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ABSTRACT

Exposure to indoor gas- and particle-phase emissions were demonstrated to have adverse impact to both human health
and indoor environment. Our recent study has revealed that indoor hair styling activities using hair care products
(HCPs) can release large quantity of volatile organic compounds (VOCs) that can be inhaled by occupant with high
mass intake. Besides VOCs, HCPs may also emit organic compounds with different degree of volatility, such as semi-
, intermediate-, and low-volatility compounds (SVOCs, IVOCs, and LVVOCSs). These compounds have the potential to
nucleate and condense to primary nanoparticles. During hair styling, HCPs are often used in combination with heat-
based appliances, such as hair straighteners, hair curlers, hair wavers, and blow dryers. The combination of chemically
complex HCPs and heat may generate particle-phase contaminants that can be subsequently inhaled into the
respiratory system. To evaluate indoor nanoparticle emissions and exposures during heat-based hair styling activities
in residential buildings, realistic hair care routines were simulated in a mechanically ventilated residential building —
the Purdue zero Energy Design Guidance for Engineers (ZEDGE) Test House. Particle concentrations and size
distributions from 6 to 10000 nm were measured in real-time (1 Hz) with a high-resolution electrical low-pressure
impactor (HR-ELPI+) and nanoparticles (6 — 500 nm) were evaluated in this study. During the measurement campaign,
siloxane-based HCPs were used in tandem with different heat appliances. Occupant exposures were evaluated through
size-resolved respiratory tract deposited doses and dose rates (RTDDy and RTDDRY).

Our results revealed that heat-based hair styling activities can produce significant amounts of airborne nanoparticles,
with number concentrations often in the range of 10* to 10° particles cm™. Indoor nanoparticle number size
distributions were generally bi-modal with peak diameter between 10 to 100 nm for styling activities using hair
straighteners. The emitted nanoparticles are likely formed during heat-based processes involving the vaporization and
thermal decomposition of chemical constituents in the HCPs. For human exposure analysis, sub-100 nm nanoparticles
exhibited higher size-resolved RTDDRy and the total RTDDy during hair care routines can reach 10% particles cm
across the head airways, tracheobronchial region, and pulmonary region per occupant. Our results demonstrate that
heat-based hair styling activities represent a major yet unknown source of airborne nanoparticles in bathrooms and
bedrooms of residential buildings.

