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Environmental significance

An assessment of VOC emissions and human
strength perception of liquid electric fragrance
diffuserst

Thomas Warburton, &2 Alastair C. Lewis, © **® James R. Hopkins,?®
Stephen J. Andrews,?® Amber M. Yeoman, 22 Neil Owen,® Caroline Jordan,*
Greg Adamson® and Bin Xia®

Fragrance products are commonplace in everyday life and their air quality effects extensively studied. In this
study the use of multiple plug-in diffusers (liquid electricals/LEs) was assessed by quantifying air
concentrations in controlled test rooms (toilet booth’ and ‘large booth’) with up to 5 LEs of known
formulation in concurrent use. Olfactive strength tests were completed under the same conditions in
blind assessments. Air samples were analysed using thermal desorption — (TD) gas chromatography (GC)
coupled to flame ionisation (FID) and mass spectrometry (MS) detectors. Significant positive linearities
were found for several VOCs (e.g. a-pinene toilet booth and large booth R = 1 and p = 0.0028, p-
cymene toilet booth R = 0.94 and p = 0.017, large booth R = 0.89 and p = 0.033), with a-pinene
presenting the highest measurable gas-phase concentration (mean 25 ug m~>, toilet booth with 5 LEs
present). All measurable linearities for fragrance species in toilet booths were significant. However,
olfactive intensity assessment showed a plateauing in fragrance perception after the addition of 2 LEs.
Only very volatile fragrance ingredients such as a-pinene and benzaldehyde could be detected in the gas
phase, but at ambient concentrations that were always lower than literature values for their individual
odour detection thresholds. The plateauing of the perception of fragrance strength may aid in limiting
potential off-instruction use, thereby limiting end-user exposure to potentially high concentrations of
emitted VOCs. The drivers of human fragrance perception here appeared to be lower vapour pressure
constituents of fragrance formulations like sesquiterpenes. Moderation of the concentration of
monoterpenes used in room fragrance formulations may be a practical solution in limiting possible air
quality impacts of product use, whilst still maintaining end-user fragrance perception.

An assessment of human fragrance strength perception and atmospheric concentrations has been made using commercially available liquid electrical (LE)
fragrance diffusers in climate-controlled rooms. VOC concentrations increased linearly as up to 5 additional LEs were added to each room but with reported
fragrance perception plateauing after the addition of two devices. Monoterpene concentrations remained below odour detection thresholds even for 5 LE

devices, suggesting olfactory perception was a result of less volatile ingredients. A lack of perceived increase in fragrance perception may potentially lead to a self-
limitation in product use in indoor settings.

1. Introduction

history, and the use of fragranced products is commonplace in
21% century life.* Common gas phase emissions from fra-

Fragrances have been used by humans since antiquity and are
well-documented in many different cultures and regions through
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granced products include monoterpenes, alcohols and esters.>®
Monoterpenes are also emitted from many other sources indoors
including from flowers, fruit, cooking and cleaning.”*® Since they
are relatively reactive to oxidation indoors they are potential
precursors to the production of secondary organic aerosols
(SOAs).>**** Monoterpenes are typically included in fragrance
formulations for their individual fragrance notes and are known
to be important in the perception of fragrance.**** Through
electroencephalography, common emissions from fragrance
products such as limonene and terpinolene can be linked to
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changes in brain function, including an increased perception of
relaxation and pleasure in humans.***®

Monoterpenes are only one of many classes of compound
found in fragranced products,**>* however they are often some of
the most volatile present and hence generate some of the highest
gas-phase indoor concentrations indoors when a product is used.
They are more amenable to analysis by methods such as thermal
desorption gas chromatography mass spectrometry (TD-GC-MS)
or on-line mass spectrometry than less volatile fragrance
components such as terpene oxides and sesquiterpenes. Some
monoterpenoids, such as geraniol and borneol, while commonly
described as ‘volatile’, have vapour pressures comparative with
sesquiterpenes and as such are often not easily quantified. There
is an understandable attraction in air quality science for using
gas-phase measurements of monoterpenes as a proxy for the
presence of fragrance, despite many non-fragrance sources of
these species also existing indoors. Those species which likely
impact substantially on human perception of fragrance are often
not detectable in ambient air due to very low gas-phase concen-
trations and vapour pressures.

Fragrance diffusers belong to a group of home fragrance
products that actively emit into an air space. This is commonly
through passive diffusion, e.g. using wooden sticks/reeds to
enhance evaporation, or using an electrically powered element
(commonly called ‘plug ins’, referred to commercially as liquid
electricals/LEs). LEs can be further differentiated into those that
use a heated wick to actively diffuse fragrance into the airspace,
or so-called ‘nebulisers’ which aerosolises fragrance oil. LEs are
designed to deliver a constant rate of emission of volatile
organic compounds (VOCs) and semi-volatile organic
compounds (SVOCs) associated with the scent.”* The concen-
tration in air of each VOC/SVOC emitted is dependent on the
fragrance formulation and compound vapour pressure.'**
There has been some research into the differences in VOC
emissions arising from passive and plug-in fragrance diffusers;
the formulation of fragrance generally having more influence
than the diffuser type.”*** Using a constant-emission fragrance
device within an airspace leads to an initial increase in VOC
concentration before reaching a steady state concentration that
is determined by the balance of emission with loss processes
including fresh air ventilation rate, surface deposition and in-
room oxidation.**?*

Evaluation of the indoor air effects of LE devices has
predominantly been conducted in small laboratory test cham-
bers; these generate gas phase concentrations much higher
than are seen in real-world home settings.*****” Test chambers
allow for greater experimental control, such as chamber air
exchange rate (AER) and chemical composition of diluent air.”®
Evaluating effects of LEs on indoor air quality and in human
perception of fragrance is complicated by pre-existing VOCs
from other sources and widely different product use behaviours
and varying air exchange rates.>***** Warburton et al. (2023)*
showed that incremental indoor VOC increases from using
a single LE in real homes were difficult to discern and that air
ventilation and location in the home (and associated properties
such as room size) were key factors.**** Ventilation in homes is
highly variable but is generally reducing in residential
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properties as they are made more energy efficient. Fragranced
products including LEs must perform well from an environ-
mental and human perception perspective in both old and new/
retrofitted housing stock.

Any solvent-containing product (e.g. paints, glues, aerosols,
adhesives) used in a manner that deviates substantially from its
intended method of application has the potential for health
harms.***° This might occur, for example if users do not follow
labelling instructions for frequency/duration of use, quantity/
amount of product intended to be used, or ventilation
requirements. Theoretically high concentrations of fragranced-
derived VOCs could be generated indoors if numerous products
(or multiples of the same product) were used off-instruction,
such as in small rooms that had poor ventilation. Fragrance
species are one constituent within a complex matrix of chem-
icals within product formulations however, and concentrations
of each must be borne in mind while assessing safety of use.

VOCs associated with fragrance possess an odour detection
threshold (ODL). This is defined as the minimum concentration
required for a human to reliably perceive the presence of the
VOC. Any human-based olfactive assessment has the potential
for uncertainties given person-to-person variability, and as such
ODLs can change between studies.****> The ODL of a compound
depends greatly on its shape, size, vapour pressure, polarity and
reactivity.**** Certain malodours are detectable in low atmo-
spheric mixing ratios, while some commonly used ingredients
such as a-pinene have ODLs orders of magnitude above these
thresholds.*>*® There has additionally been shown to be some
moderate discrepancies in ODL between younger and older
adults, with younger adults tending to have lower VOC-specific
ODLs.*” While ODLs may differ and vary person-to-person, they
provide a useful benchmark for assessing the impact of VOC-
releasing products on user perception. However, the use of
ODLs in comparison to indoor VOC concentrations originating
from product emissions remains relatively understudied.

1.1 Objectives

This study aims to uniquely combine the indoor air quality
effects arising from using a well-controlled LE source in realistic
but controlled rooms and the olfactive strength of that source. It
remains a possibility that the non-standard, off-instruction and
excessive use of any VOC-containing products may lead to
unintentional harm in the home, with the most significant
hazards arising where there is poor or no olfactory detection of
the emitted VOCs. The indoor concentrations of odourless
VOCs such propane or butane might reach many hundreds of
parts per million before being perceived. In these worst cases,
there is a risk of fatality with longer-term chronic exposure
potentially leading to sub-acute effects.

