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neighborhood in the Greater Houston area†
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Volatile chemical products (VCPs) in urban environments account for a significant portion of the volatile

organic compounds (VOCs), enhancing the production of tropospheric ozone and secondary organic

aerosols. Residential areas are an important source of VCPs in the urban environment, though few

studies have examined the emission of VCPs in metropolitan areas from subtropical regions. To bridge

the knowledge gap, this study aims to analyze the concentration and emission of D5-siloxane,

a compound typically served as a tracer to characterize VCP emission from residential areas. The Texas

A&M mobile laboratory, equipped with a Vocus 2R Chemical Ionization Mass Spectrometer (CIMS), and

other gas and particle analyzers, continuously sampled the ambient gas phase concentration of D5-

siloxane during a field deployment in a residential neighborhood near Houston, TX. A 0-D box model

combining Planetary Boundary Layer Height (PBL) height, hourly D5-siloxane concentration, gas

deposition velocities, and D5-siloxane reaction rate with hydroxyl radicals was constructed to represent

emissions during our sampling period to derive the emission intensities of D5-siloxane. Monte Carlo

statistical analysis was performed to gain insights into the emission profile of D5-siloxane, showing

higher emission rates compared with other cities in North America but comparable to emissions of

European cities. This study presents time-series concentrations and emissions of D5-siloxane in

a subtropical residential area during the wintertime. The findings illustrate the temporal profile of D5-

siloxane in a typical residential neighborhood in the Southeast United States and provide valuable data to

enhance model parameterizations.
Environmental signicance

Volatile chemical products (VCPs), a subset of volatile organic compounds from non-tailpipe emissions, play an ever-increasing role in urban and suburban
ozone formation. D5-siloxane, a major VCP product from personal care products, oen serve as a tracer for VCPs in residential area and affect regional air
quality. Previous studies have primarily focused on quantifying D5-siloxane in temperate climate regions, leaving a gap in understanding its concentrations and
emission proles in subtropical metropolitan areas. This limitation hinders accurate predictions regarding the concentrations and air quality impacts of volatile
chemical products (VCPs) in such regions. This study presents the rst real-time mass spectrometry data from the Greater Houston Area, aiming to not only
ascertain concentrations of D5-siloxane in a subtropical city, but to also model the per-person emission of D5-siloxane in one of the United States' largest
metropolitan areas. The derived emission results in the Southeastern United States will allow for signicant and deeper understanding of the concentration and
air quality impacts of VCPs in similar climate zones globally.
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1. Introduction

Volatile chemical products (VCPs) are emerging volatile organic
compounds (VOCs) that are emitted from residential and
industrial sources, such as pesticides, coatings, cleaning
agents, and other chemical products.1 The high emission
factors and ambient concentrations of VCPs in urban areas
raise concern for how these compounds affect local ozone and
secondary organic aerosol formation.2–5 Due to the decrease in
emissions of VOCs from combustion sources in the United
States,6 the necessity of understanding VCP contributions to air
quality has grown signicantly.7 Personal care products can
make up to 25% of the total emission value of VCPs.8 D5-
siloxane, a major component of the personal care products,9

oen shows relatively high concentrations in residential areas
and therefore oen serve as a trace for residential VCP emis-
sions.10 In addition, the oxidation products of D5-siloxane have
longer atmospheric lifetimes, ranging between 3.5 to 7 days
outdoors, potentially contributing to prolonged inuence on air
quality in urban and suburban areas.11–16 D5-siloxane is also
considered bioaccumulative and toxic to humans, based on
studies performed on animals.17–21 Due to these negative effects
associated with D5-siloxane, the EU has moved to require
concentrations of D5-siloxane in products to be less than 0.1%,
highlighting the importance of understanding its emission and
atmospheric concentration.22

