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ABSTRACT: Scented wax melts are being popularized as a safer, nontoxic
alternative to traditional candles and incense for indoor aromatherapy. We _ |
performed field measurements in a residential test house to investigate Atmospheric Nanoparticles
atmospheric nanoparticle formation from scented wax melt use. We 10° cm® New Particle Formation High Respiratory
o . . g g g 9 1: Candles 108 cm?3 Tract Deposited
emp}oyedl a high-resolution particle size magmﬁer scanning mobility et o 1o Dose Rates (R)
particle sizer (PSMPS) and a proton transfer reaction time-of-flight mass G St e
spectrometer (PTR-TOF-MS) for real-time monitoring of indoor 1010 em® ? ? i‘
atmospheric nanoparticle size distributions and terpene mixing ratios, Diesel Engines —
respectively. Our findings reveal that terpenes released from scented wax N t1OT—C;O’ cEm'S_
. . . o ege 9 atural Gas engines

melts react with indoor atmospheric ozone (O;) to initiate new particle ° Scented Wax
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formatlol? (NPF) ever}ts, resultémg _1131 significant indoor atmgspherlc CombustionBased  Noncombustion Based
nanoparticle concentrations (>10° cm™) comparable to those emitted by Sources Aromatherapy

combustion-based scented candles, gas stoves, diesel engines, and natural
gas engines. We show that scented wax melt-initiated NPF events can result in significant respiratory exposures, with nanoparticle
respiratory tract deposited dose rates similar to those determined for combustion-based sources. Our results challenge the perception
of scented wax melts as a safer alternative to combustion-based aromatherapy, highlighting the need for further research on the
toxicological properties of the newly formed nanoparticles to better understand their environmental health implications.

KEYWORDS: nanoparticle pollution, new particle formation, indoor air quality, secondary organic aerosol, respiratory exposure

Bl INTRODUCTION environments with low nitrogen monoxide (NO) concen-
trations.”™"" Because scented wax melts do not involve
combustion, they likely do not emit NO, suggesting
possibilities for secondary reactions that could initiate NPF,
despite being smoke-free. However, this phenomenon in
indoor environments remains unexplored.

Here, we present the first comprehensive evaluation of
nanoparticle formation using scented wax melts in a full-scale,
mechanically ventilated residential test house. Utilizing
advanced measurement techniques, including a high-resolution
particle size magnifier-scanning mobility particle sizer
(PSMPS)'* and a proton transfer reaction time-of-flight mass
spectrometer (PTR-TOF-MS),"” we quantitatively demon-
strate that secondary chemistry during scented wax melt use
can form and grow indoor atmospheric nanoparticles,
significantly enriching the sub-100 nm particle concentration
in the indoor environment. Surprisingly, the indoor atmos-
pheric nanoparticle concentrations from noncombustion-based

Scented wax melts have become a popular, stylish, and
aromatic alternative to traditional candles and incense. These
small pieces of scented wax release pleasant fragrances into
homes, offices, and other indoor environments when heated
without an open flame. Marketed as noncombustion, smoke-
free, and nontoxic, scented wax melts are perceived as safer and
cleaner options for indoor aromatherapy.' The scented wax
melt market is rapidly expanding, as evidenced by its
prominent presence in the product lines of numerous leading
home fragrance companies.

Despite being flame-free and smoke-free, scented wax melts
can emit quantities of volatile organic compounds (VOCs)
that are larger than those of traditional scented candles” due to
their higher fragrance concentration and the direct heating of
wax, maximizing the melted wax surface area.’ Manufacturers
often highlight this advantage, claiming that scented wax melts
quickly and efficiently fill indoor spaces with aroma. However,
these VOCs, primarily composed of monoterpenes and their

