCs by theGIZ/FID.

The off-line sampling is considead as the reference measurement method. However, for discussion purpose, C
GC/FID is preferred since it allows a complete quantitative screening of all TerVOCsnder a shorter time of 15

minutes along the emission experimers resolution, if compared tooff-line sampling methodology
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Figure 6. Evolution of limonene concentrations measured byio& TD-CG-FID/MS as a function of the eime C
GC/FID peak area of limonene for the calibration process of cleaning product expisrinith a cordation coefficient

value of 530.

2.4 Application protocols

2.4.1 Definition of a realistic scenario for the use of essemtiiabased household products

The product application procedure requires to be corretatadypical consumer use patterim order to mimic a real
application scenario for the evaluation of cleaning product emissions. The key parameters required to be determined in
order to define specific product applicatiare (i)the quantity of product to apply and (ii) the surfaceléan Theyare

estimatedrom the loading factor anthe product yield reference values

Loading factor / It is defined as the ratio between the emissive surface, i.e. the cladgednd the volume of the
chamber. For the correlation between themission test chamber and the 40experimental room, the loading factor
is required to be identicaConventionallyareference roons used to extrapolate VOC measured concentrations in test

chambes with small volumes for assessing the human expmodure reference room is supposed tabaracterized by
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a floor area of 12n anda ceiling height of 2.%n, andpresents volume of 30m®. Nevertheless, in this studthe real
scale experimental roofRINA of 40 n¥ is employed for the experiments undenl use consumer patterii$erefore,

IRINA, is considered as the reference room for these calculations.

For the surface application scenario in the 4Grperimental roomatypical table area of 2 fis considered, resulting
in a loading factor of @5 n?/m3. For the correlatiobetweerthe 1m? emission test chamber and the 40experimental
room, the loading factor is required to be identical. Therefosiriace cleaning scenariis defined undethe same
loading rate, and the surface to clezmbe determined for thé m® emission test chambetprresponding data are

reported in Table 7.

Product vield / It is defined as the mass of product required to cleatof surface considering thess dueo the wiping

process, if required. This gameter has beendividually estimated for the selected cleaning products. Firstly, the average
amount of cleaning product required to clean?ofrsurface is determineftlom 10 different operators who performed

the cleaning activitypnthe 1 n3 reference surface. Subsequently, the average mass dispersed by one single spray from
each trigger spray mechanism of the selected product is determined for a set of 10 successively sprays performed by the
same operator. This twatep procedure allows thestimation of the mean number of sprays required for the surface

cleaning scenario in the £remission test chamber and in the 40experimental room.

Once these key parameters are estimated, the mass ta@appéy/calculated. These results are detti Table 7. Note
that the correlation methodology for the application protocol at different scales is only considered for surface cleaning,

since floor cleaning is exclusively performed in the experimental room 0f40 m
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Table 7. Application parameters for the cleaning scenario: reference values for product yield and loading factor, and

quantity of product to apply

Application parameterdor defining a realist application scenario

EMISSION TEST

R REAL ROOM
@) (40 md)
Cleaning scenario Surface Surface Floor
SURFACE TO CLEAN 0.05 nt 2 n? 14 m?
LOADING FACTOR (n#/m) 0.05 0.05 0.35
SC +1 8.67 (g.n?) -
PRODUCT YIELD MC -1 7.21 (g.n) 12.39(g.nT?)
KC -2 12.00 (g.n) -
SC #1 3.21g 18.00 g -
APPLIED MASS QUANTITY MC -1 4.44 g 1497 g 176.8 g
KC -2 2.67 g 24.00 g -

Floor cleaning in the40 m® experimental room /For floor mopping, two fulfilled dosing caps of MCt1 (equivalent

to ca. 60 g) are diluted in 5 L of water. The dilution is prepared outside of the experimentalheosolution is prepared
outside of the experimental room. Subsequently, the solutimoped over the tile floor of 14, 272May employing a
micro-fiber fabric mop of 10.5 cm x 33 cm. Four mop strokes (back and forth) are performed to apply the solution to each
4 tiles of the floor, equivalent to 0.36?nThen the mop ismmergedinto thesolution and squeezed to drain the liquid
excess before repeating the cleaning proddssbucket with the cleaning solution and the miidber mop are weighted

before and after the application process, in order to determine the amount of solutied eppsidering the lost related

to the mopping. The floor cleaning practice lasted approximatedy Binutes before removing all the cleaning materials
from the room. Time zero of the experiments correspond to the time when the cleaning process feccanglall the
materials are removed from the experimental room. A sahmafe experiments are performed for evaluating the

repeatability of the experimental protocol.