Fragrance VOCs and SVOCs can be perceived at low ambient
concentrations,*®*’ and so here we assess the VOC emissions
from LEs coupled with fragrance strength perception by trained
sensory panellists. It is hypothesised that excessive and/or off-
instruction use of LEs, such as using multiple LEs simulta-
neously in rooms with low AERs, is less likely to occur than for
other household VOC-containing products, since usage may be

© 2025 The Author(s). Published by the Royal Society of Chemistry
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attenuated by human tolerance of the resulting odours created.
This was evaluated using controlled test booths of different
sizes for in-room monitoring of VOC concentrations in addition
to human olfactory testing. A comparison to real world indoor
air studies measuring VOC contributions from LEs was also
conducted to assess the ability to apply these artificial room
studies as a model for estimating normal consumer home
The combination of indoor air quality
measurements with olfactory evaluation is undocumented in
research literature to our knowledge. Assessing personal
responses to VOCs is technically challenging owing to person-
to-person variance in perception and odour detection
threshold, different effects of fragrances to physiological
responses, pre-existing expectations of product performance,
and time required in establishing robust methodology to
account for these possible person-to-person
discrepancies.””**>> Here we combine state of the art
fragrance industry testing protocols, a trained sensory panel
and indoor air quality measurements to assess strength
perception of a typical fragrance releasing household product.

environments.

2 Methodology

The following sections give detailed explanations of the meth-
odological processes followed in this study, while summary
flowcharts can be found in the ESI Fig. S1.}

2.1 Canister preparation

Whole air samplers were used to collect in-room samples using
6 L vacuum-intake stainless steel canisters internally treated
with silica (Entech, CA, USA) using flow-restrictive inlets
(Entech, CA, USA) resulting in samples being drawn over 72
hours, found by Heeley-Hill et al. to be linear over the first 48
hours with a reducing flow rate over the last 24 hours.?® Prior to
deployment, canisters were evacuated to 0.01 Pa, or 29.9 Hg
vacuum (gauge). Canister valves were checked prior to deploy-
ment to qualitatively assess valve seal integrity by attaching
a vacuum gauge atop the closed canister valve and leaving for at
least 2 hours. Failed valves were replaced like-for-like, and the
evacuation and valve integrity process repeated.

2.2 Sample collection and preparation for analysis

Evacuated canisters were placed in one of two laboratory test
rooms (‘booths’) at Givaudan Ltd, Ashford, UK, either designed
to mimic a small bathroom (W1.92 m x D 1.90 m x H 2.6 m) or
a medium-sized living room (W 3.0 m x D 4.45 m x H 2.49 m).
These were mechanically ventilated with outdoor air with an air
exchange rate of 7.5 h™'. Top-down schematics of the large
booth and the toilet booth are given in the ESI Fig. S2(a) and
(b),T respectively. Between 1 and 5 identical LEs of known
formulation were placed together in each of the rooms. Canis-
ters for sampling were placed at identical distances from the
LEs. LEs were turned on 24 hours before the sampling period
began to aid equilibration of output and for mixing of the
airspace; after 24 hours the canisters would begin sampling.
After 72 hours had elapsed, the valves were closed, and when

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sampling had finished across all booths, the canisters were
returned to University of York for analysis.

LE emissions were measured through oil mass loss over the
sampling period. LEs were weighed both pre- and post-
sampling. Mass loss ranged between 1.8 g and 3.7 g with
a standard deviation of 0.490 g. Mean oil mass loss was 2.66 g,
and median oil mass loss was 2.54 g. Commercial comparable
LEs draw between 2 and 4 W of power, and the LE used here
drew 2.8 W (UK 230/240 V, AC current with a frequency of
50 Hz).

An equal number of samples were taken for each LE multiple
(between 1 and 5). Controls were taken of empty booths over the
same time-period to allow for background (fresh air ventilation)
air composition to be quantified.

2.3 Sample analysis

Filled canisters were pressurised to 1 bar (gauge) with highly
purified air free of VOCs, generated from a custom-built thermal
catalytic oxidiser with compressed ambient air passed over plat-
inum beads at 400 °C to fully oxidise any VOCs in the compressed
air (hereafter referred to as ‘blank gas’). Samples were analysed
following the method detailed in Warburton et al*® In brief,
500 mL of canister air was drawn through a 16-port Valco
electrically-actuated multi-position valve (VICI Valco Instruments
Co. Inc., TX, USA) into a custom-built thermal desorption unit
(TDU), comprised of (sequentially) a water trap, a sample pre-
concentration trap and finally a pre-injection focus trap. The
first GC column was a 60 m long, 150 pm internal diameter (ID)
VF-WAX column with a film thickness of 0.50 pum (Agilent
Technologies, CA, USA) at a flow rate of 1.6 mL min " (carrier gas
pressure of 35 psi). The early eluting unresolved analytes (C, to Cg
hydrocarbons) were passed to an Na,SO,-deactivated Al,Os
porous-layer open tubular (PLOT) column (50 m x 320 pm ID,
with a film thickness of 5 pm, Agilent Technologies, CA, USA),
through a Deans switch (Agilent Technologies, CA, USA) with
detection via flame ionisation detection (FID). After 8.3 minutes,
the Deans switch diverted the analyte flow through a section of
fused silica (2 m x 150 pm ID) to both balance column flows at
the Deans switch and split analyte flow between the second FID
and the quadrupole mass spectrometer (QMS) for simultaneous
detection, through sections of 150 um ID fused silica of length
0.91 m and 2.1 m, respectively. GC elution data was acquired
through MassHunter Qualitative Analysis (Agilent Technologies,
CA, USA). The QMS ionisation was achieved through electron
impact (EI) ionisation, with the QMS scanning for ions with an m/
z between 30 and 150 units. Ion source temperature was 230 °C
and an electron energy of 70 eV, with a quadrupole temperature
of 150 °C.

Sample calibration was achieved by using a thirty-
component mix of non-methane hydrocarbons (NMHCs) in
nitrogen, with each gas at a mole fraction of approximately 4
ppb, provided by the National Physical Laboratory, Teddington,
UK (cylinder number D933515, hereafter referred to as ‘NPL 30’)
for VOCs contained therein, with remaining VOCs calibrated
using equivalent carbon responses (ECN), using n-heptane as
the proxy for ECN calculations. Blank gas was sampled three
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times after each canister sequence to confirm complete sample
transfer and to allow for any artefacts to be corrected. After the
blank gas samples, five NPL 30 calibrations were run, followed
by three carrier gas/internal samples (‘no flow blanks’). The no
flow blank method resembled a regular canister sample
method, however no sample was drawn (sample fill volume was
set to 0 mL), but the carrier gas flow rate and flow time
remained unchanged, resulting in an equal volume of carrier
gas flowing through the TDU, and subsequently the GC, as
would occur in a regular sampling method. Combined, this
allowed for canister samples to be corrected for blank gas
diluent contamination (none seen) and carrier gas, or system,
contamination (consistently 0.95 pg m® benzene only).
Canisters would then be re-evacuated according to the previ-
ously described method. Canisters were randomly selected to
check for contamination by filling from fully evacuated to 1 bar
(gauge) with blank gas and run according to the previous
method. Instrument limits of detection (LOD) and quantifica-
tion (LOQ) for the six fragrance-originating VOCs in this paper
are given in ESI Table S1.1 LODs were calculated using a signal-
to-noise ratio (SNR) of 3: 1, and LOQ an SNR of 10: 1.
Chromatogram peak integration was completed using
GCWerks (GC Soft Inc., CA, USA). Over 120 VOC species were
identified and included in the automated analysis. Only the
VOCs associated with the LE formulation are reported in this
paper to simplify the presentation of results, however the entire
VOC dataset is open-access from the Centre for Environmental
Data Analysis (CEDA) repository at https://www.ceda.ac.uk/.