oxygenated derivatives, monoterpenoids, are highly reactive Received: November 19, 2024 TNRONIETTAL
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Figure 1. (a) Representative time-resolved evaluation of indoor atmospheric nucleation and growth (NPF) during the use of bergamot-scented wax
melts (two cubes) in the Purdue zEDGE test house at two different outdoor air ventilation rates [k, values of 3.0 h™" (top) and 6.5 h™*
(bottom)]. (b) Relationship between the effective terpene ozonolysis rates [K.g(MT + MTD)-O,] and particle nucleation rates at the critical
diameter (J ,5) (left y-axis), along with mean condensational growth rates for particles in the size range of 3 nm < d, < 10 nm (right y-axis) during
NPF events initiated by scented wax melts. Legend: ZEDGE®S, scented wax melts used in the zEDGE test house at a kg, of 6.5 h™'; zZEDGE**,
scented wax melts used in the ZEDGE test house at a k. of 3.0 h™!; CLOUD?, particle nucleation rates (J,,) from ref 24; AURA®, particle
nucleation rates (J; ;) from ref 28; CLOUD, particle nucleation rates (], ,) from ref 29; CLOUDY, apparent particle growth rates (3.2 nm < d,, < 8
nm) from ref 30. (c) Comparison of size-integrated sub-10 nm atmospheric nanoparticle number concentrations from scented wax melt use (this
study) vs scented candle combustion (ref 31), gas stove combustion (Gas Stove®, indoor bulk air measurements from ref 12; Gas Stove?, cookstove
emission hood measurements from ref 32), diesel engine (exhaust emission measurements at 75% engine load from ref 33), and natural gas engine
(exhaust emission measurements, where the value represents the mean, calculated from the engine operating under both lower- and higher-torque
conditions, from ref 34). The error bars for this study and for Gas Stove® represent the 25th and 75th percentile values, whereas for the diesel
engine, they represent the values at 50% and 100% engine loads. For the natural gas engine, the error bars correspond to the values under lower-
and higher-torque operating conditions.

scented wax melts were similar to those emitted by B METHODS AND MATERIALS

combustion-based scented candles, gas stoves, diesel engines, Field measurements of atmospheric nanoparticle formation
and natural gas engines. Furthermore, the adult nanoparticle and growth during the use of scented wax melts for room
respiratory tract deposited dose rates while using scented wax fragrance were performed in the Purdue zero Energy Design

Guidance for Engineers (zEDGE) test house. A detailed
description of the test house can be found elsewhere.”'*~"”
The activity sequence for the use of wax melts in the test house

melts rivaled those determined for combustion-based sources.
Therefore, contrary to the perception of being a safer

alternative, NPF events from noncombustion scented wax is summarized in the Supporting Information.

melts result in nanoparticle formation comparable to primary Real-time measurements of atmospheric nanoparticle

nanoparticle emissions from combustion-based sources. number concentrations and size distributions from 1.18 to
176 https://doi.org/10.1021/acs.estlett.4c00986
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Figure 2. (a) Comparison of median particle number size distributions during NPF events initiated by three different scented wax melts used at
two different outdoor air ventilation rates (ke values of 3.0 and 6.5 h™") in the Purdue zZEDGE test house. The shaded area presents the 25th and
75th percentiles of the particle number size distributions. The plot also includes the median particle number size distribution of background air in
the Purdue zZEDGE test house without activity, as well as the median particle number size distribution during the use of unscented wax melts in the
Purdue zEDGE test house. (b) Comparison of (left) median respiratory tract deposited dose rates (Rp,) of 1.18—100 nm particles in various
respiratory tract regions (head airways, tracheobronchial, and pulmonary) of adults during NPF events initiated by scented wax melt use (this
study) vs Ry, during scented candle combustion (ref 31), gas stove combustion (Gas Stove?, indoor bulk air measurements from ref 12; Gas Stove®,
cookstove emission hood measurements from ref 32), and measurements near a roadside environment from ref 33. The y-axis label specifies the
size range for the Ry calculation. The plot also includes the median Rp of background air in the Purdue zEDGE test house without activity.
Comparison of (right) particle production rates for scented wax melt use at 1.75 nm (this study) vs the particle production rates during indoor
scented candle combustion (ref 31), gas stove combustion (Gas Stove®, indoor bulk air measurements from ref 12; Gas Stove®, cookstove emission
hood measurements from ref 32), and diesel engine (exhaust emission measurements at 75% engine load from ref 33). The y-axis label specifies the
size range for which the particle production rates were calculated. The particle production rates for scented wax melt use are calculated as the
product of the mean particle nucleation rates during NPF events and the volume of the Purdue zZEDGE test house. The method for estimating
particle production rates in min~' from particle emission factors in kg-fuel™" for refs 32 and 33 is detailed in the Supporting Information. The error
bars for this study and for Gas Stove® represent the 25th and 75th percentile values, whereas for the diesel engine, they represent the values at 50%
and 100% engine loads. Note that both the background particle number size distributions and the particle number size distributions during the use
of scented and unscented wax melts were subjected to background charger ion correction in the sub-3 nm size range (as detailed in the Supporting
Information).