Historically, outdoor measurements of D5-siloxane are rela-
tively limited. The majority of studies aimed to quantify
ambient concentrations in urban or downtown locations of
metropolitans areas,15,23–27 while other studies focused on inte-
rior measurements and modeling of D5-siloxane.28–30 Studies
examining the concentrations of ambient D5-siloxane were
either in Europe or the Northern United States.24,31 For instance,
Yucuis et. al. measured ambient concentrations of cyclic silox-
anes in Chicago and a few Iowa cities.23 Coggon et al. measured
emission patterns of D5-siloxane in Boulder, USA and Toronto,
Canada.5 These studies demonstrate that D5-siloxane has
distinct diurnal patterns in major cities, oen peaking in the
morning time, with a smaller increase near the early
evening.23,32 In addition, Coggon et.al. also shows that D5-
siloxane is correlated with traffic emissions, with elevated D5-
siloxane/benzene ratios being over 0.3.32 The concentrations
of D5-siloxane were oen in excess of 140 ng m−3 in previous
work,15 with emissions per person ranging between 100–420 mg
per person per day.31 Notably, a peak emission of 690 mg per
person per day was documented in Zurich in winter,24 a densely
populated European city.

To date, all major studies on D5-siloxane have occurred in
the upper-mid latitudes,15,23–27,31 leading to relatively poor
characterization of D5-siloxane in the subtropical region,
including the Southeastern U.S. region. Given that the atmo-
spheric conditions and population densities in the South-
eastern US can be drastically different than previously studied
locations,33–36 understanding the emission prole of D5-
siloxane in the Southeast US is necessary for furthering the
understanding of the impact of D5-siloxane on ozone and
This journal is © The Royal Society of Chemistry 2025
particulate matter in this region with strong photochemical
reaction potentials.24,31,32,36 Since 1991, the average annual in the
Southeast US is roughly 12–18 °F warmer than Chicago and
roughly 7–10 °F warmer than Iowa, where D-5 siloxane
concentrations were previously reported.36 Along with temper-
atures, the Southeast US receives on average 20–30 inches more
of rainfall than Chicago annually, and 10–20 inches more of
rainfall than Iowa annually since 1991.36 The higher tempera-
ture in the Southeast U.S. may increase D5-siloxane concen-
trations, which have been found to be positively correlated with
temperature, and in some cases, humidity.37 In addition to
these climatological differences, geographical differences are
also present in previous studies. Most of the Southeastern US
has coastline or is in near proximity to either the Gulf of Mexico
or the Atlantic Ocean. This results in heavy marine air mass
inuence,34 with sea breezes constantly inuencing the move-
ment of air masses,38 reducing the mixing ratios of pollutants
due to horizontal advection.39 On the contrary, Chicago only has
inuence from the Great Lakes, and Iowa is landlocked and
thus is generally unaffected by marine air mass changes as
usually only continental air masses are positioned over these
areas.34 The population distributions also differ between these
locations.35 The Northeastern United States has denser pockets
of population as opposed to the Southeastern United States,
which has more spread-out urban areas surrounded by larger
sections of rural areas.35 Such differences in population distri-
butions could also contribute to differences in emission proles
and need to be addressed in model parametrizations from
ambient measurements. The Houston area is dominated mostly
by maritime tropical (mT) air masses,33,34 making its weather
patterns and climate similar to the rest of the Southeast United
States.36 A eld study conducted in the suburban area of
Houston allows for the characterization of D5-siloxane emis-
sions in a major metropolitan area for the Southeast United
States.

In this research, the ambient concentration of D5-siloxane
was reported in a residential neighborhood in the Greater
Houston Area in winter 2023 using a Vocus 2R chemical ioni-
zation mass spectrometer (CIMS). Emission factors of D5-
siloxane were derived using modeled and measured meteoro-
logical conditions, oxidation precursor concentrations, and
concentrations of D5-siloxane. The per capita emission factors
of D5-siloxane over the sampling period were compared with
emissions from other locations, demonstrating a distinctive
prole in the Southeastern U.S.