Surface cleaning in the experimental room of 40 &/ For the trigger spray product,ettalculated mass is sprayed

respecting the number of spray®viouslydeterminedover the 2 rglass table and evenly wiped.In contrast, for the
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surface cleaner in liquid format, the specific mass to apply is weighted outside of the experimental room, then it is evenly
drizzled and wiped over the glass table. The wiping material is weighted before and after the cleaning practice for
estimating theeal mass of product applied by consideringltiss due tothe wiping procesOnce the cleaning activity

is completed, the experimental room remains closed during the whole emission monitoring. For each cleaning product, a
set of three experiments is f@med in order to evaluate the repeatability of the experimental protocol. Additionally,
during the experiment, t = 0 corresponds to the time when the application process of the cleaning product is completed
inside the room. Figure 7 pressrnhe applicabn scenario for the table cleaning under realistic conditions in the

experimental room.

Figure 7. lllustration of the 2 m2 surface cleaning under real consumer use patterns in the 40 m3 experimental room

(IRINA).

Surface cleaing in the 1 m® emission test chambe¥ For each experiment, the calculated mass of product is evenly

drizzled or sprayed on a stainlesteel surface of 0.05%placed at the center of the £ emission test chamber. Once

the simulation of the cleaning activity is completed, the chamber remains closed during the whole emission monitoring.
For each cleaning product, a set of three experiments is performed in order to evaluate the repedtebditpeimental
protocol. Additionally, during the experiment, t = 0 corresponds to the time when the application process of the cleaning

product is completed inside the test chamber.
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2.4.2 Essential oil diffusion: application protocol at different scales

Regarding the assessment of the emission from the tea tree oil diffusion, identical application gret@muted for
both experimental chambesice it is not possible to adapt the diffusion action to the volume of the considered chamber
Thereforethe real diffusion of essential oil is identically performed in the*and in the 40 rhchambersNote that in
the emission test chamber of £ three diffusers are investigated, namely the electric device, the nebulizing device and

the capillary deviceghile in the40 n? experimental room only the electric and the capillary dendce tested.

Essential oil diffuserareintroduced and placed in the center of the chamlfanr the electric and nebulizing diffusers,

20 dropsof the tree teail areappied according to manufacturer instruction of each diffuser device in ordémidate

a realisticusage In contrast, for the capillary diffuser the entire bottle is placed in the center of the chamber with the
diffusion device (support and wood stick§)me zero of the experiment corresponds to the time whehngijebulizing

and electric diffuserare switched on and off from the outside of the chamb&hey remain closed during the
measuremerf emissions(ii) or for capillarity diffuser, when thbottle with the diffusing stick iplacedin the center

of the chamber. For each diffuser, a set of three experiments are performed in ergdudtethe repeatability of the
experimental protocol. FigureilBustratesthe application protocol in the experimental room IRINA for the evaluation of

the emission from the diffusion of essential oils.

Figure 8. Evaluation of the emission from tea tree oil diffusion by employing a diffuser devtbe experimental room

of 40 m3 IRINA under real consumer use patterns.
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&KDSWHU

'QGRRU XVH RRILED/WHI® W OBIO Q L(® L \SULR®X B\
DVVHVVPHQW DQG LPSDFW RQ LQGRRU [
DSSOLFDWLRQ PHWKRGRORJ\

ABSTRACT

Cleaning is an activity done by the population in order to increase hygiene, aesthetic and material presémsgtite.

of all the benefits involved in cleaning activities, risks are associated with them since they may contribute to nearly 20 %
ofthe QGRRU SROOXWDQW VRXUFHYV $V LQGRRU DLU TXDOLW\ K\DAPHBRDMARFH
cleaning products, formulated with essential oils, became trend and market leaders among the household products.
However, based on the ambiguity W KH ZRUGV 3JUHHQ DQG *QDWXUDO" WKHVH FRQVXP
skillful marketing strategies. This study aims at assessing the emission of terpene molecules and carbonyl compounds
from three essentiadil-based cleaners in an emissitast chamber under a realistic scenario. Firstly, results retrieved

from the micrechamber experiments suggest that emission kinetics of terpene molecules are likely to be driven by multiple
factors other than the terpene liquid phase concentrations. fidmcterization of the emission processes studied during

a set of 1 rhemission test chamber experiments, under realistic scenarios evidences contrasted maximum concentrations
of total TerVOCs among investigated products ranging from 150 ppb to 300 pplesfimation of the emission rate

profiles confirms that the liquid to gas transfer of terpene molecules are driven by (i) the formulation of the product
matrix inducing specific chemical affinities between terpenes and the cleaner constituents ancestibeeqats on the

emission, (ii) the liquid mass concentration of individual terpene molecules, and (iii) the intrinsic volatility of terpenes
themselves. Additionally, regarding the individual emission kinetics of formaldehyde, a specific profilensexyid
suggesting the presence of a particular source of emission attributed to the presence of formaédeayeles.
Consequently, the use of essentiddbased cleaning products might generate a long term increase of indoor
formaldehyde concentrationand the maximum levels might be reached several hours after the cleaning practices are
completed. Thus, essentiil-based cleaners have to be seriously envisaged as versatile and significant sources of
fragrance molecules and formaldehyde, which mighkiuce indoor concentration levels exceeding exposure limits

established by the European Union and the United States.
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1. INTRODUCTION