572.5 nm were conducted using two different aerosol configuration, setup, and data analysis are discussed in the
instruments: a novel PSMPS (GRIMM Aerosol Technik

Ainring GmbH & Co. KG, Ainring, Germany) and a scanning Supporting Information.

mobility particle sizer (SMPS) equipped with a long

. ] - To evaluate nanoparticle dynamics during scented wax melt
differential mobility analyzer (DMA) (model 3938NL88, TSI

: 12,18 .
Inc, Shoreview, MN). The PSMPS deteclgs and classifies use, we estimated the particle nucleation rate at the critical
atmospheric nanoparticles down to ~1 nm.” VOC mixing
ratios were measured using a PTR-TOF-MS (model PTR- diameter (J; 5, in cm™ s7') using the discrete aerosol general
TOF 4000, Ionicon Analytik GmbH, Innsbruck, Austria).
Other trace gas instrumentation used in the measurement dynamics equation (GDE) in a Eulerian specification (eq

campaign included NO,, (NO + NO,), carbon dioxide (CO,),

and O; analyzers. Additional details about the instrument 1).>%
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The terms in eq 1 are explained in detail in the Supporting
Information. For the scented wax melts that exhibited particle
nucleation and growth beyond 3 nm, a composition-weighted
effective terpene ozonolysis rate constant (K. in cm?® s7!) was
determined using the terpene isomer compositions and their
respective second-order ozonolysis rate constants (as detailed
in the Supporting Information). Furthermore, following
methods from previous studies,'”'**" we estimated respiratory
tract deposited dose rates (Rp, in min™") to assess the rate of
deposition of nanoparticles formed during the use of scented
wax melts in various respiratory tract regions (head airways,
tracheobronchial, and pulmonary) of adults.

B RESULTS AND DISCUSSION

New Particle Formation during Scented Wax Melt
Use. The use of scented wax melts in the test house led to
significant emissions of terpenes [monoterpenes and mono-
terpenoids (MT + MTD)] to indoor air (Table S1). This
occurred when the mean background indoor atmospheric O;
and NO mixing ratios were 9.7-29.9 and 0.6—0.8 ppb,
respectively. Terpenes released during scented wax melt use
consume indoor atmospheric O; to form peroxy and
hydroperoxy radicals (RO,* and HO,*). RO,* can react with
NO, HO,*, and other peroxy radicals. Although a reduction in
O; is expected to increase indoor atmospheric NO
concentrations, RO,* and HO,® rapidly react with NO, likely
offsetting the expected increase and thereby stabilizing NO
mixing ratios during scented wax melt use.* The NO
concentrations in the test house were sufficiently low (<0.8
ppb) that Os-initiated autoxidation of terpenes can compete
with other RO,* reactions.”””> This process is known to
produce various highly oxygenated molecules, a subset of
which can drive the pure biogenic nucleation of atmospheric
particles.”* ™

Particle nucleation was observed during all scented wax melt
activities (Figures S2 and S3), increasing the number
concentrations of indoor atmospheric nanocluster aerosol
(NCA, sub-3 nm particles). However, freshly nucleated
particles grew past the sub-3 nm size range (Figure la and
Figure S3) for only those scented wax melts that emitted
higher mixing ratios of terpenes (median peak MT + MTD =
193.4 ppb for particle nucleation and growth events; median
peak MT + MTD = 55 ppb for particle nucleation but no
growth events). This size range is particularly significant
because sub-3 nm particles are prone to coagulation and
evaporation loss and require more low-volatility condensa-
tional vapors to offset this loss.”® Thus, particle growth beyond
the sub-3 nm size range was observed for only scented wax
melts with higher terpene emissions, and this growth occurred
as the terpene emissions approached their peak (Figure 1 and
Figure S6). Another reason not all freshly nucleated particles
grew past the sub-3 nm size range during scented wax melt use

178

could be the greater abundance of less Oj-reactive terpene
VOCs, such as menthol and menthone. In contrast, wax melts
that showed particle nucleation and growth past the sub-3 nm
size range might contain more Oj-reactive terpene VOCs, such
as d-limonene and linalool. These are effective in forming
larger quantities of low-volatility condensational vapors that
drive particle growth.””” Future studies are needed to measure
low-volatility condensable vapors using various high-resolution
chemical ionization mass spectrometers during the use of
scented wax melts to fully understand nanoparticle growth
dynamics.