2. Materials and methods
2.1 Instrument and data collection

2.1.1 Vocus 2R CIMS calibration. The Texas A&M Mobile
laboratory was equipped with a Vocus 2R Chemical Ionization
Mass Spectrometer (CIMS), as well as other gas and particle
analyzers, as shown in the schematics of the mobile lab in
Fig. 1. The Vocus 2R CIMS was run in proton transfer reaction
(PTR) mode for the entirety of the collection period from
January 26th–29th.40,41 Albeit relatively short, the sampling
period captures both several weekdays and a weekend as well as
Environ. Sci.: Processes Impacts, 2025, 27, 1266–1276 | 1267
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a dynamic shi of weather pattern, providing potential exam-
ples in the differences in concentration of D5-siloxane, a gas
directly related to personal care product use, under different
meteorological and population conditions. The real-time
measurements that the Vocus 2R CIMS provides provide
a next level insight into the hourly changes in D5-siloxane
during the day and overnight. Future work covering a longer
sampling period is desirable to provide more statistically robust
information regarding the concentrations and emissions of D5-
siloxane. Herein we refer to January 26th–29th as Days 0–3.
Every 6 hours, a calibration was performed using a mixture of
calibration gases that included the target gas, D5-siloxane, with
the concentration of D5-siloxane being 973 ± 49 ppb. These
calibrations were conducted to quantify the sensitivity of the
Vocus 2R CIMS to D5-siloxane specically over time, improving
the accurate quantication of ambient D5-siloxane mixing
ratios. By assessing the calibration factors produced in Table
S1,† the response of the Vocus to environmental factors,
specically temperature,42 can be mitigated, potentially inter-
fering compounds can be mitigated, and mixing ratios of D5-
siloxane can be accurately quantied. The limit of detection
for D5-siloxane was 2.2 ppt, determined by three times the
standard deviation of background signal over thirty seconds of
Fig. 1 Schematic of the Texas A&M Mobile Lab setup, showing the loca

1268 | Environ. Sci.: Processes Impacts, 2025, 27, 1266–1276
integration. This is in agreement with another study, which
places the LOD at 1 ppt.43 During these calibrations, the main
Vocus inlet was automatically closed, and zero air (N2) was
introduced into the Vocus at a ow rate of 300 standard cubic
centimeters per minute (sccm) for 2 minutes. Aer these two
minutes, the calibration gas was introduced into the Vocus at
a ow rate of 5 sccm, with the zero air still on to provide dilu-
tion, reaching a calibrant concentration of 15.9 ± 0.8 ppb. The
calibration gas remained on until the signal from each of the
gases within our calibration gas stabilized for at least 1 minute.
Aer the signals of the calibrants stabilized, the calibration gas
was le on for another minute, and then turned off along with
the zero air. The Vocus ambient inlet was re-opened, ending the
calibration. Our calibration gas is NIST calibrated, and is
diluted and directly own into the Vocus, imitating ambient
sampling. The Vocus 2R, which is our model, also has a speci-
ed mass resolving power of over 15 000 m/Dm, alleviating
interference from nearby signals to D5-siloxane.44 Our calibra-
tion method is similar to other Vocus measurements, which
decreases the effect of external and internal variations as well as
uncertainty.

2.2.1 Population data. The location of the measurement
site was a residential suburban single-family house in the
tion of the inlet, Vocus, and other instruments.

This journal is © The Royal Society of Chemistry 2025
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neighborhood of Cane Island, located in West Houston, 53
kilometers from the center of Houston. The location of the
sampling site in relation to the rest of Houston is shown in
Fig. 2. This neighborhood is rapidly growing, and is highly
representative of a suburb of Houston, with houses that share
fence lines but population density lower than that of an urban
population density. The location of the measurement site
reduces the uctuation of population from office buildings and
the inuence of VCP emissions from inner city Houston and the
ship channel.45 It is worth noting that Houston is a rapidly
developing area, therefore the most recent US census from 2020
does not accurately represent the population of the area
sampled. To accurately quantify population density, the closest
available Google Earth Imagery from June 2023 was employed,
and individual houses within 1, 2 and 3 km2 area circles of the
collection site were counted,46 as shown in Fig. 2. There were
378 total houses in the 1 km2 area, 783 total houses in the 2 km2

area, and 1041 total houses in the 3 km2 area. Each subsequent
area included the previous sections' house count in the total
count. These counted houses were then multiplied by the
assumed average number of people per household in the US
(2.51), to produce an estimate of the population within these
marked zones.47 It is worth noting that an elementary school is
located within the 1 km2 circle. Given a portion of the students
do not live within the marked circle areas as shown in Fig. 2, the
inuence of this school on the local population needs to be
Fig. 2 Location of the sampling site in relation to the Greater Houston
different population groups and areas was assessed. Boxed in yellow is th
areas.