1. INTRODUCTION

Personal care products (PCPs) are usually fragranced and are well known to emit organic compounds with different
degrees of volatility into the indoor atmosphere when in an application (Wei et al., 2022; Yeoman et al., 2020). Hair
care products (HCPs), including shampoos, lotions, gels, oils, waxes, sprays and other arrays, are popular PCPs that
consumers could use routinely during hair cleaning and styling activities (Biesterbos et al., 2013; Comiskey et al.,
2015; Loretz et al., 2006; Wu et al., 2010). Our recent study using a Proton Transfer Reaction Time-of-Flight Mass
Spectrometer (PTR-TOF-MS) discovered that application of HCPs results in major emissions and exposures to various
toxic and persistent species of volatile organic compounds (VOCs), including siloxanes, terpenes and glycols (Jiang
etal., 2023). Although VOC emissions from PCPs and HCPs have been studied in previous research, there is currently
a lack of research on the nanoparticle emissions from use of HCPs with heating appliances.
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He et al. (2004) and Zhao et al. (2021) have demonstrated that heat-based indoor activities, such as candle burning,
fan heating and toasting can produce large number of sub-micrometer particles. In theory, heat-based hair styling
activities, including hair straightening, curling, and waving, have the capacity to emit nanoparticles into the indoor
environment. Additionally, use of HCPs would emit organic compounds with different degrees of volatility, including
semi-, intermediate-, and low-volatility compounds (SVOCs, IVOCs, and LVOCs) that also have the potential to
condense into ultrafine particles (Patoulias et al., 2015). Other indoor chemical reactions, such as VOC/ozone (O3)
and VVOC/free radical reactions, may also form secondary organic aerosols (Avery et al., 2023; Camredon et al., 2007;
Han et al., 2022; Waring et al., 2011). According to a survey conducted in Europe, 97% of the participants revealed
the use of HCPs, 80% of the HCP consumers revealed that they apply products more than once per week and around
40% of the HCP consumers apply products more than once per day (Biesterbos et al., 2013). As individuals engage
in routine hairstyling, they may unknowingly expose themselves to airborne particles, potentially inhaling these
particles into their respiratory systems given thje proximity of the hair styling activity to their breathing zone. Previous
research indicated that airborne nanoparticles can enter the human respiratory tract (Yang et al., 2019), and ultrafine
particles with aerodynamic diameter (D,) < 100 nm can even deposited in the alveolar region (Hoet et al., 2004). Long-
term exposure to these particles can lead to adverse impacts on human health including the accumulation of excessive
lung burden (Oberdorster, 1995). With rising concern in indoor air quality and home environment, it is important to
evaluate the potential nanoparticle doses from hair styling activities via modelling of respiratory tract deposited dose
rates (RTDDRs) and respiratory tract deposited doses (RTDDs) (Jiang et al., 2021; Rosales et al., 2022; Wu et al.,
2018). It has been demonstrated that RTDDs can provide an estimation for the total deposition pattern of aerosol
particles in different regions of the respiratory system (Hussein et al., 2015). As humans interact with a wide size of
particles present in the air, understanding the intricate dynamics of how these particles deposit in the respiratory tract
is crucial for assessing potential health risks and evaluating the impact of air quality on human well-being.

To enable the modelling of RTDDRs and RTDDs, a real-time measurement instrument is needed to measure the
particle size distribution in a wide particle range, such as the new version of Electrical Low-Pressure Impactor (ELPI+,
Dekati Ltd.). ELPI+ is popular and is widely used for real-time measurement of particle size distribution in the range
6 nm — 10000 nm (Brachert et al., 2014; Fang et al., 2022; Mertens et al., 2014). However, the particle size resolution
is limited to the number of impactor stages (Saari et al., 2018). To conduct a more detailed analysis of particles in
different size ranges, a recently launched new ELPI instrument was adopted in this study, which is called as the High-
Resolution Electrical Low-Pressure Impactor (HR-ELPI+, Dekati Ltd.). In advance of the conventional discrete cut-
point diameter concept of ELPI+, HR-ELPI+ used an advanced iterative inversion calculation method to improve
particle size resolution and data analysis quality (Lee etal., 2021; Saari et al., 2018). The high resolution of HR-ELPI+
allows researchers to gain a more comprehensive understanding of the complex dynamics within a given aerosol or
particulate sample. This dynamic capability is particularly advantageous when studying dynamic systems, such as
industrial processes, combustion sources, or atmospheric aerosols (Dibaji et al., 2022; Ehtezazi et al., 2021; Park et
al., 2021; Patra et al., 2024).

To date, there is no research on online measurements of nanoparticle emissions from using HCPs with heat-based
styling techniques. Also, there are no prior studies on the real-time evaluation of potential human exposure during
heat-based hair styling activities in residential buildings. This study contributes valuable insights into the risks
associated with heat-based hair care practices via the use of a real-time measurement instrument - HR-ELPI+ in a
single zone building with real-participants. The objectives of this study are to investigate the temporal change of
nanoparticle number size distribution during an actual hair styling event and evaluate associated human exposure via
RTDDR and RTDD maodelling.