In scenarios in which particle nucleation and growth past 3
nm were observed, the particle nucleation and condensational
growth rates followed the trend of the effective terpene
ozonolysis rates [K(MT + MTD)-O,] (Figure 1b). This
observation suggests that the precursor terpene emissions and
their ozonolysis are responsible for the particle nucleation and
growth observed during the use of scented wax melts. To
further confirm this, we tested an unscented wax melt in the
wax warmer in the test house. No significant terpene emissions
or particle nucleation and growth occurred during its use
(Table S1 and Figure S4), reinforcing the idea that the
precursor terpene emissions from scented wax melts are
responsible for NPF when using scented wax melts. Addition-
ally, the particle number size distributions during unscented
wax melt use showed no major deviation when compared with
the background particle number size distributions in the test
house, suggesting that the vapors produced from melting
unscented wax do not contribute to particle growth (Figure
2a). Terpene emissions dominated the VOC emissions during
scented wax melt use. Other than terpenes, we observed a
minor increase in sesquiterpene (SQT) mixing ratios during
the use of scented wax melts (Figure SS and Table S3; the
mixing ratios might be underestimated due to fragmentation of
the protonated SQT). However, compared with the peak MT
+ MTD emissions, the average ratio of the increased peak SQT
mixing ratios to the peak MT + MTD mixing ratios is ~0.16%
(Table S3), which is significantly lower than the SQT to MT
ratio found in chamber experiments known to influence
biogenic new particle formation (2%).*> Therefore, the very
high MT + MTD emissions from scented wax melts should
primarily drive the production of nanoparticles during their
use. Nevertheless, the role of SQT in this process cannot be
entirely dismissed and warrants future controlled studies to
clarify the contribution of SQT to biogenic new particle
formation at such low SQT to MT ratios.

Figure 1la illustrates typical indoor atmospheric NPF events
during the use of scented wax melts at two different outdoor
air ventilation rates (k.. values of 3.0 and 6.5 h™'). Particle
nucleation commenced a few minutes after the wax warmer
was switched on, with size-integrated (1.18—3 nm) NCA
number concentrations (Nyc,) increasing sharply from
background concentrations of ~10> to >10* cm™. Nyca
remained elevated throughout the operation of the wax
warmer. Interestingly, NCA concentrations remained high
even after the wax warmer was turned off (Figure la and
Figures S2 and S3) due to sustained nucleation driven by
elevated terpene mixing ratios (Figure S6). The particle growth
plume out of the NCA size fraction emerged later, coinciding
with increasing terpene emissions nearing their peak.