This journal is © The Royal Society of Chemistry 2025
accounted for. However, elementary schoolers do not tend to
wear personal care products that emit D5-siloxane, so only
teachers and parents that enter the area to drop off and pick up
their students should be accounted for in per capita emission
calculation. In order to account for this, population ranges from
949 to 1249 for 1 km2, 1959 to 2259 for 2 km2, and 2612 to 2912
for 3 km2 were created using the enrollment of the elementary
school48 and the pre-existing counted population data during
weekdays. These ranges were created by ranging the population
from zero school inuence to half of the total enrollment of the
elementary school (roughly 300 students). On weekends, this
population change was not included due to the closure of the
school.

2.2 0-D box model

This 0-D box model takes measured and modeled inputs to
quantify daily emission estimation using chemical reaction
rates and meteorological conditions. A schematic of the inter-
actions between terms in the box model is represented in
Fig. S1.† Eqn (1) describes the concentration change of the gas
molecule of interest from sources and sinks.49

dC

dt
¼ �ki � ½OH�i � Ci � ndi

Hi

� Ci þ Ei

Hi

þ 1

Hi

�Hiþ1 �Hi

Dti
� ðCbi � CiÞ (1)
Area. Zoomed in is the marked areas where the model accuracy for
e elementary school, and the red circles represent the 1, 2, and 3 km2

Environ. Sci.: Processes Impacts, 2025, 27, 1266–1276 | 1269
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The term C is measured concentration of D5-siloxane, k is the
reaction rate of D5-siloxane with OH radicals, [OH] is the
concentration of OH radicals, nd is the gas deposition rate of D5-
siloxane, H is the mixing layer height, E is emissions, Cb is the
vertical background concentration of D5-siloxane. Eqn (1) is
then rearranged to solve for emissions, as shown in eqn (2).

Ei ¼ Hi � ðCiþ1 � CiÞ
Dti

þHi � ki � ½OH�i

�Ci þ ndi � Ci � Hiþ1 �Hi

Dti
� ðCbi � CiÞ (2)

The concentration used in the model is taken from ambient
D5-siloxane measurements with the Vocus 2R CIMS. The reac-
tion rate of D5-siloxane was obtained from Atkinson et al. with
a value of (1.55 ± 0.17) × 10−12 cm3 per molecules per s.50

Hydroxyl radical concentration and the gas deposition rate was
obtained from the CMAQ Model version 5.0.1.51 The PBL height
was obtained from the WRF model.52 This PBL height data was
also compared with model outputs from the ERA 5 Reanalysis,53

showing agreement in trend for PBL on each day. Background
concentrations of D5-siloxane were also obtained from the
CMAQ model, representing concentrations above the mixing
layer.51 Attempting to include a horizontal transport term in the
model proved challenging, as modeling surface concentrations
of D5-siloxane for a background concentration value proved
outside the scope of this model, and winds during the sampling
period were calm and locally variable. It is worth noting that the
model is unable to account for extraneous interference to D5-
siloxane concentrations, such as secondary or tertiary reac-
tions within the atmosphere or slight changes in meteorology
that affect both boundary layer height and gas deposition
velocity. In order to account for these uncertainties, if not
specied, the parameters in the model include a 20% uncer-
tainty. This uncertainty, although on the larger side, allows for
the capture of a valid mean and valid standard deviation for D5-
siloxane emission within our 10 000-point emission Gaussian
distributions. We also note that D5-siloxane can react with
chlorine atoms in the atmosphere, but parameterizing this was
outside the scope of this study.54 Daily plots of each term are
shown in Fig. S2–S4.† Emissions are in the unit of milligrams
per person per day.
2.3 Data analysis method

2.3.1 Concentration calculation. In order to accurately
derive the concentration of D5-siloxane from the Vocus 2R CIMS
data, Tofware soware that runs on Igor Pro. (Wavemetrics,
Inc.). was used.55 The m/z calibration and peak tting were
conducted in order to accurately derive counts per second (cps)
of D5-siloxane.55 Aer counts per second (cps) time series of
each of the targeted gases were obtained, the mixing ratios were
then calculated using the instrument sensitivity to the gas
derived from the calibration in Section 2.1.1. The mean ion
count of each stable calibration period was plotted against the
concentration of the calibration gas, with the slope being the
ion sensitivity (cps per ppb). The calibration factors (cps per
1270 | Environ. Sci.: Processes Impacts, 2025, 27, 1266–1276
ppb) at each calibration point for D5-siloxane are shown in
Table S1.† Using these sensitivities derived at each point, linear
interpolation was performed to obtain the assumed sensitivity
of the Vocus 2R CIMS at each sampling point. The mixing ratios
of D5-siloxane were obtained with the cps data and the derived
sensitivities.