2. MATERIALS AND METHODS

2.1 Study Site

Realistic hair care routines were conducted in a single zone mechanically ventilated residential architectural
engineering laboratory built on a mobile trailer — the Purdue zero Energy Design Guidance for Engineers (zEDGE)
Test House located on the Purdue University campus in West Lafayette, Indiana, U.S.A. The zEDGE is designed
according to the Recreational Vehicle Industry Association (RVIA) guideline with an interior volume 60.35 m? and
holds a National Organization of Alternative Housing (NOAH) certificate. To ensure a controllable indoor
environment, the outdoor air exchange rate was maintained at approximately 6.5 h! by a powered ventilator fitted
with two MERYV 13 filters to supply filtered outdoor air to indoors, and a portable air conditioner with an exhaust duct
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to eliminate indoor air to outdoors (QPCAO08JAMWGL, Haier, Louisville, KY, U.S.A.). The nominal indoor air
temperature was also maintained at 20 °C (68 °F) by a single-zone ductless heating and cooling system
(FTX12NMVJU, Daikin North America LLC, Houston, TX, U.S.A.).

2.2 Real-time Measurement of Nanoparticle Size Distributions, VOCs and O in zEDGE Test House
A HR-ELPI+ (Dekati Ltd., Kangasala, Finland) were used to measure the particle size distribution with D, from 6 to
10000 nm at 1 Hz. The HR-ELPI+ consists of a corona charger, a low-pressure cascade impactor that includes 14
stages, and sensitive electrometers. Oil-soaked sintered collection plates were used to eliminate particle bounce and
impactor overloading. A 1.2 m conductive silicone tube was connected to the inlet of the HR-ELPI+ to sample air in
the loft area of zZEDGE. The HR-ELPI+ uses an advanced iterative inversion algorithm to improve the size resolution
beyond the standard ELPI+, increasing the number of size bins from 14 to 100. Additional details regarding the
operational principle of ELPI+ can be found in other studies (J&rvinen et al., 2014; Marjaméki et al., 2000).

A PTR-TOF-MS (PTR-TOF 4000, lonicon Analytik Ges.m.b.H., Innsbruck, Austria) was used to measure the VOC
mixing ratios at 1 Hz with inlet sampling rate at 100 sccm using hydronium (HsO) as the reagent ion. Major detected
compounds in this study are siloxanes (C6H1303Si3, CsH2404Sis, Ci1oH3005Sis, Ci2H3606Sis, CgH240:Sis,
Ci10H3003Sis, and Ci12H3604Sis), terpenes (CioHis, and CioH140, C1oH160, C1oH180, C1oH200 and CioH2,0) and
glycols (CsHgO2, C3HgOs, and CsH1402). A perfluoroalkoxy (PFA) sampling line (3/8 in. OD) coupled with a
polytetrafluoroethylene (PTFE) membrane filter (1 um pore size) at the intake, was located in the center of zZEDGE.
Additional information regarding the PTR-TOF-MS daily calibration, raw signal/mixing ratio conversion and data
analysis can be found in our previous studies (Jiang et al., 2021; Liu et al., 2024). A photometric analyzer based on
non-dispersive ultraviolet (UV) absorption of Oz at 254 nm (Serinus 10, ACOEM Ecotech, Melbourne, Australia) was
adopted to measure indoor mixing ratios of ozone (Og3) at 60 Hz.

2.3 Experimental Protocol

In this study, participants were invited to conduct realistic hair styling experiment in zEDGE with their own choice of
HCPs. In this paper, we are reporting dataset from the two participants who conducted realistic hair styling
experiments using a siloxane-based hair cream in combination with hair straightener. The hair length of both
participants was longer than shoulder (considered as long hair), and two hair straighteners were used in this study.
Participants were instructed to perform this experiment in five steps: (1) divide hairs into four sections (left rear, left
front, right rear, right front) before the experiment starts; (2) enter zEDGE and stay for a period of time to provide
background emissions; (3) set the temperature of hair straightener and preheat the flat iron; (4) apply 2 pumps of HCPs
to one hair section and heat this hair section with hair straightener, then repeat this step for the rest of the three hair
sections; (5) after finishing step (4), wrap up and exit zEDGE. The experimental sequence is illustrated in Figure 1.