A key observation is that while the particles in the NCA size
fraction appeared similar at both outdoor air ventilation rates,
the growth plume was markedly stronger at the lower
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ventilation rate (Figure la). We further examined this by
comparing the median particle number size distributions
during the use of three different scented wax melts under two
ventilation rates (Figure 2a). The particle number size
distributions revealed that in the NCA size fraction,
particularly for particles smaller than 2 nm, there was minimal
difference in the particle number concentrations between the
two ventilation rates. Median Ny, values during this period
were 1.4 X 10® em™ at a k.., of 3.0 h™' and 2.3 X 10° cm™ at
a kyene of 6.5 h™'. However, significantly more particles in the
3—100 nm size range were present at the lower ventilation rate
(median N;_;o, values of 4.9 X 10* cm™ at a ko, of 3.0 h™
and 2.7 X 10* cm™ at a ky,, of 6.5 h™"). To further investigate
the potential reasons for this observed phenomenon, we
estimated the survival probabilities of indoor atmospheric
nanoparticles from 1.75 to 10 nm (P4, estimation
methods discussed in the Supporting Information) during
scented wax melt use activities that exhibited particle
nucleation and growth beyond 3 nm (Table SS). Nanoparticle
survival is typically linked to either the presence of low-
volatility condensable gases or the background sink.’® In the
zEDGE test house, the background sink levels before the use of
scented wax melts were relatively similar (Table S1),
suggesting that low-volatility condensable gases likely governed
nanoparticle survival. Although we did not measure low-
volatility species in this study, the effective terpene ozonolysis
rates [K.(MT + MTD)-O;] and the condensational growth
rates (GR,,g) are reported to be proportional to the presence
of these gases.”” We observed that both these rates were higher
at an outdoor air ventilation rate of 3.0 h™" than at a k., of 6.5
h™" (Figure 1b), likely due to higher terpene mixing ratios at
the lower k., (Table S1). Consequently, P,,_,, was
observed to be higher at the lower k., (Table SS), which
presumably explains why both the particle growth plume and
the concentrations of 3—100 nm particles were higher at lower
outdoor air ventilation rates during the use of scented wax
melts. For NCA, while the particle nucleation rate increased at
lower k., values (Figure 1b), previous studies suggest that at
lower k.., values, NCA coagulation loss rates also increase.’’
Thus, the higher loss rates might offset the increased particle
nucleation rates at lower outdoor air ventilation rates, causing
the NCA concentrations to remain relatively consistent across
different ventilation rates during the use of scented wax melts.
These novel observations highlight the impact of outdoor air
ventilation on the indoor NPF dynamics.

Quantifying NPF during Scented Wax Melt Use and
Comparisons with Combustion Sources. To quantify the
rate of formation of new particles while considering indoor-
specific loss processes, we estimated particle nucleation rates
(J175) for NPF events initiated during scented wax melt use
(eq 1). Our observations revealed remarkably high values of
J1.75 during these NPF events, with mean ], ;5 values ranging
from 143 to 3588 cm™> s~ . This variability can be attributed to
the differing effective terpene ozonolysis rates [K.4(MT +
MTD)-O;] for different scented wax melts (Figure 1b).
Notably, the particle nucleation rates during the use of scented
wax melts indoors are orders of magnitude higher than typical
outdoor atmospheric particle nucleation rates (~0.1 to 100
cm™ s_l),26’38’3’9 characterizing these NPF events as intense.
Furthermore, the nucleation rates observed here correlate
strongly with the previously published ], , values and terpene
ozonolysis reaction rates from studies conducted in
CLOUD*** and AURA*® chambers on terpene-induced
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particle nucleation. This agreement further corroborates that
terpene ozonolysis is the likely mechanism for nucleation
initiated by the use of scented wax melts, with the significant
terpene emissions from these products explaining the high
nucleation rates observed. As regorted for NPF in both indoor
and outdoor environments,'"* coagulation loss contributes
the most to the estimated J,,5 (~58%) (Figure S7). The
second largest contributor to J;,s is the coagulation source
[~33% (Figure S7)], which is often overlooked in indoor
nanoparticle dynamics models.

Expressed as particles per minute, the mean net particle
production rate at 1.75 nm during these NPF events in the test
house was 6.4 X 10*2 min™!, ~3 times higher than the reported
particle emission rate at 2.3 nm during indoor candle
combustion [1.9 x 10" min™' (Figure 2b)].>" While Wallace
et al.>' reported emission rates at a lower limit of 2.3 nm,
precluding a direct comparison at 1.75 nm, Torkmahalleh et
al.** reported a mean 1—3 nm particle concentration of 1.1 X
10° cm™ during a day with two candle-burning events in a
school. In our study, the mean size-integrated (1.18—3 nm)
NCA number concentration during NPF events initiated by
scented wax melts was 1.9 X 10° cm™, indicating that the
particle concentrations from scented wax melt use can be as
high as those from candle burning. Upon comparison of
scented wax melt-initiated NPF events with other indoor
secondary NCA sources, scented wax melt-initiated NPF
events can generate more indoor atmospheric NCA than
monoterpene ozonolysis during indoor mopping* (Nyca ~ 10°
em™3) or indoor 3D printing"' (Nycy ~ 10°—10° cm™).
Furthermore, compared to other combustion sources, NCA
concentrations formed during scented wax melt-initiated NPF
events can reach levels similar to those emitted during the
operation of indoor cookstoves (Nycy ~ 10°=107 cm™3),"**
as well as exhaust emissions from diesel engines (Nyc, ~ 10°—
10° cm™)*’ and natural gas engines (Nyc, ~ 10°—107
em™).>* Additionally, particle production rates observed
during NPF events initiated by scented wax melts can attain
magnitudes comparable to those reported during the operation
of indoor cookstoves and diesel engines (Figure 2b).
Therefore, despite being combustion-free, using scented wax
melts can be a significant source of indoor atmospheric NCA.