2.4 Data visualisation and statistical analysis

All data analysis and manipulation were conducted using the R
language, through RStudio software. The tidyverse package was
used in all data processing. Data plotting used ggplot2 for all
figures except quantile-quantile plots (qq-plots) for data
normality which used ggpubr. Boxplots show values in the order
of (from bottom-to-top): lower outliers, 5 percentile, 25"
percentile, median value, 75" percentile, 95® percentile, and
upper outliers. Regression statistics were calculated using
Spearman's rho using stat _cor() from the ggpubr package. A
confidence interval of 95% (« = 0.05) was used to indicate
significance. Diffuser increment plots were produced using the
raster and contour_filled functions in ggplot2, with additional
contour lines and contour line labels added using the contour2
and geom_text_contour functions in the metR package.

For statistical analysis of VOC concentrations difference
arising from different numbers of LE used in each booth, all
data were first transformed by natural logarithm. Following this
a Kruskal-Wallis test was completed on the transformed data
with a post hoc Dunn tests for species which returned a positive
result for significance following the initial Kruskal-Wallis test,
indicated by a p-value lower than the o = 0.05 level. Statistical
analysis methodology for the olfactive results is given later.

2.5 Olfactory methodology

Human olfactory testing was completed using a group of
trained panellists from a sensory panel at Givaudan, UK. The
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members of the panel were selected based on their olfactory
sensory acuity and then trained for a period of 4-6 months to
enable them to discriminate between products and score
consistently. The sensory panellist training programme at
Givaudan Inc., UK consists of several stages including: (1)
discrimination through triangle tests, to enhance skills for
differentiating between different odour types or odour inten-
sities, (2) ranking, to develop skills for comparing the relative
strength of sample, (3) scaling, to develop the ability to
quantify differences between samples and (4) scoring against
a control, to further develop the ability to use the scale. The
trained panellists assessed the strength of the LEs from 10 m?
toilet booths, following the same LE usage as with VOC
sampling.

Samples were monadically assessed blind and sequentially.
Panellists were not aware of the purpose of the investigation.
The trained panellists were asked to rate the overall perceived
intensity of the fragrance inside the 10 m® toilet booths using
a linear 0-100 scale. Sample orders were randomised using
a Latin square design to control experimental error. Replicates
were included within the sample set, and panellists were not
told there were replicates within the assessments. Sampled
panellist data was assessed for reliability using published
methods in Talsma (2016).> Statistical analysis was completed
using analysis of variance (ANOVA) followed by a Benjamini-
Hochberg post hoc assessment to observe significance between
levels. The ANOVA was additionally used to assess and ensure
no significant interaction between products and replicates. As
with sample VOC analysis, a confidence interval of 95% (« =
0.05) was used to indicate significance. Panellists sampled the
LE scent through a porthole from the chamber so as to not
interfere with booth airspace composition, and panellists were
unaware of the number of LEs present within the booth.

2.6 VOC metrics and modelling

In this paper, the metric “TVOC” is defined as the sum of all
quantifiable VOCs within a sample, making it an operationally
defined term specific to the analytical methods used. Addi-
tionally, we introduce the metric “fragrance TVOC,” which is
operationally defined as the sum of the concentrations of six
VOCs: o-pinene, B-pinene, y-terpinene, benzaldehyde, p-cym-
ene, and eucalyptol. While this metric does not represent the
entire fragrance formulation, it includes all fragrance-origin
VOCs that were sampled and resolved using our methodology.
The “fragrance TVOC” metric was adopted for brevity when
describing the behaviour of VOCs originating from the LE
fragrance. In specific cases, discussed later, individual
fragrance VOCs were highlighted, particularly when some
compounds were missing from samples or fell below detection
limits.

Warburton et al. (2023)*° reported a simple method for
determining a steady-state increment of a species with a known
emission rate, shown in eqn (1)

c= (AI;LV) 10° (1)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where C is the concentration of the species within an airspace
(ug m 7?), g is the emission rate of the species (g h™"), Ay is the
air exchange rate (h™') and V is the room volume (m?). This
equation assumes a steady-state airspace in a well-mixed, one-
box compartment with no chemical loss. In this study a more
complete model was used which solves the ordinary differential
equation (ODE) given in Carslaw (2007),>* shown in eqn (2), with
some term symbols changed to match those used in eqn (1). For
the analysis in this study, a-pinene was chosen to model
concentrations, as it represented a considerable portion of the
volatile fraction within the LE oil itself.

dCs _

A gs n
S A s MCou —2Cs+ LS R, (2
T Vd<VC)Cs+ fCout CS+VC+].:Z] i (2)

where Cs is the concentration of the species within the airspace
(molecules per cm?®), ¢ is time (s), Vq is the deposition velocity of
the species (cm s~ '), A is the surface area of the room (cm?), V¢
is the volume of the room (cm?), 1 is air exchange rate (s™), fis
the outdoor-to-indoor penetration factor (dimensionless), g5 is
the species emission rate (molecules per s), and R;; is the rate of
reaction between species i and j (molecules per cm® per s). In
this study, it was assumed there was no surface deposition, that
the outdoor-to-indoor penetration factor was equal to 1 as in
Dimitroulopoulou et al. (2001),”* and chemical removal was via
oxidation reactions with OH and NO; radicals, as well as with
0;. Reaction rates were calculated for the oxidation of a-pinene
to form APINAO2, APINBO2, APINCO2, NAPINAO2, NAPINBO2,
APINOOA, and APINOOB, rate constants for which were ob-
tained using the Master Chemical Mechanism (MCM) via http://
www.mcm.york.ac.uk.>**” The ozone fraction was originally set
to 10 ppb to give a model for a-pinene increment expected in
residential homes, but was set to 35 ppb to be reflective of the
air make-up within the booths used in this study. OH and
NO; radicals were given maximum concentrations of 2 x 10°
molecules per cm® and 9.2 x 10° molecules per cm® respec-
tively, in a sinusoidal circadian rhythm, with OH concentrations
peaking at 12 pm and NOj; concentrations peaking at 2 am. Low
concentrations used for OH and NO; were 1 x 10° molecules
per cm® and 1 x 10° molecules per cm?, respectively. NO;
radicals, while important in VOC oxidation, do not typically see
very high indoor concentrations and are normally not a major
consideration for indoor modelling.** However, in this study the
booths were supplied with outdoor air throughout, and addi-
tionally were allowed to equilibrate for one day before sampling
began. As such the air makeup in the booths over the sampling
period was treated as if it were outdoor air and subject to
circadian outdoor behaviours.

The rooms are based at a large industrial facility in Ashford,
UK where similar sensory science investigations take place and
were compared against available data for comparable locations
and times of year when samples were obtained, with ozone
fractions taken from http://www.gov.uk/government/statistical-
data-sets/env02-air-quality-statistics, and OH and NO; radical
concentrations used here were influenced by various
studies.’®** This model, which assumes a well-mixed one-box
compartment, was run for each emission rate with a 5 second

© 2025 The Author(s). Published by the Royal Society of Chemistry
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resolution over one day of constant emission and was then
iterated over a variety of air exchange rates and volumes to give
an array of simulations for each LE emission load. As each
simulation progressed, the room concentration of o-pinene
reached a constant concentration, indicating the simulation
had reached a steady-state. The simulated steady-state
concentrations were then plotted as a z-axis colour contour
against room volume and air exchange rate.

Using eqn (2) to model indoor VOC concentrations provided
a more comprehensive prediction than eqn (1), as it accounted
for VOC loss through various pathways, most importantly
oxidation. Monoterpenes and monoterpenoids, which are
highly reactive indoors, underwent oxidation particularly with
ozone, as well as with nitrate and hydroxyl radicals. This
oxidation served as a substantial sink for these compounds. For
upper-bound estimates, eqn (1) provided a straightforward
method for approximating concentrations; however, for this
more detailed analysis of one specific VOC, eqn (2) yielded
a fuller representation.