Background Period Emission Period Decay Period
AER ~ 6.5 h*! AER ~ 6.5 h*!
With 2 Participants Hair Styling Event Unoccupied
1 1 1 ]
I 1 1 1
0 10 35 95
Time [min]

Figure 1. Experimental sequence for real-life heat-based hair care activity in zZEDGE.

This experiment was designed with a 10-minute background period with two participants in zEDGE to account for
human-related particle and VOC emissions followed by a 25-minute emission event and a 60-minute decay period.
The outdoor air exchange rate (AER) of zZEDGE was controlled at approximately 6.5 h-! throughout the experiment.
During the 25-minute emission event, participants need to set the temperature of the hair straightener to 370 F and
then preheat the flat iron for 3 minutes. Participants would then apply HCP to one hair section and heat this hair section
for 5 minutes in the order: left rear, left front, right rear, and right front. After finishing their heat-based hair styling
activity, participants have 2 minutes to wrap up the tools and leave zEDGE unoccupied for 60 minutes for
concentration decay. This experimental protocol was approved by Purdue University Institutional Review Board (IRB-
2022-157).
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2.4 Calculation of Respiratory Tract Deposited Doses and Dose Rates

Respiratory tract deposited doses (RTDDs), or inhaled deposited doses, were analyzed to evaluate human exposure to
aerosols generated using hair care products. RTDD is the cumulative number (RTDDy) of inhaled aerosols that deposit
in the human respiratory tract over a specific period. The Multiple-Path Particle Dosimetry (MPPD) model (v3.04,
Applied Research Associates Inc., Albuquerque, NM, U.S.A.) describes the human respiratory tract into three regions:
head airways, tracheobronchial region, and pulmonary region (Anjilvel & Asgharian, 1995; Miller et al., 2016). Size-
resolved regional deposition fractions were obtained from the MPPD model. To obtain the cumulative size-integrated
RTDD during the period t; — t,, we need to first calculate the size-resolved respiratory tract deposited dose rates in
number (RTDDRy) over a particle size range, D,; - D, for each respiratory tract region as shown in Eq. (1).

Dqz
RTDDRy = Q X DF x

Dg1

dlogD, @

where Q is the human inhalation rate (m® h'), DF is the size-resolved deposition fraction for each respiratory tract
region and dN /dlogD,, is the particle number size distribution function. Both DF and dN /dlogD, are functions of
particle diameter, D,. The integrated size range was the sample range of the HR-ELPI+ (D,: 6 to 500 nm). The RTDDn
can then be calculated by integrating the RTDDRy during period t; — t, as shown in Eq. (2).

ty
RTDDy = (RTDDRy) dt 2

21
3. RESULTS AND DISCUSSIONS

3.1 Time-resolved Evaluation of Nanoparticle Emissions During a Real-life Indoor Heat-based Hair
Styling Activity

Figure 1 illustrates the temporal variation of nanoparticles, VOCs and indoor O3 levels during a realistic hair
straightening event with the application of HCP and use of a hair straightener. The nanoparticle number size
distribution and size-integrated nanoparticle number concentrations (6 — 500 nm) are shown in Figure 1 (a) and (b),
respectively. A sudden change in the nanoparticle size distribution and number concentrations was observed after 1
minute of flat iron preheating. The nanoparticle number concentrations were then observed at a high level (3 x 10° ~
5 x 10° particles cm-?) throughout the hair styling activity. According to Figure 1 (a), even without a direct hair
heating event, abundant of sub-100 nm particles can be produced while preheating the flat iron of the hair straightener.
Larger particles with D, ranging from 100 — 500 nm can be produced in the magnitude of 10* ~ 10° particles cm®
when flat iron was heating actual hairs, but particles ranging from 10 nm — 100 nm still contribute distinctly higher
concentration at 10° ~ 108 particles cm. According to Figure 1 (b), four peaks five minutes apart from each other
with spikes were observed in the temporal variation of number concentrations. The presence of four peaks matches
the hair heating sequence of each hair section. As hair straightening activity requires participants to heat the hair in
each section repeatedly, the presence of spikes may be due to each time of hair heating. The highest spike during this
hair styling activity can reach the magnitude ~ 1.2 x 10° particles cm. It was found that particle emitted from heat-
based hair styling activity is similar in magnitude compared to other none heat-based indoor activities, such as cleaning
with disinfectant products (Jiang et al., 2021; Rosales et al., 2022). It should be noted that while the magnitude of
particle number concentration is comparable, the particle size ranges are vastly different. Particle emissions from
cleaning activity using disinfectants were considered as secondary sources, in which the sub-50 nm particles dominates
the number concentration.