Major efforts have been made to address indoor air current problematic since the daily activities of society are mostly
developed in confined environments. Indoors, people are exposed to a large variety of chemical, biological or physical
pollutants comingrom (i) infiltration from outdoor air, (ii) building materials and furnishing, and (iii) occupants and

their indoor activities[1] [2] Attention of the scistific community is given to chemical pollutants, principally volatile
organic compounds (VOC), defined as organic molecules with lower boiling points ranging from 50 to 100°C and upper
boiling points ranging from 240 to 260 °@3], [4] Among indoor sources of pollutants, the main origins of chemical
contaminants are linked to the activities of tleeupants such as interior renovation or decoration, smoking, cooking, or
housekeepind5] Among the thousands of cleaning products available and marketed, people are tempted to use scented
products because depsant odor provides the sensation of a cleaner environment. Therefore, in spite of all the benefits
involved in cleaning activities, such as increasing hygiene, esthetic, and material preservamitheasiestion of the
chemical and physicalollutant exposure ris& [6] Nazaroff etal. [16] have evidenced that VOC atmospheric emissions

per capita from general purpose cleaners and air fresheners are the most contributing in indoor environments with values
ranging from 200 to 230 mg per day. The intake fraction is defined as the @mtedpollutant mass inhaled per unit of

mass of pollutant emittedi7] Typical intakefraction from emissions in indoor air is in the order of Hiid 16" while

outdoors is in the order of fGand 1. This point highlights the fact that the proportion of emissions inhaled is higher
when emissions occur indoors rather than outd¢®fsJnexpectedly, the largest contributors of terpene VOCs to indoor

air are not usually recognized, regulated and controlled sources. Indeed, the composition of #&€Gremi household
products have been associated to health hazards for indoor occ{fjafi8$.£12] Nevertheless, limited information is
available about composition, quantification agmiission dynamics associated to housekeeping activities in confined
environments. Available scientific data are for most cases incomparable due to wide variations and heterogeneity in the
experimental methodologies for the evaluation of primary and sacppadllutant emissions from fragranced household
products. These variations are related to two key parameters: (i) the application protocol (quantity, operation mode) and
(i) the environment of the test (air exchange rate, temperature, chamber siadatwel humidity)[13] £24] Therefore,

the comparison of results froone investigation to another may become difficult and inaccurate.

Fragranced household products can be formulated with (i) synthetized fragrances, (ii) pure essential oils and (iii) mixtures
of synthetized fragrances and essential oils, in order tofétluW KH SURGXFWLRQ FRVWYV (VVHQWLDC
formulated cleaning products either to provide them a pleasant odor, to hide odors from other chemicals used, or to

enhance their antibacterial performar{®}, [25] Essential oils are extracted from plants by water vapor distillation, dry
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distillation or mechanical extraction methods that do not involve temperaturgeshidr8] They usually contain ore

than 100 different chemical substances which provide the typicality of its smell, mainly belonging to the terpene chemical
family: monoterpenes and sesquiterpenes, terpene alcohols and terpenoids (Te2BDEA)] [28]. The characteristic

smell of an essential oils is often given byrntajor compounds; therefgré& KH WASLFDO 3VFHQW ™ RI DQ HV
depend on its chemical composition. [3] In contrast, fragrance mixtures represent the combination of different compounds

(synthetized, naturdike or extracted), assembled toSé L F D W H- DGH@W/LDHITRYY FH QW

This work is developed in the frame of the ESSENTIEL project, aiming at characterizing the impact of esibdatiad

products on indoor air quality (IAQ) through the inveatign of their realistic emissions and indoor fate. The objective

of this work is firstly, to evaluate the correlation between the fragrance chemicals present in cleaning products and their
volatile fraction throughhe determination of the gaisansferredconcentration bynicro-chamber testing. Secondly, to
characterize and assess their emissions in sekperimental chamber by conceiving a realistic application scenario. The
proposed experimental approach and the results provided in this work areddquo propose harmonized and realistic

test protocols, but also (ii) in order to defiiigk scenarios antb evaluate the human exposure to TerVOCs associated to

the use oessentiabil-basedcleaning products.