3 Results and discussion
3.1 TVOC and fragrance species concentrations

Boxplots of fragrance TVOC concentration at discrete levels of
LEs (0-5) are shown in Fig. 1. As would be expected, the VOC
concentrations in the smaller booths were higher than in the
larger room, however both increased linearly as the number of
LE devices increased. Fig. 2(a) shows the change in mean
individual species concentrations and linear regression statis-
tics for the large room as number of LE devices increases, with
Fig. 2(b) showing the same for the small booth. Spearman’s Rho
was used in the calculation of regression statistics, and R and p-
values are given on each plot. Significant linearities were found
for a-pinene and p-cymene for the large booth, and all quanti-
fiable species in the toilet booth. The effect of additional LEs in
the large booth was more scattered and at lower concentrations
than the toilet booth. Neither showed any indication of
concentration plateauing at a high number of concurrent LEs.
Note that significance in linearity does not reflect significance
in the pairwise comparison of concentrations across LE levels,
which is discussed later on. Benzaldehyde 0 LE concentrations
in the large booth appeared to be a potential outlier, as this
higher-than-expected concentration skewed the linearity
significantly. Ignoring the 0 LE result, LE additions resulted in
a linear and roughly stepwise trend. Replacing this outlier with
the 0 LE benzaldehyde concentration from toilet booth data
resulted in a significant linearity with R = 1 and p = 0.0028 (ESI
Fig. S37).

It has been previously reported that VOCs with lower vapour
pressures tend to have lower human odour detection limits
(ODLs).**** Value-based definitions of VOCs vary, but vapour
pressure-based definitions separating VOCs from lower-vapour
pressure species is generally between 0.075 mmHg and 0.1
mmHg.*>*® Tamas et al. (2006)*” demonstrated a plateauing of
perception of limonene (vapour pressure/V, = 1.5 mmHg)
within test chambers up to 115 ppb, or approximately 641 pg
m >, The same study also reported an ODL for limonene of
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around 40 ppb, or approximately 220 pg m™>. Yoshio et al.
(2003)*® reported a limonene ODL of approximately 40 ppb also,
and an a-pinene (V, = 4.75 mmHg) ODL of 18 ppb, or roughly
2.93 mmHg) ODL of

Paper

Fig.1 Boxplots of the spread of fragrance TVOC concentrations in the large booth (left panel) and toilet booth (right panel). From bottom to top,
each boxplot shows 5™ percentile, 25" percentile, 50" percentile/median, 75" percentile, 95" percentile. Any outliers are given as single dots
above or below the 5%/95" whisker.

approximately 33 ppb, or roughly 184 ug m™>. Yoshio et al.
(2003)*¢ also report the ODL for the sesquiterpenoid geosmin
(V, = 0.003 mmHg) at 6.5 ppt, or 0.05 pg m ">, and Schoenauer
and Schieberle (2016)°® reporting an ODL for grapefruit

(b)
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(a) Scatter plot showing median concentration results for fragrance species at each LE level (0 to 5) for the large booth, and (b) the same as

(a) but for toilet booth results. Concentrations are given in pg m~>. Regression statistics were calculated using Spearman’s Rho. Note — B-pinene
plots are missing from both (a) and (b) as all values were below the LOQ for B-pinene. Eucalyptol is missing from (b) due to only having values
above LOQ for LE levels 5 and 6, resulting in an incomplete plot.
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mercaptan (V, = 0.1 mmHg) of 0.0049 ppt, or approximately
0.000034 pg m~>. All vapour pressure values were obtained from
The Good Scents Company (http://
www.thegoodscentscompany.com/). As described in later
sections of this paper, toilet booths were perceived by sensory
panellists to have detectable fragrance odour when any
number of LEs (1-5) were present, however the ‘measurable’
VOC component of the fragrance (monoterpenes and other
higher vapour pressure species) were at concentrations below
their individually reported ODLs, suggesting that the
detectable odour arose from less volatile species from the
fragrance formulation such as <y-undecalactone and f-
caryophyllene - likely present at ppt and sub-ppt mixing ratios
and below measurable limits.

3.2 Comparison of LE emission rates

LEs were weighed before and after sample collection to deter-
mine oil mass loss over the sampling period. Median diffuser
mass loss was 2.54 g, average mass loss was 2.67 g, with
a standard deviation of 0.50 g. Using mean mass loss, this
resulted in an overall LE oil emission rate of 0.028 g h™". Using
the known fragrance formulation this gave an a-pinene emis-
sion rate of 1.60 x 10™° g h™'. The LE emission rate was
compared against available literature, shown in Table 1. There
was little literature available which disclosed LE emission rates
directly or which contained data from which an emission rate
could be calculated. Values were taken from Warburton et al.
(2023),*° Angulo-Milhem et al. (2023)** and Angulo-Milhem et al.
(2021).* In Angulo-Milhem et al. (2021)* it was noted the LE
was placed on a medium intensity, resulting in an emission rate
of 0.044 g h™". It is common for commercial LE devices to have
both variable and fixed output settings, however the LE used in
this study had a fixed output. Given the lack of available emis-
sion rate statistics of LEs in literature, it was not possible to
contextualise these emission rates, however the impact of
a higher oil emission rate would be seen in both elevated
concentrations of emitted VOCs, as well as increased fragrance
perception. Section 3.4 discusses the estimation of indoor
concentrations from known emission rates and sources.

3.3 Perceived intensity of LEs

Trained sensory panellists were asked to give an overall
perceived intensity rating from 0 to 100 for the toilet booths,
containing between 0 and 5 LEs. Panellists were blind to the
number of LEs present in the room during each assessment.
Fig. 3 gives mean results from the difference in perceived
fragrance intensity as pairwise values. A stepwise increase in LE
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Fig. 3 a matrix which shows the mean change in perceived fragrance
intensity at each combination of LE level from a scale of O to 100,
0 being the lowest/no change in perceived intensity and 100 being the
highest.

number, i.e. from 1 to 2 to 3 etc., resulted in increasing small
perceived differences in odour intensity once the first LE was
added. The most marked increase in step-wise perception of
change in fragrance odour was between rooms containing 0 and
1 LE. Testers identified limited differences in their perception of
the fragrance intensity between 2 and 3 or more devices.

For olfactive results, pairwise analysis was completed on
difference in perceived intensity using an Analysis of Variation
(ANOVA) test, with a Benjamini-Hochberg post hoc assessment,
p-values for which are shown as a matrix in Fig. 4(a). These
results confirmed a step-wise incremental increase in signifi-
cance for the addition of LEs up to 2, after which the signifi-
cance of the difference in perceived intensity drops and did not
give rise to further significant increase in perceived fragrance
intensity.

Fragrance TVOC concentrations were assessed across LE
levels using a Kruskal-Wallis test, which returned a positive
stochastic result for significance. All samples were used in this
assessment, and the data were transformed by natural loga-
rithm prior to Kruskal-Wallis analysis. A post hoc Dunn test was
then performed, which gave the p-value results shown in
Fig. 4(b). Pairwise analysis of fragrance TVOC concentrations
yielded insignificant results when comparing a stepwise
increase in LE number, with significant pairwise increases in
fragrance TVOC concentration only found when multiple LEs
were added into the airspace at once.

The lack of significance in perception of change in intensity
may lead to a real-world consequence where the use of LEs in

Table 1 Comparison of LE emission rates and booth properties between this study and several other studies available in literature

This study Warburton et al. (2023)*®  Angulo-Milhem et al. (2023)**  Angulo-Milhem et al. (2021)*
Diffuser emission rate (g h™")  0.028 0.024 0.053 0.044
Chamber volume (m?) 33.73 (large booth) — 40 1

9.49 (toilet booth)
Air exchange rate/AER (h™") 7.5 — 0.3+0.1 0.3 + 0.05

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Matrix showing p-value results for each LE level pair following ANOVA and Benjamini—Hochberg post hoc analysis for fragrance

perception, and (b) a matrix which shows p-value results for each LE level pair following Kruskal-Wallis and Dunn post hoc analysis for fragrance
TVOC concentrations. Non-significant results are given in white, and results of significance graduate from red (p = 0.05) to blue (p — 0).

a single room is to a degree self-limiting because of limited
perception of further benefit to the user if additional LEs are
added. We however note that other factors such as user toler-
ance and fragrance acceptability will also contribute to end-
user-based limitation of LE use, and future work would be
required to identify whether LE use could be labelled as self-
limiting. In the larger room and with the maximum of 5 LEs
operating, a median a-pinene concentration of 5 ug m* and an
upper o-pinene concentration of 7 ug m > was generated. This
is a surprisingly low concentration given the number of LEs
present. The concentration of a-pinene in the larger room was
typical of concentrations (within the 50™ percentile) found in

10.0-

7.5+

50-

Air exchange rate (hr‘1 )