To further investigate the correlation between indoor chemistry and nanoparticle emissions, mixing ratios of identified
VOCs and indoor O3 are reported in Figure 1 (c) and (d), respectively. VOCs identified during this realistic hair
straightening event included variety of siloxanes (CeH1803Sis, CgH2404Sia, C1oH3005Sis, C12H3s06Sis, CgH240Sis3,
C10H3003Sis, and C12H3604Si5), terpenes (CloHle, and C19H140, C10H160, C10H180, C10H200 and CmszO), and glycols
(C3HsO,, C3HgOs3, and CsH1402). The HCP used in this study was a siloxane-based product, in which siloxanes are
identified to be the dominant VOC with a peak mixing ratio of 824 ppb. Compared with the high siloxane
concentrations, the contribution of terpene and glycol emissions is minor, and the peak mixing ratios of terpenes and
glycols are only 11 and 42 ppb, respectively. Different from the particle emission profile, four peaks with significant
emission and decay were observed in the VOC emission profile, which refers to the emissions from heating the four
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sections of hairs. Figure 1 (c) indicated that only the first 2 minutes of the hair heating event contributes to VOC
emissions, hair heating after 2 minutes will no longer emit VOCs which allows the concentration of VOCs to have a
short decay period before heating the next section of hair. This means the HCP on each section of hair may be
completely vaporized after 2 minutes of heating. The vaporized VOCs with lower volatility may further condense and
nucleate to form nanoparticles. It is interesting to note that there is no significant change in sub-100 nm particle
concentrations during flat iron preheating and actual hair straightening which suggests that sub-100 nm particle
emissions might be heat-dependent.

Besides nanoparticle and VOC emissions, depletion of indoor O3 levels were also observed as illustrated in Figure 1
(d). The O3 depletion is around 10 ppb which suggests there could be a new particle formation event due to the
ozonolysis of terpenes. As the HCP used in this study is a siloxane-based product and the concentration of terpenes
during the hair straightening event is relatively low, the new particle formation due to ozonolysis could be very limited.
Moreover, no significant HO, and RO, radicals were observed during the experiment (data not shown). Thus, new
particle formation due to terpene/O3 and siloxane/HO,/RO; radicals were considered to have a minimal contribution
to the particle size distribution.

Back-
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Figure 2. Time series profiles for heat-based hair styling experiment using a siloxane-based HCP and a hair
straightener with flat iron temperature set to 370 F. (a) Particle number size distribution for D, ranging from 6 to 500
nm. (b) Size-integrated particle number concentration for D, ranging from 6 to 500 nm. (c) Mixing ratios of siloxanes
(sum of C6H13033i3, C3H24O4Si4, C10H30053i5, C12H36065i6, C8H24023i3, C10H3003Si4, and C12H3504Si5), terpenes
(sum of CygH16, and C1oH140, C10H160, C10H180, C10H200 and C1oH220), and glycols (sum of CsHgO,, C3HgOs3, and
CsH140,). (d) Mixing ratios of indoor ozone.
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3.2 Human Exposure Analysis via Size Resolved RTDDRy and RTDDy Modelling

The size distribution of nanoparticles measured in the hair styling activity (Figure 1 (a)) were used to estimate the

participant-normalized respiratory tract deposited dose rates and total respiratory tract deposited doses in number