2. MATERIAL AND METHODS

2.1 Cleaning product benchmarking

In order to frame the present study, itésjuiredto define the type of considered cleaning produgssentialoil-based

cleaning products in this work are defined as naturally scented and organic certified produsisausedpermanent

way in indoor environments for housekeeping purposes. For their selection, a benchmark analysis is performed among
cleaners that have been certifiedeaslogical productby different European labels. A total of 188sentiabil-based

products are identified from the European market. Among them, 6 representative cleaning products are selected in the
framework of this work and classified by category i.e. use purpose: (i) 2 kitchen degreasers, (ii) 2 genemagdmulti
cleaners, (iii) 1surface cleaner, and (iv) 1 glass cleaner. This selection has been done by considering: (i) the diverse
purpose of use in order to assess the effect from different solvent formulations, (ii) the variety of application modes and
(iii) the diversity of esseial oils used as natural fragrance in the formulation of the cleaning product. It must also be

noticed that the solvent matrix composition could vary from one product to another in terms of organic contains (%
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ethanol) or presence of texturing agents (gumhe content of fragrance chemicals and their volatile fraction are
characterized for thsix selected cleaning products, whereas omtgeproducts are considered for the3@mission test

assessment. Table 1 details the characteristics gitlsekected products.

Table 1. Specifications on the selected cleaning product.

Type
of characterization

o Natural
Product  Diffusion _
Product Fragrance General product formulations!

category mode )

Liguid composition
Volatile fraction (micro -
chamber)
Realistic emissions (1rh
test chamber)

< 5% surfactant (anionic and non
anionic), citrus oil, citric acid, water,
. methylisothiazolone, &hloro-2-
KC 1 Lemon oil ) ] . X X
methyt4-isothiazolin3-one
Kitchen Trigger Nitrilotriacetic acid trisodium salt
cleaner spray monohydrate
< 5% surfactant (neanionic),
Eucalyptus  essential oils (including eucalyptus
KC £2 . . . X X X
oil 0il?), water, alcohd| preservatives
acid correctors

< 5% surfactant (anionic and non

MC 1 Citrus ail anionic), water, alcohol, citrus &il X X X
Multi - citric acid
use Liquid < 5% surfactant (anionic and non
cleaner ; anionic), water, alcoholemonoil?,
MC +2 Lemon oll X X

lactic acid, fatty acids, sodium citrate
glyceryl caprylate
Surface  Trigger Lavender 70 % ethand| < 1% lavender o] <

SC #1 X X X
cleaner spray oil 1% sage ofl water
> 30% water, 5+15% alcohd), < 5%
Glass Trigger  Eucalyptus surfactant (anionic and neanionic),
e =1 cleaner spray oil citric acid, essentiadils? (including X X

eucalyptus oil), amphoteric surfactan

1: Based on information given by the manufacturer

2: Certified organically grown
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2.2 Characterization of the liquid composition

For the evaluation of the terpene content, 60 + 5 g of aquésarsing product samples are extracted with 120 g of diethyl
ether or dichloromethane, depending on the performance of the solvent regarding each cleaning product formulation. In
agreement with Lopez et §R0], dichloromethane and diethyl ether are verified to be the most effective organic solvents
for the liquidliquid extraction of TerVOCs, compared to frebh, ether pentane, ether hexane, pentane and hexane. More
details concerning the physical and chemical prégeedf organic solvents used for the extractions are gathered in Table

2. The extraction process is repeated three times consecutively to maximize the complete extraction of terpene molecules.

Table 2. Organic solvents used foreherpene extraction from cleaning products.

Relative ) N Water ] ) Extracted
Molecular Density Boiling N Viscosity _
Solvent molecular ) solubility cleaning
formula (kg.LY) point (°C) (cP)
mass (g.L D products
KC +1
KC +2
Diethyl ether C4H100 74.12 0.713 35 69 0.29 MC #1
MC +2
GC 1
Dichloromethane  CHCl, 84.93 1.330 40 20 0.55 SC 1

Subsequently, the extracted samples are analyzed by gas chromatography (GC), by direct liquid injection. The injection
volume for each sample is 1 puL. The analysipasformed using a 7890A type instrument from Agilent Technologies
equipped with a Restek 10189 chromatographic column (105 m x 530 um, 3um film thickness) connected to two different
detectors (i) a Flame lonization Detector (FID) used for quantificadiad, (i) a Mass Spectrometer (MS) used for
identification from Agilent Technologies 5975C inert MSD. Additionally, 22 high purity standards of terpenes from
SigmaAldrich®, diluted into methanol and gathered into 3 distinct mixtures are used for anatigicelbpment
(identifying and quantitating compounds). The typical detection limit of this instrument for hydrocarbon VOCs with

abovementioned sampling conditions is 0.01 pg/g.
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