0.0-

0 10 20 30

Room volume (m3 )

real-world homes with comparable room sizes in the work of
Heeley-Hill et al. (2021)*° and within the 60™ percentile of
homes in Warburton et al. (2023).>* Monoterpene emissions
are undoubtedly associated with the use of fragranced
products and are often species with the higher emission frac-
tions within product formulations such as in air fresheners,
surface cleaners and shampoos.®”® However even in an exag-
gerated product perturbation experiment the concentrations of
monoterpenes generated in realistically sized and ventilated
rooms are low, hence their presence or absence may not be
a good indicator for whether a room would have perceptible
fragrance odour.

a-pinene increment
concentration (ug m )

8

m 32
128
512
2048

Fig.5 Raster plot showing expected increment concentration of a-pinene in pg m=3, against ventilation rates in units of ™%, and room volumes
in units of m>. Concentrations were calculated using mean LE emission rates from this study. Increment concentrations graduate on a low-to-

high colour scale from blue to red.
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3.4 Modelling a-pinene increments

Fig. 5 shows the resulting contour plot for the increment of a-
pinene from the use of one diffuser. As the increment increases,
the colour of the contour graduates from blue through to red.
This model shows that plausibly high concentrations are
possible in very small rooms combined with low AERs. Spaces in
homes with this combination of low volume and low AER are
likely to be rooms where occupancy is incidental and episodic
however, rather than over longer periods of time, such as under-
the-stairs cloakrooms or porch cupboards. The short-term (30
min) exposure limit for a-pinene in indoor settings in the UK is
45000 pg m>,” which may give rise to noticeable effects to the
consumer's comfort. Using 1 LE with the lowest feasible model
combination of room volume and AER in the above model (V =
0.5 m® Ay = 0.5 h™") gave an a-pinene increment of 3700 pg
m°, more than an order of magnitude lower than the short-
term exposure limit, and also lower than the long-term expo-
sure limit (1 day of constant exposure) of 4500 pug m >.*
However, spaces in homes with this combination of room
volume and AER are likely small cupboards (kitchen cupboards,
under-the-stairs storage cupboards) where VOC exposure would
be incidental, and LE use in unlikely. A comparison of sampled
concentrations from this study, along with exposure thresholds
are given in Table 2.

3.5 Comparison with real-world analogues

Chambers or booths are used extensively to measure emissions
of VOCs from household products and also have applications in
sensory sciences.”””* Chambers for VOC analysis are typically of
stainless steel construction with glass panels and sampling
ports, and while they can range in sizes, they are typically
smaller volumes for ease of use and space in laboratories. While
smaller testing chambers allow for potentially better analysis of
emitted VOCs through product use for instruments with higher
detection limits, they do not necessarily replicate the same
conditions found in real-world analogues. In this study, two
sizes of booths were used, a smaller booth of approximately 10
m?® and a larger booth of approximately 30 m?, representing the
size of a bathroom and living room, respectively. The booths
used in this study additionally had more real-world represen-
tative surfaces within the volume, such as painted walls and
wooden doors.

View Article Online
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Fig. 6 shows a comparison of the concentrations of samples
from this study compared with real-world concentrations of
VOCs through LE use found in Warburton et al. (2023).° The
same LE device and liquid formulation was used across both
studies. It should be noted that the rooms used in Warburton
et al. (2023)* were the main living area of the house and ranged
from between 20 m® and 50 m® in volume. Whilst the data
showed incremental fragrance VOC increases in the booth plot
(especially so for the more confined space of the toilet booth),
comparison with a cohort of real-world homes from Warburton
et al. (2023)* showed little difference in both the overall VOC
concentrations found, and in the concentrations of individual
fragrance VOCs between the two studies. This may, of course,
arise from the differences in AER levels between homes and the
test booths, although comparative data for one LE in both
situations shows little difference in concentrations reported.
From a consumer perspective, the concentrations generated in
the large booths when multiple devices were used did not lead
to elevated fragrance VOC concentrations above those seen
typically in homes, remaining well below the short-term and
long-term exposure limit (1 day of constant exposure) as out-
lined by UK indoor exposure thresholds available from Public
Health England (Table 2).”* Although assessing potential health
impacts is beyond the scope of this study, modelling indicated
that high VOC concentrations approaching exposure limit
thresholds could occur only in rooms with an unrealistic
combination of low AERs and small volumes. Typically, product
packaging provides user guidance on proper usage, including
recommendations for adequate ventilation and suitable room
size. Using the device in small, poorly ventilated spaces would
therefore be considered off-label use.

Comparisons between chamber-based studies and real-world
studies are complex by nature. In real-world scenarios, there is
more than likely no one single point emission source of VOCs
throughout the sampling period, and air makeup is highly
changeable between samples.” Additionally, in booths there are
typically in-flows and out-flows to create air exchange, which may
interfere with VOC release and mixing into the volume. Such
molecular-level disturbances may be difficult to detect through
typical means such as the use of anemometers. However, in this
study, the booths were made to be as reflective of real-world
conditions as possible, given the sensory science-based nature
of the regular use of the booths used in this study.

Table 2 Comparison of median sampled concentrations from this study against UK indoor exposure thresholds available from Public Health

England.” All concentrations are shown in pg m—*

1LE 1LE 5 LEs 5 LEs Indoor short-term Indoor long-term
Species (small booth) (large booth) (small booth) (large booth) limit limit
d-Pinene 3.980 1.264 24.580 5.289 45 000° 4500°
Limonene 0.162 0.038 0.947 0.117 90 000° 9000°
Acetaldehyde 4.800 4.881 4.799 5.71 1420° 280°
Benzene 0.632 0.485 0.644 0.435 0’ 0’

“ 30 min exposure. ? 1 hour exposure. ¢ 1 day exposure. ¢ No safe exposure limit to benzene has been published, however England and Wales have
a 5 ug m~? benzene concentration target according to European (EU) ambient air quality directive 2008/50/EC.
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Fig. 6 Comparison of concentrations collected in this study against the concentrations found in Warburton et al. (2023),2¢ using the same LE

device and liquid formulation. All concentrations are shown in pgm

~3. Concentrations from Warburton et al. (2023)2 are displayed on the plots

as ‘Real homes'. From bottom to top, each boxplot shows 5% percentile, 25" percentile, 50" percentile/median, 75" percentile, 95" percentile.
Any outliers are given as single dots above or below the 5%/95" whisker.

4 Conclusions

In this study the olfactive perception and VOC concentrations
arising from fragrance LE use in controlled but realistically sized
and ventilated test rooms were assessed. As the number of LEs
deployed in a room increased, concentrations of VOCs increased
linearly, although individual VOC concentrations lower than 10
ng m~? were generated in the larger room. Based on intensity
feedback reported by trained panelists, the perception of the
intensity change arising from incrementally adding LEs into
a room was not of significance above 2 LEs in the 10 m® toilet
booths. The potential exists for multiple devices to be added to
a single room space. In these cases, there was limited difference
in fragrance intensity when 2 or more LEs were added concur-
rently. The lack of human perception of increased fragranced
intensity with the use of multiple LEs within an airspace may
however limit the potential for such off-instruction use, since
little end user benefit is likely to be detected or where the
consumer felt that 1 LE was performing adequately.

When 5 LEs were used in test rooms, concentrations of
volatile monoterpenes remained relatively low despite testers
reporting intense fragrance. o-Pinene concentrations generated
in the test rooms using 5 LEs were comparable to typical
concentrations found ordinarily in residential homes, with
upper a-pinene concentrations comparing between the 50"
60" percentile of real-home data in available literature. The in-

748 | Environ. Sci.. Adv, 2025, 4, 739-752

room concentrations of a-pinene were below the literature re-
ported individual ODL.

Analysis between this study and a real-world study using an
LE showed generally comparable VOC release and in-room
concentrations across both studies. The use of controlled but
realistic booths and chambers could be a reasonable substitute
to predict VOC exposure for regular LE consumer uses.