(RTDDRy and RTDDy) for head airways, tracheobronchial and pulmonary regions. Figure 3 illustrates the modelling

of RTDDRy and RTDDy from size-resolved particle size distribution. The size distribution of this heat-based hair

styling event (Figure 3 (a)) displays a bi-model log-normal distribution, exhibiting a prominent peak observed

between 20 — 30 nm, while a shoulder peak observed between 40 — 60 nm. With this size-resolved lognormal size
distribution, and the size-resolved DF determined via the MDDP model (Figure 3 (b)), the size-resolved RTDDRy
(Figure 3 (c)) can then be determined based on Eq. (1). We considered hair styling to be a light activity, which
inhalation rate for light activity (1.25 m® h'?) was used for calculation (Liu et al., 2024). The peak RTDDRy for head

airways, tracheobronchial and pulmonary regions were between 30 — 40 nm particles, and the values are 1.87 x 107,
3.02 x 107, and 5.81 x 107 particles per minute per person, respectively. The size-integrated RTDDy for the three
regions can be calculated as the integration of RTDDRy during the hair styling event as shown in Eq. (2) (Figure 3
(d)). Higher RTDDRy would yield higher RTDDy, which the size-integrated RTDDy for head airways,
tracheobronchial and pulmonary regions are 1.36 x 101°, 2.07 x 101°, and 3.25 x 10%° particles per person,
respectively. The RTDDy in pulmonary region is the highest among the three regions because the majority of particles
falls between size 10 — 100 nm, where the DF for particles ranging 20 — 100 nm in pulmonary region are higher than
head airways and tracheobronchial regions. The AER of zEDGE was set to approximately 6.5 h throughout the
experiment, which means the indoor air was replaced by outdoor air 6.5 times per hour. Under this well-ventilated
condition, it still takes around 35 min for nanoparticles to decay to background concentration level (Figure 2 (a) and
(b)), and occupant could still inhale in total 6.69 x 10° number of nanoparticles after 25 minutes of hair straightening.
This result emphasis the importance of conducting heat-based hair styling activity in a well-ventilated residential
building to minimize human exposure to nanoparticles.
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Figure 3. (a) Size-resolved particle size distribution for D, ranging from 6 nm to 500 nm (solid line represents the
median values of each size bin while shaded region represents the 25" and 75" percentile of each size bin). (b) Size-
resolved deposition fraction for D, ranging from 6 nm to 500 nm in head airways, tracheobronchial and pulmonary
regions determined by the Multiple-Path Particle Dosimetry (MPPD) model. (c) Size-resolved respiratory tract
deposited dose rates for D, ranging from 6 nm to 500 nm in head airways, tracheobronchial and pulmonary regions
(solid lines represents the median dose rate of each size bin). (d) Size-integrated respiratory tract deposition dose
(RTDDy) for inhaled particles (Da from 6 nm to 500 nm) in head airways (“HA”), tracheobronchial (“Tr”) and
pulmonary regions (“P”).

8" International High Performance Buildings Conference at Purdue, July 15 — 18, 2024



3226, Page 7

4. CONCLUSION

In conclusion, this study has shed light on the indoor environmental exposure and its impact on human’s that is
associated with routine use of HCPs with heat-based appliances. High magnitude of nanoparticle emissions (~10°
particles cm3) were observed, and the RTDDy modelling results indicated that occupant could still inhale in abundant
of nanoparticles during a hair straightening event in a well-ventilated indoor space. At this stage, we cannot draw
direct conclusions suggesting that nanoparticle emissions are directly correlated with VOC emissions as the time-
series profiles showed that nanoparticle emissions might be heat-dependent. Further experiments, such as change of
outdoor ventilation rate, use of different HCPs and heating appliances, change of heating temperature, and measurment
of particle compositions using PTR-TOF-MS coupled with CHARON inlet are required for a more comprehensive
evaluation on the impact of HCP use and heat-based hair styling activity to indoor occupational health and
environment.
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