2.3.2 Emission calculations and error propagation. Eqn (2)
contains multiple variables that have different uncertainty
ranges. To constrain the uncertainty of the emission value
derived from eqn (2), the Monte Carlo statistical analysis
method was employed. A 10 000-point normal Gaussian distri-
bution representing each parameter of eqn (2) was created, with
the standard deviation and mean being assigned the same as
the sampled data. An example of these 10 000-point normal
Gaussian distributions can be seen in Fig. S5.† For instance, the
standard deviation of D5-siloxane measurement using the
Vocus 2R CI-MS (Ci in eqn (2)) is estimated by eqn (3).56

ssignal ¼ uncertainty�
ffiffiffiffiffiffiffiffiffiffiffiffi
signal

p
(3)

The mean value of each distribution was assigned to each
parameter in eqn (2) to calculate the emission intensity. The
mean of the emission distribution represents the averaged
emission value, with the standard deviation of the distribution
being the error associated with the emission value from that
hour. Only half of the data is available on Day 3, hence the
emission prole from the previous day was used to characterize
the total emission, as both are on the weekend and the mete-
orological conditions are similar. The fraction of emissions
between 12 am and 10 : 59 am local time was 59% of the whole
day for the previous day, therefore, this value was applied to
estimate the whole-day emission of Day 3.

Eqn (2) uses Planetary Boundary Layer (PBL) height to
represent the mixing layer.57 In wintertime, shallow surface
temperature inversions would inhibit the mixing of surface-
emitted D5-siloxane to the planetary boundary layer.58 To
reduce the uncertainty in mixing layer height, meteorological
analyses of Skew-Temperature Log-Pressure (Skew-T Log -P)
diagrams produced by the High-Resolution Rapid Refresh
Model (HRRR) were used to determine temperature inversions
near the surface.59 The hourly model runs are the 0 hours runs,
which ingest previous radar, satellite, and sounding data to
produce temperature proles.59 The conditions derived from
the HRRR model oen closely represent actual measurement
data by a weather balloon launched from the surface at the
current hour.59 These soundings were obtained using the
Python-based program SHARPy.60 The 0 hours model runs for
every hour are shown in Fig. S6–S10.† Based on the determi-
nation of a surface inversion layer from the HRRR Skew-T Log P
diagrams, the surface mixing height in eqn (2) was then
adjusted between 0.4 and 0.5 of the original modeled PBL
height to obtain a better representation of surface-based
observations, given the sampling height is only 3 meters off
the ground. The adjustment of PBL height accounts for esti-
mated surface inversions, and the range allows for analysis of
imprecisions in methodology for this mixing layer
This journal is © The Royal Society of Chemistry 2025
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Table 1 The per capita emissions ranges derived from this study
during each of the sampling day

Day Per capita emission ranges (mg per person per day)

Day 1, Friday 400–654 mg per person per day
Day 2, Saturday 189–271 mg per person per day
Day 3, Sunday 160–208 mg per person per day

Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 1

0/
26

/2
02

5 
3:

15
:1

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
determination. The adjustment values are based on estimations
of inversion layer heights from the Skew-T Log P diagrams. This
methodology is similar to what was described in Buser et.al.
2013, which adjusted mixing layer height based on meteoro-
logical conditions in Switzerland by analyzing potential
temperature.24 All of the above analyses were conducted using
Python 3.8.10, with the packages NumPy 1.21.2, matplotlib
3.5.2, pandas 1.3.2, and xarray 0.19.0.61–64
3. Results and discussion
3.1 Measured ambient D5-siloxane concentration