There are broader implications however for indoor air
quality. Reactive VOCs can impact indoor air quality through
atmospheric reactions that generate by-products such as
formaldehyde, acetaldehyde and secondary organic particulate
matter. Ultimately, the contribution that a fragranced-derived
compound will make to increasing secondary pollutants
indoors will be a combination of the amount emitted and then
present available for oxidation in air, the available oxidants (e.g
03, Cl, NO;, OH), and the bimolecular rate coefficients. It is
clear that some components of the LE fragrance tested here
create strong perceptible odours for humans but generate only
very low concentrations in the gas phase. These were not
detectable by the sampling and TD-GC-QMS methods used
here, and it can be hypothesised that concentrations are likely
to be in the low part per trillion range or below, rather than part
per billion which was typical of more volatile species such as
monoterpenes.

Much literature discussion of the possible indoor impacts of
fragranced products considers the ultimate fate of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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emissions following gas phase oxidation reactions. If
a fragrance contains monoterpenes and the use of the product
generates in-room increments in the order of tens of ug m > in
indoor air, that in turn has the potential to create comparable
ug m? increments of formaldehyde (having a VOC to HCHO
yield in the region 5-10%).7®

In this study whilst monoterpenes were a substantial
component of the fragrance formulation and the major type of
VOC generated indoors from the use of LE products, they did
not appear to be a major contributor to the perception of
fragrance by human testers. Often concentrations were below
their reported ODL. Reduction of monoterpene content from
raw materials might be a means to reduce possible indoor air
pollution in low-ventilation homes without necessarily
substantially changing human-perceived product performance.

4.1 Future work

Future work aimed at identifying the olfactive intensity of
fragrances in controlled settings should consider assessments
under variable AERs, as this could illuminate perception
gradients by varying the concentration of LE-emitted VOCs. A
challenge in such studies would be the pairing of air sampling
and analytical methods to resolve both the highly volatile frac-
tions of fragrance formulations, as achieved in this study, and
the less volatile fractions, which are likely present at =ppt gas-
phase mixing ratios. However, the use of sensitive on-line
analytical techniques, such as proton transfer reaction (PTR)
or selected ion flow tube (SIFT) mass spectrometry, could enable
assessments of the emitted concentrations of these lower
volatility species, as well as offer a time series of emissions and
decays of LE-originating VOCs.
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Author contributions

The experiments were designed by TW, ACL, NO, CJ, GA and BX.
TW, JRH, SJA and AMY supported the VOC analytical
measurements used in this study, NO, CJ led the olfactory
testing component. TW and ACL undertook the data analysis
and subsequent interpretation. All authors contributed to the
drafting and reviewing of the manuscript.

Conflicts of interest

NO, CJ, and GA are employees of Givaudan UK Ltd, Givaudan
Fragrances Corp. and BX is an employee of Bath & Body Works,
Inc. who are industrial suppliers of chemicals and finished
household and personal care products. To support indepen-
dence, all analytical work and data analysis was undertaken by
University of York with no restrictions placed on freedoms to

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Environmental Science: Advances

publish. To support transparency in research, data collected in
this study are freely available from the Centre for Environment
Data and Analysis (https://www.ceda.ac.uk).

Acknowledgements

Funding for this research was provided by Givaudan UK Ltd and
Bath & Body Works Inc. ACL, JRH and SJA receive support from
the National Centre for Atmospheric Science National Capa-
bility research programme, via funding provided by the Natural
Environment Research Council. TW's PhD studentship is part
supported by UKRI grant number NE/W002256/1.

References

1 N. Balasubramanian, in Chemical Technology in Antiquity,
American Chemical Society, 2015, vol. 1211, ch. 8, pp. 219-
244.

2 D. Voudouri and C. Tesseromatis, Perfumery from myth to
antiquity, Int. J. Med. Pharm., 2015, 3, 41-55.

3 M. Thalal, Fragrances From Heaven: The Relevance Of
Smelling In Understanding The Early History Of Islam, J.
Ilm. Islam Futura, 2020, 20, 35.

4 W. Chen, I. Vermaak and A. Viljoen, Camphor—A Fumigant
during the Black Death and a Coveted Fragrant Wood in
Ancient Egypt and Babylon—A Review, Molecules, 2013, 18,
5434-5454.

5 N. Nematollahi, S. D. Kolev and A. Steinemann, Volatile
chemical emissions from 134 common consumer products,
Air Qual., Atmos. Health, 2019, 12, 1259-1265.

6 P. Wolkoff and G. D. Nielsen, Effects by inhalation of
abundant fragrances in indoor air - An overview, Environ.
Int., 2017, 101, 96-107.

7 D. S. Yang, K.-C. Son and S. J. Kays, Volatile Organic
Compounds Emanating from Indoor Ornamental Plants,
HortScience, 2009, 44, 396-400.

8 S. Krdl, J. Namies$nik and B. Zabiegala, a-Pinene, 3-carene
and d-limonene in indoor air of Polish apartments: The
impact on air quality and human exposure, Sci. Total
Environ., 2014, 468-469, 985-995

9 F. Klein, N. J. Farren, C. Bozzetti, K. R. Daellenbach, D. Kilic,
N. K. Kumar, S. M. Pieber, J. G. Slowik, R. N. Tuthill,
J. F. Hamilton, U. Baltensperger, A. S. H. Prévot and I. El
Haddad, Indoor terpene emissions from cooking with
herbs and pepper and their secondary organic aerosol
production potential, Sci. Rep., 2016, 6, 36623.

10 S. Angulo Milhem, M. Verriele, M. Nicolas and F. Thevenet,
Indoor use of essential oil-based cleaning products:
Emission rate and indoor air quality impact assessment
based on a realistic application methodology, Atmos.
Environ., 2021, 246, 118060.

11 C. M. Wang, B. Barratt, N. Carslaw, A. Doutsi, R. E. Dunmore,
M. W. Ward and A. C. Lewis, Unexpectedly high
concentrations of monoterpenes in a study of UK homes,
Environ. Sci.: Processes Impacts, 2017, 19, 528-537.

12 N. Carslaw and D. Shaw, Secondary product creation
potential (SPCP): a metric for assessing the potential

Environ. Sci.: Adv,, 2025, 4, 739-752 | 749


https://www.ceda.ac.uk
https://www.ceda.ac.uk
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4va00388h

Open Access Article. Published on 15 January 2025. Downloaded on 6/12/2026 7:03:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Environmental Science: Advances

impact of indoor air pollution on human health, Environ.
Sci.: Processes Impacts, 2019, 21, 1313-1322.

13 H. L. Davies, C. O'Leary, T. Dillon, D. R. Shaw, M. Shaw,
A. Mehra, G. Phillips and N. Carslaw, A measurement and
modelling investigation of the indoor air chemistry
following cooking activities, Environ. Sci.: Processes Impacts,
2023, 25, 1532-1548.

14 S. Moshe, S. Sharoni, L. Olga, B. Einat, K. Dalit, A. Zach,
Z. Dani, V. Alexander, W. David, R. Uzi and L. Efraim,
Volatile compounds emitted by rose cultivars: Fragrance
perception by man and honeybees, Isr. J. Plant Sci., 2004,
52, 245-255.

15 E. Tomasino, M. Song and C. Fuentes, Odor Perception
Interactions between Free Monoterpene Isomers and Wine
Composition of Pinot Gris Wines, J. Agric. Food Chem.,
2020, 68, 3220-3227.

16 K. Sowndhararajan, H. Cho, B. Yu and S. Kim, Effect of
olfactory stimulation of isomeric aroma compounds,
(+)-limonene and terpinolene on human
electroencephalographic activity, Eur. J. Integr. Med., 2015,
7, 561-566.

17 K. Sowndhararajan and S. Kim, Influence of Fragrances on
Human Psychophysiological Activity: With  Special
Reference to Human Electroencephalographic Response,
Sci. Pharm., 2016, 84, 724-751.

18 K. H. Park, H. J. Kim, B. Oh, M. Seo, E. Lee and J. Ha,
Evaluation of human electroencephalogram change for
sensory effects of fragrance, Sking Res. Technol., 2019, 25,
526-531.

19 L. Nahar, H. R. El-Seedi, S. A. M. Khalifa,
M. Mohammadhosseini and S. D. Sarker, Ruta Essential
Oils: Composition and Bioactivities, Molecules, 2021, 26,
4766.

20 P. Sartorelli, A. D. Marquioreto, A. Amaral-Baroli,
M. E. L. Lima and P. R. H. Moreno, Chemical composition
and antimicrobial activity of the essential oils from two
species of Eucalyptus, Phytother. Res., 2007, 21, 231-233.