The high terpene emissions during scented wax melt use,
which initiated the NPF events, drove very high particle
condensational growth rates (GR¢,ng) of NCA to greater than
3 nm, reaching ~100 nm during strong NPF events (Figure la
and Figure S3). The mean GRg,yq from 3 to 10 nm during the
use of scented wax melts ranged from 14.5 to 52.8 nm h™*
(Figure 1b), significantly higher than the growth rates observed
for outdoor atmospheric NPF events, which are approximately
1-10 nm h™.*° As a result, the NPF events initiated by
scented wax melt use not only increased indoor atmospheric
NCA concentrations but also increased the particle number
concentrations for particles greater than 3 nm (Figures la and
2a). Therefore, our observations of sub-3 nm particles and
particles greater than 3 nm during noncombustion-based
scented wax melt use in the test house suggest that the use of
scented wax melts indoors drives intense indoor atmospheric
particle nucleation and growth, even at low indoor O; mixing
ratios (<10 ppb). This results in extremely high indoor
atmospheric nanoparticle concentrations.

Atmospheric Implications of Scented Wax Melt Use.
Significant particle formation during the use of scented wax
melts can pose a major respiratory inhalation burden on indoor
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occupants. In our study, during NPF events triggered by
scented wax melt use in the test house, the respiratory tract
deposited dose rates (Rp) for 1.18—100 nm particles ranged
from 1.4 X 10" to 3.3 X 10" min™, with a median Ry, of 2.9 X
10" min™". For comparison, the background Ry, in the test
house ranged from 8 X 10° to 1.9 X 107 min™}, with a median
Rp of 1.3 X 107 min~’, which is 3 orders of magnitude smaller
than the Ry, during the use of scented wax melts. A majority of
the scented wax melt-formed particles are deposited in the
upper respiratory tract regions (Figure 2b). Because of their
small size, once deposited, these particles can migrate between
cells, enter the bloodstream, and possibly reach organs like the
liver and brain.**** Furthermore, the Ry for 1.18—100 nm
particles in the pulmonary region can reach 2 X 10°® min™
during the use of scented wax melts. This is alarming, as these
nanoparticles, formed in occupied environments, can also
reach very high doses in the deeper regions of the lungs. What
is more concerning is that the respiratory tract deposited dose
rates are comparable to those observed for indoor scented
candle combustion, indoor gas stove combustion, and near a
roadside environment, with Ry, values of 1.3 X 10'%, 1.2 x 10'°,
and 1.8 X 10° min™, respectively (Figure 2b). Therefore,
counterintuitively, although they are marketed as a safer
alternative, the particle number-based inhalation exposure
associated with noncombustion-based scented wax melts is
similar to those posed by combustion-based scented products
like candles and gas stoves.

Recent studies underscore the health risks associated with
inhaling nanoparticles formed through the ozonolysis of
terpenes (the mechanism responsible for nanoparticle
formation when using scented wax melts; discussed in detail
in the Supporting Information).**~* Moreover, Pye et al.*’
report that terpene nanoparticles are associated with
approximately five additional cardiorespiratory deaths per
100 000 people in the United States. Therefore, considering
the high respiratory tract deposited dose rates from using
scented wax melts and evidence suggesting that these particles
can have detrimental effects on respiratory health, careful
consideration of their use is recommended despite the scented
wax melts being marketed as a safer alternative for indoor
aromatherapy. Future studies are needed to better understand
the speciation of VOCs emitted by scented wax melts by using
gas chromatography measurements and to conduct toxico-
logical evaluations of the nanoparticles formed during their
use.
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