The full sampling period concentrations of D5-siloxane are
shown in Fig. 3. A rolling window average was conducted in
order to alleviate the effect of inter-hour deviations but still
capture the overall D5-siloxane concentration trend. During the
sampling periods, the concentration of D5-siloxane ranged
between 5 and 25 parts per trillion (ppt), with an average
concentration of 23 ± 2 ppt. It is worth noting that there were
day-to-day variations of D5, with a spike of concentration on Day
1, peaking over 120 ppt. Ambient concentrations in this resi-
dential area in Houston are similar tomeasurements in Toronto
and Boulder, generally ranging from 5 to 30 ppt, with spikes
above this range occurring occasionally.32 Peak concentrations
in Toronto were found to be over 60 ppt.32 Similar results are
also found in Zurich, with concentrations ranging between 5
and 20 ppt.24 On Days 2–3, the peak concentrations were less
than on Day 1, likely attributed to these days being Saturday and
Sunday and less of the population leaving their homes.
Applying hourly measured concentrations to the in-house 0-D
box model described in Section 2.2, we calculated the emission
proles of one weekday and two weekend days. These emission
proles are described in the upcoming sections.
3.2 Weekday emission prole

The emission results for D5-siloxane on Day 1 (Friday) calculate
in the ranges of 400–654 mg per person per day. These emission
Fig. 3 Measurements of D5-siloxane (C10H30O5Si5) concentration, surfa
Shaded and light areas represent different days.

This journal is © The Royal Society of Chemistry 2025
results are shown in Table 1. Peak emissions occurred
throughout the morning, which was to be expected as the local
population likely leaving their homes. In addition, the morning
period was when parents and teachers arrived at the school that
was close to the sampling site, further enhancing the local
emissions of D5-siloxane in the area. Another spike, although not
as large, occurred in the evening, and was attributed to the return
of the local population from work, as well as Friday evening
activities. The emission results are in the upper bounds and
slightly higher than those reported by Buser et al. 2014 in Chi-
cago, showing general D5-siloxane emission rates between 100-
420 mg per person per day.31 The emission of D5-siloxane in this
location was also above the average emission of 310 mg per
person per day measured in Zurich, Switzerland over 7 days,
although daily values was lower than the maximum D5-siloxane
emissions of 690 mg per person per day during an inversion
process.24 Such results suggest that the emission of D5-siloxane in
Houston is potentially higher than in other Northern U.S. and
European cities. The difference in sampling methodology and
focus between studies may also may play a role in the elevated
results for Houston, as our study was specically limited to
a residential neighborhood as opposed to an entire city.23,24 We
refer back to the discussion in the introduction about climato-
logical differences between our sampling location and other
studies' sampling locations. We believe that differences in
weather features contributes, but is not solely responsible for, the
differences in D5-siloxane emissions between sampling loca-
tions. D5-siloxane from personal care products evaporates off of
surfaces faster in higher temperatures,65 which is why we
ce temperature, and relative humidity throughout the sampling period.

Environ. Sci.: Processes Impacts, 2025, 27, 1266–1276 | 1271
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highlight the importance of differing regional climatology.
Regardless, future measurements in more subtropical metro-
politan areas may be needed.
3.3 Weekend emission proles

The diurnal emissions of D5-siloxane from our box model for
Days 2–3, representing Saturday and Sunday, are also shown in
Table 1. These emission rates lie in the range in Buser et al. 2014
of 100–420 mg per person per day.31 On Day 2, subtracting the
population attributed to the school due to the weekend, emis-
sions ranged from 189–271 mg per person per day. For Day 3,
the emissions ranged from 160–208 mg per person per day. For
the entire weekend, the average emission value is 207 ± 47 mg
per person per day. Both these days exhibited a smaller per
capita emission range than Day 1. This difference can be
attributed to less population inux due to the school being
closed on weekends, and fewer people working on the week-
ends, leading to less usage of personal care products or being
outside of their homes. A D5-siloxane study from New York City
compared to other studies nds a positive correlation with an R2

of 0.59 with population,66 following with our measurements and
changes in local population between a weekday and a weekend.
In Houston, public schools are open Monday through Friday
and closed on the weekend, and students that do live outside
the neighborhood are still zoned to the elementary school they
attend on weekdays. A map of the area zoned to the local
elementary is included in SI Fig. 11.†48 All of the per person per
day emission values are shown in Table 1.
3.4 Discussion