21 S. Kirak, Essential oil composition and antioxidant
activities of eight cultivars of Lavender and Lavandin from
western Anatolia, Ind. Crops Prod., 2018, 117, 88-96.

22 E. Uhde and N. Schulz, Impact of room fragrance products
on indoor air quality, A¢tmos. Environ., 2015, 106, 492-502.

23 S. Angulo-Milhem, M. Verriele, M. Nicolas and F. Thevenet,
Indoor use of essential oils: Emission rates, exposure time
and impact on air quality, Atmos. Environ., 2021, 244,117863.

24 S. Angulo-Milhem, M. Verriele, M. Nicolas and F. Thevenet,
Full-scale determination of essential oil diffusion: Impact
on indoor air quality, Atmos. Environ., 2023, 315, 120141.

25 W.-H. Cheng, Y.-C. Chen and S.-Y. Shih, Volatile Organic
Compound Emissions from Indoor Fragrance Diffusers,
Atmosphere, 2023, 14, 1012.

26 T. Warburton, S. K. Grange, J. R. Hopkins, S. J. Andrews,
A. C. Lewis, N. Owen, C. Jordan, G. Adamson and B. Xia,
The impact of plug-in fragrance diffusers on residential
indoor VOC concentrations, Environ. Sci.: Processes Impacts,
2023, 25, 805-817.

750 | Environ. Sci.: Adv,, 2025, 4, 739-752

View Article Online

Paper

27 T. Itoh, Y. Masuda, 1. Matsubara, J. Arai and W. Shin,
Examination of VOC Concentration of Aroma Essential
Oils and Their Major VOCs Diffused in Room Air, Int. J.
Environ. Res. Public Health, 2022, 19, 2904.

28 I. Myers and R. L. Maynard, Polluted air—outdoors and
indoors, Occup. Med., 2005, 55, 432-438.

29 A. C. Heeley-Hill, S. K. Grange, M. W. Ward, A. C. Lewis,
N. Owen, C. Jordan, G. Hodgson and G. Adamson,
Frequency of use of household products containing VOCs
and indoor atmospheric concentrations in homes, Environ.
Sci.: Processes Impacts, 2021, 23, 699-713.

30 A. T. Hodgson, D. Faulkner, D. P. Sullivan,
D. L. Dibartolomeo, M. L. Russell and W. ]J. Fisk, Effect of
outside air ventilation rate on volatile organic compound
concentrations in a call center, Atmos. Environ., 2003, 37,
5517-5527.

31 Y. Jia, X. Zheng, J. Guan, X. Tan, S. Chen, B. Qi and H. Zheng,
Investigation of indoor total volatile organic compound
concentrations in densely occupied university buildings
under natural ventilation: Temporal variation, correlation
and source contribution, Indoor Built Environ., 2021, 30,
838-850.

32 G. Hernandez, S. L. Wallis, I. Graves, S. Narain, R. Birchmore
and T.-A. Berry, The effect of ventilation on volatile organic
compounds produced by new furnishings in residential
buildings, Atmos. Environ.:X, 2020, 6, 100069.

33 P. Wolkoff, K. Azuma and P. Carrer, Health, work
performance, and risk of infection in office-like
environments: The role of indoor temperature, air
humidity, and ventilation, Int. J. Hyg. Environ. Health, 2021,
233, 113709.

34 T. Z. Maung, J. E. Bishop, E. Holt, A. M. Turner and
C. Pfrang, Indoor Air Pollution and the Health of
Vulnerable Groups: A Systematic Review Focused on
Particulate Matter (PM), Volatile Organic Compounds
(VOCs) and Their Effects on Children and People with Pre-
Existing Lung Disease, Int. J. Environ. Res. Public Health,
2022, 19, 8752.

35 B. Bridges, Fragrance: emerging health and environmental
concerns, Flavour Fragrance J., 2002, 17, 361-371.

36 A. Steinemann, Fragranced consumer products: sources of
emissions, exposures, and health effects in the UK, Air
Qual., Atmos. Health, 2018, 11, 253-258.

37 C. Landelle, G. Francony, N. F. Sam-Lai, Y. Gaillard,
F. Vincent, I. Wrobleski and V. Danel, Poisoning by
lavandin extract in a 18-month-old boy, Clin. Toxicol., 2008,
46, 279-281.

38 A. Woolf, Essential Oil Poisoning, J. Toxicol. Clin. Toxicol.,
1999, 37, 721-727.

39 M. Ago, K. Ago and M. Ogata, A fatal case of n-butane
poisoning after inhaling anti-perspiration aerosol
deodorant, Leg. Med., 2002, 4, 113-118.

40 S. Cariou, M. Chaignaud, P. Montreer, M. Fages and
J.-L. Fanlo, Odor concentration prediction by gas
chromatography and mass spectrometry (GC-MS):
importance of VOCs quantification and odor detection
threshold accuracy, Chem. Eng. Trans., 2016, 54, 67-72.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4va00388h

Open Access Article. Published on 15 January 2025. Downloaded on 6/12/2026 7:03:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

41 M. H. Abraham, J. M. R. Gola, J. E. Cometto-Muniz and
W. S. Cain, A Model for Odour Thresholds, Chem. Senses,
2002, 27, 95-104.

42 M. Zarzo, Effect of Functional Group and Carbon Chain
Length on the Odor Detection Threshold of Aliphatic
Compounds, Sensors, 2012, 12, 4105-4112.

43 J. Polster and P. Schieberle, Structure—-Odor Correlations in
Homologous Series of Alkanethiols and Attempts To
Predict Odor Thresholds by 3D-QSAR Studies, J. Agric. Food
Chem., 2015, 63, 1419-1432.

44 V. Ferreira, Revisiting psychophysical work on the
quantitative and qualitative odour properties of simple
odour mixtures: a flavour chemistry view. Part 1: intensity
and detectability. A review, Flavour Fragrance J., 2012, 27,
124-140.

45 J. Greenman, M. El-Maaytah, J. Duffield, P. Spencer,
M. E. L. Rosenberg, D. Corry, S. Saad, P. Lenton,
G. Majerus and S. Nachnani, Assessing the relationship
between concentrations of malodor compounds and odor
scores from judges, J. Am. Dent. Assoc., 2005, 136, 749-757.

46 Y. Yoshio and E. Nagata, 2003, https://www.env.go.jp/en/air/
odor/measure/02_3_2.pdf.

47 A. Sabiniewicz, M. Brandenburg and T. Hummel, Odor
Threshold Differs for Some But Not All Odorants Between
Older and Younger Adults, J. Gerontol., 2023, 78, 1025-1035.

48 F. Jittner and B. Watson Susan, Biochemical and Ecological
Control of Geosmin and 2-Methylisoborneol in Source
Waters, Appl. Environ. Microbiol., 2007, 73, 4395-4406.

49 F. A. Fazzalari and W. H. Stahl, A. S. f. Testing, E.-o. s. e. 0. m.
Materials comm., products, Compilation of Odor and Taste
Threshold Values Data, A. S. T. M., 1978.

50 J. W. Hsieh, A. Keller, M. Wong, R.-S. Jiang and
L. B. Vosshall, SMELL-S and SMELL-R: Olfactory tests not
influenced by odor-specific insensitivity or prior olfactory
experience, Proc. Natl. Acad. Sci. U. S. A., 2017, 114, 11275~
11284.

51 A. M. Cleary, K. E. Konkel, J. S. Nomi and D. P. McCabe, Odor
recognition without identification, Mem. Cogn., 2010, 38,
452-460.

52 A. Scharf and H.-P. Volkmer, The impact of olfactory product
expectations on the olfactory product experience, Food Qual.
Prefer., 2000, 11, 497-503.

53 P. Talsma, Assessing sensory panel performance using
generalizability theory, Food Qual. Prefer., 2016, 47, 3-9.

54 N. Carslaw, A new detailed chemical model for indoor air
pollution, A¢tmos. Environ., 2007, 41, 1164-1179.

55 C. Dimitroulopoulou, M. R. Ashmore, M. A. Byrne and
R. P. Kinnersley, Modelling of indoor exposure to nitrogen
dioxide in the UK, Atmos. Environ., 2001, 35, 269-279.

56 M. E. Jenkin, S. M. Saunders and M. ]. Pilling, The
tropospheric degradation of volatile organic compounds:
a protocol for mechanism development, Atmos. Environ.,
1997, 31, 81-104.

57 S. M. Saunders, M. E. Jenkin, R. G. Derwent and M. J. Pilling,
Protocol for the development of the Master Chemical
Mechanism, MCM v3 (Part A): tropospheric degradation of

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Environmental Science: Advances

non-aromatic volatile organic compounds, Atmos. Chem.
Phys., 2003, 3, 161-180.

58 D. E. Heard, L. J. Carpenter, D. J. Creasey, J. R. Hopkins,
J. D. Lee, A. C. Lewis, M. J. Pilling, P. W. Seakins,
N. Carslaw and K. M. Emmerson, High levels of the
hydroxyl radical in the winter urban troposphere, Geophys.
Res. Lett., 2004, 31, L18112.

59 D. Asaf, D. Pedersen, V. Matveev, M. Peleg, C. Kern,
J. Zingler, U. Platt and M. Luria, Long-Term Measurements
of NO; Radical at a Semiarid Urban Site: 1. Extreme
Concentration Events and Their Oxidation Capacity,
Environ. Sci. Technol., 2009, 43, 9117-9123.

60 S. S. Abdalmogith and R. M. Harrison, An analysis of spatial
and temporal properties of daily sulfate, nitrate and chloride
concentrations at UK urban and rural sites, J. Environ.
Monit., 2006, 8, 691.

61 A. C. Rivett, D. Martin, D. J. Gray, C. S. Price, G. Nickless,
P. G. Simmonds, S. J. O'Doherty, B. R. Greally, A. Knights
and D. E. Shallcross, The role of volatile organic
compounds in the polluted urban atmosphere of Bristol,
England, Atmos. Chem. Phys., 2003, 3, 1165-1176.

62 M. A. H. Khan, W. C. Morris, L. A. Watson, M. Galloway,
P. D. Hamer, B. M. A. Shallcross, C. J. Percival and
D. E. Shallcross, Estimation of Daytime NOzRadical Levels
in the UK Urban Atmosphere Using the Steady State
Approximation Method, Adv. Meteorol., 2015, 2015, 1-9.

63 B. J. Doleman, E. J. Severin and N. S. Lewis, Trends in odor
intensity for human and electronic noses: Relative roles of
odorant vapor pressure vs. molecularly specific odorant
binding, Proc. Natl. Acad. Sci. U. S. A., 1998, 95, 5442-5447.

64 J. Williams and A. Ringsdorf, Human odour thresholds are
tuned to atmospheric chemical lifetimes, Philos. Trans. R.
Soc., B, 2020, 375, 20190274.

65 E. Olsen and F. Nielsen, Predicting Vapour Pressures of
Organic Compounds from Their Chemical Structure for
Classification According to the VOCDirective and Risk
Assessment in General, Molecules, 2001, 6, 370-389.

66 U.-U. T. V0 and M. P. Morris, Nonvolatile, semivolatile, or
volatile:  Redefining volatile for volatile organic
compounds, J. Air Waste Manage. Assoc., 2014, 64, 661-669.

67 G. Tamas, C. J. Weschler, J. Toftum and P. O. Fanger,
Influence of ozone-limonene reactions on perceived air
quality, Indoor Air, 2006, 16, 168-178.

68 S. Schoenauer and P. Schieberle, Structure-Odor Activity
Studies on Monoterpenoid Mercaptans Synthesized by
Changing the Structural Motifs of the Key Food Odorant 1-
p-Menthene-8-thiol, J. Agric. Food Chem., 2016, 64, 3849-
3861.

69 B. C. Singer, H. Destaillats, A. T. Hodgson and
W. W. Nazaroff, Cleaning products and air fresheners:
emissions and resulting concentrations of glycol ethers
and terpenoids, Indoor Air, 2006, 16, 179-191.

70 A. M. Yeoman, M. Shaw, N. Carslaw, T. Murrells, N. Passant
and A. C. Lewis, Simplified speciation and atmospheric
volatile organic compound emission rates from
non-aerosol personal care products, Indoor Air, 2020, 30,
459-472.

Environ. Sci.: Adv., 2025, 4, 739-752 | 751


https://www.env.go.jp/en/air/odor/measure/02_3_2.pdf
https://www.env.go.jp/en/air/odor/measure/02_3_2.pdf
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4va00388h

Open Access Article. Published on 15 January 2025. Downloaded on 6/12/2026 7:03:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Environmental Science: Advances

71 C. Shrubsole, S. Dimitroulopoulou, K. Foxall, B. Gadeberg
and A. Doutsi, IAQ guidelines for selected volatile organic
compounds (VOCs) in the UK, Build. Environ., 2019, 165,
106382.

72 T. Salthammer, N. Schulz, R. Stolte, F. Monegel and E. Uhde,
Sensory evaluation in test chambers: Influences of direct and
indirect assessment, Build. Environ., 2020, 172, 106668.

73 C. S. Cortez-Pereira, A. R. Baby, T. M. Kaneko and
M. V. R. Velasco, sensory approach to measure fragrance
intensity on the skin, J. Sens. Stud., 2009, 24, 871-901.

752 | Environ. Sci. Adv., 2025, 4, 739-752

View Article Online

Paper

74 E. Upstill, C. Rowland and C. Jordan, Delivering context for
fragrance evaluation: A study using trained sensory
panellists, Food Qual. Prefer., 2022, 102, 104636.

75 F. J. Kelly and J. C. Fussell, Improving indoor air quality,
health and performance within environments where
people live, travel, learn and work, Atmos. Environ., 2019,
200, 90-109.

76 A.Lee, A. H. Goldstein, J. H. Kroll, N. L. Ng, V. Varutbangkul,
R. C. Flagan and ]J. H. Seinfeld, Gas-phase products and
secondary aerosol yields from the photooxidation of 16
different terpenes, J. Geophys. Res.:Atmos., 2006, 111,
D17305.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4va00388h

	An assessment of VOC emissions and human strength perception of liquid electric fragrance diffusersElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00388h
	An assessment of VOC emissions and human strength perception of liquid electric fragrance diffusersElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00388h
	An assessment of VOC emissions and human strength perception of liquid electric fragrance diffusersElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00388h

	An assessment of VOC emissions and human strength perception of liquid electric fragrance diffusersElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00388h
	An assessment of VOC emissions and human strength perception of liquid electric fragrance diffusersElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00388h
	An assessment of VOC emissions and human strength perception of liquid electric fragrance diffusersElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00388h
	An assessment of VOC emissions and human strength perception of liquid electric fragrance diffusersElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00388h
	An assessment of VOC emissions and human strength perception of liquid electric fragrance diffusersElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00388h
	An assessment of VOC emissions and human strength perception of liquid electric fragrance diffusersElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00388h
	An assessment of VOC emissions and human strength perception of liquid electric fragrance diffusersElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00388h

	An assessment of VOC emissions and human strength perception of liquid electric fragrance diffusersElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00388h
	An assessment of VOC emissions and human strength perception of liquid electric fragrance diffusersElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00388h
	An assessment of VOC emissions and human strength perception of liquid electric fragrance diffusersElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00388h
	An assessment of VOC emissions and human strength perception of liquid electric fragrance diffusersElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00388h
	An assessment of VOC emissions and human strength perception of liquid electric fragrance diffusersElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00388h
	An assessment of VOC emissions and human strength perception of liquid electric fragrance diffusersElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00388h

	An assessment of VOC emissions and human strength perception of liquid electric fragrance diffusersElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00388h
	An assessment of VOC emissions and human strength perception of liquid electric fragrance diffusersElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00388h

	An assessment of VOC emissions and human strength perception of liquid electric fragrance diffusersElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00388h
	An assessment of VOC emissions and human strength perception of liquid electric fragrance diffusersElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00388h
	An assessment of VOC emissions and human strength perception of liquid electric fragrance diffusersElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00388h
	An assessment of VOC emissions and human strength perception of liquid electric fragrance diffusersElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00388h