Our box model can effectively provide a range of values for the
emission of D5-siloxane in a suburban residential area in
Fig. 4 The estimated D5-siloxane emissions from our site, Zurich (Buser
(Navea et al.).69 The black uncertainty bars are the estimated emission ra

1272 | Environ. Sci.: Processes Impacts, 2025, 27, 1266–1276
Houston. Over the whole period of measurements, the emis-
sion rate of D5-siloxane ranges between 160–654 mg per
person per day with an average rate of 412 ± 177 mg per
person per day. This average value is more than 100% higher
than the average emission range of Chicago, and ∼30% higher
than the average emission of D5-siloxane in Zurich in winter,31

highlighting the importance of geographical differences and
personal habits in affecting the D5-siloxane emissions.31

Although not much data on personal care product usage in
relation to climatologically different regions is available, one
survey nds that the southern US has a higher use rate of
deodorant/antiperspirant on a daily basis than other dened
regions, being the Midwest, northeast, and west.67 Compari-
sons between the emissions obtained from this study with
previous studies are shown in Fig. 4. Based on our emission
results being elevated compared to previous studies,24,31 these
results show that the emission of D5-siloxane may not be even
distributed within cities or downtown areas, with “hot spots”
of D5-siloxane occurring over other populated areas such as
residential neighborhood or schools. Such hot spots would in
turn result in underestimating potential ozone production in
emission inventories, due to the ability of D5-siloxane to
enhance ozone production.5 This means that in residential
areas, ozone concentrations could be elevated when higher
D5-siloxane concentrations occur, holding all other parame-
ters constant. Ozone production in Houston is VOC-limited,
and so increased VCP concentrations results in the increase
in ozone production.68 It is also worth noting that based on
wind direction on the 27th, an air mass change is indicated
based on ow direction changing from northerly to southerly,
resulting in oceanic air cleaning out the D5-siloxane over the
neighborhood. This pollutant reduction is seen in the D5-
siloxane concentration time series in Fig. 3. This is in
et al. 2013),24 Chicago (Buser et al. 2014),31 and the entire United States
nges from this study and previous research.

This journal is © The Royal Society of Chemistry 2025
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agreement with the idea of the modulation of local coastal air
quality by the ocean.39 The changes in wind direction observed
are shown in Fig. S12.†

Besides providing the averaged emission rates of D5-siloxane
in a suburban area in the Southeastern U.S., this study also
shows that the emission might demonstrate weekday-weekend
effects. The emission was less on Day 2–3 due to weekend
effects, as the school did not operate, and less of the population
commuted to work. More studies need to be conducted to
further analyze the difference between weekday and weekend
emission proles in suburban environments.

Overall, this work provides the emission prole of D5-
siloxane in a residential area in one of the largest U.S. cities
in the Southeastern U.S. The reported higher per capita
emission values allow for the enhancement of modeling of D5-
siloxane in the southeast US, as well as provide further insight
into updating emission inventories. In addition, under-
standing the emission pattern of D5-siloxane in suburban
residential areas contributes to determining how personal
care products and other chemical products can lead to
outdoor air pollution, especially for residents in suburban
areas. Future work with longer sampling periods, in different
seasons, and in other regions will allow for a better under-
standing of emission proles of D5-siloxane in the residential
environment.
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P. Peterson, P. Gérard-Marchant, K. Sheppard, T. Reddy,
W. Weckesser, H. Abbasi, C. Gohlke and T. E. Oliphant,
Array programming with NumPy, Nature, 2020, 585, 357–
362.

62 J. D. Hunter, Matplotlib: A 2D Graphics Environment,
Comput. Sci. Eng., 2007, 9, 90–95.

63 Tpd team, pandas, 2024, 1.3.2.
64 S. Hoyer and J. Hamman, xarray: N-D labeled Arrays and

Datasets in Python, J. Open Res. Sow, 2017, 5(1), 10.
Environ. Sci.: Processes Impacts, 2025, 27, 1266–1276 | 1275

https://www.census.gov/data/tables/time-series/demo/families/households.html
https://www.census.gov/data/tables/time-series/demo/families/households.html
https://doi.org/10.5281/zenodo.13883210
https://doi.org/10.1016/B978-0-12-388446-6.00007-1
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4em00804a


Environmental Science: Processes & Impacts Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 1

0/
26

/2
02

5 
3:

15
:1

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
65 T. Dudzina, E. Garcia Hidalgo, N. von Goetz, C. Bogdal and
K. Hungerbuehler, Evaporation of
decamethylcyclopentasiloxane (D5) from selected cosmetic
products: Implications for consumer exposure modeling,
Environ. Int., 2015, 84, 55–63.

66 C. E. Brunet, R. F. Marek, C. O. Stanier and K. C. Hornbuckle,
Concentrations of Volatile Methyl Siloxanes in New York City
Reect Emissions from Personal Care and Industrial Use,
Environ. Sci. Technol., 2024, 58, 8835–8845.

67 How oen do you use antiperspirant or deodorant?, https://
today.yougov.com/topics/society/survey-results/daily/2024/
07/02/1664c/3, accessed March, 2025.
1276 | Environ. Sci.: Processes Impacts, 2025, 27, 1266–1276
68 T. L. Yuxuan Wan, G. Roberts, S. Wasti and X. Liu, Final
Report For Grant Activities No. 582-23-43887-030 Ozone-NOx-
VOC Sensitivity In Texas Urban Areas Category III, Research
Model Development Or Application Texas Comission on
Environmental Quality, Texas Comission on Environmental
Quality, 2024.

69 J. G. Navea, M. A. Young, S. Xu, V. H. Grassian and
C. O. Stanier, The atmospheric lifetimes and concentrations
of cyclic methylsiloxanes octamethylcyclotetrasiloxane (D4)
and decamethylcyclopentasiloxane (D5) and the inuence of
heterogeneous uptake, Atmos. Environ., 2011, 45, 3181–3191.
This journal is © The Royal Society of Chemistry 2025

https://today.yougov.com/topics/society/survey-results/daily/2024/07/02/1664c/3
https://today.yougov.com/topics/society/survey-results/daily/2024/07/02/1664c/3
https://today.yougov.com/topics/society/survey-results/daily/2024/07/02/1664c/3
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4em00804a

	Quantifying ambient concentration and emission profile of D5-siloxane of a residential neighborhood in the Greater Houston areaElectronic...
	Quantifying ambient concentration and emission profile of D5-siloxane of a residential neighborhood in the Greater Houston areaElectronic...
	Quantifying ambient concentration and emission profile of D5-siloxane of a residential neighborhood in the Greater Houston areaElectronic...
	Quantifying ambient concentration and emission profile of D5-siloxane of a residential neighborhood in the Greater Houston areaElectronic...
	Quantifying ambient concentration and emission profile of D5-siloxane of a residential neighborhood in the Greater Houston areaElectronic...
	Quantifying ambient concentration and emission profile of D5-siloxane of a residential neighborhood in the Greater Houston areaElectronic...
	Quantifying ambient concentration and emission profile of D5-siloxane of a residential neighborhood in the Greater Houston areaElectronic...
	Quantifying ambient concentration and emission profile of D5-siloxane of a residential neighborhood in the Greater Houston areaElectronic...
	Quantifying ambient concentration and emission profile of D5-siloxane of a residential neighborhood in the Greater Houston areaElectronic...
	Quantifying ambient concentration and emission profile of D5-siloxane of a residential neighborhood in the Greater Houston areaElectronic...

	Quantifying ambient concentration and emission profile of D5-siloxane of a residential neighborhood in the Greater Houston areaElectronic...
	Quantifying ambient concentration and emission profile of D5-siloxane of a residential neighborhood in the Greater Houston areaElectronic...
	Quantifying ambient concentration and emission profile of D5-siloxane of a residential neighborhood in the Greater Houston areaElectronic...
	Quantifying ambient concentration and emission profile of D5-siloxane of a residential neighborhood in the Greater Houston areaElectronic...
	Quantifying ambient concentration and emission profile of D5-siloxane of a residential neighborhood in the Greater Houston areaElectronic...

	Quantifying ambient concentration and emission profile of D5-siloxane of a residential neighborhood in the Greater Houston areaElectronic...
	Quantifying ambient concentration and emission profile of D5-siloxane of a residential neighborhood in the Greater Houston areaElectronic...
	Quantifying ambient concentration and emission profile of D5-siloxane of a residential neighborhood in the Greater Houston areaElectronic...


