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Abstract

This study investigates particle number concentrations (PNCs), particle number size distri-
butions (PNSDs), and equivalent black carbon (eBC) concentrations during ironing with
a typical steam iron and a steam iron with a portable boiler under different ventilation
conditions. Measurements were conducted in a residential environment under low- and
higher-ventilation conditions. Ironing caused a rapid and substantial increase in PNC,
with concentrations increasing by up to approximately two orders of magnitude during
the activity, particularly for particles between 20 and 80 nm. The maximum PNC reached
7.12 x 10° particles cm~2 for the typical steam iron under low-ventilation conditions. Particle
concentrations decreased after ironing, although the decay was slower for particles larger
than approximately 80 nm. Estimated particle number emission rates ranged from 8.1 x 10!
to 1.5 x 10'2 particles min~?!, with the highest emission rate obtained for the steam iron with
a portable boiler under low-ventilation conditions. PNSDs were fitted using one or two
lognormal distributions, depending on the shape of the measured distributions. Ironing
produced a shift in the modal particle diameters towards larger sizes, particularly during
the post-ironing period. Higher ventilation reduced particle concentrations and accelerated
particle removal from the indoor environment. eBC concentrations showed only modest
changes during ironing, with a slight increase under low-ventilation conditions. These
results demonstrate that ironing can be an important indoor source of ultrafine and fine par-
ticles and that ventilation plays an important role in controlling their indoor concentration
and persistence.

Keywords: black carbon; indoor aerosols; indoor air quality; ultrafine particles; particle
number size distribution; ventilation

1. Introduction

In recent years, the number of studies on pollutant emissions in indoor environments
has increased [1,2], since indoor air quality poses a risk to human health [3]. Considering
that indoor environments are where people spend most of their time, there is high personal
exposure to pollutants. Several studies have assessed the air quality in distinct indoor
settings, such as day care centres [4], schools [5,6], cafeterias [7], hospitals [8] or nursing
homes [9,10]. Nevertheless, the number of papers on air quality in homes is still small
compared to the time people spend in their dwellings. Ref. [11] estimated that European
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citizens spend 56 to 66% of their day at home. A similar study on the American continent
reported values around 65-69% [12].

It is worth stressing that domestic activities are the main source of air pollution in
homes, affecting our quality of life, including sleep patterns [13]. Studies have analysed the
influence of household activities such as vacuuming [14], smoking [3,15], cooking [16-20]
or incense smoke [21] on indoor air quality.

In indoor places, people are exposed to particles generated indoors and a background
of airborne particles originating from the outdoors. Ref. [22] reported indoor/outdoor (1/O)
ratios from 1.14 to 3.91 for PM, and from 1 to 2.4 for PM, 5. Infiltration of outdoor particles
is substantially altered by the indoor deposition rate and particle size-specific differences in
the penetration efficiency [23-25]. Ref. [24] showed that particles in the accumulation mode
(diameter between 100 and 1000 nm) are expected to penetrate most effectively. Moreover,
ultrafine particles (UFPs; particles with a diameter lower than 100 nm) can penetrate
deep into the respiratory system, leading to various respiratory health outcomes [26].
Several everyday activities in residential and commercial buildings generate UFPs, e.g.,
electric heating or house cleaning [27,28]. These activities can produce short-term increases
in airborne UFP concentrations, potentially increasing inhalation exposure during the
activity [29].

Despite the increase in the number of studies, the influence of many indoor activities
on aerosol particle size distributions has not yet been analysed. One of these activities is
ironing, which in this work we will study as a source of aerosols. Our starting hypothesis is
that, during the ironing process, particles either derived from the iron or detached from
the textile garments can be released, since high temperatures are reached. Other potential
particle-generation pathways include changes in relative humidity caused by steam release,
the formation of residual particles from evaporated droplets containing dissolved minerals
in tap water, and the release of semi-volatile organic compounds from heated textiles
or finishing products. However, these mechanisms have not been directly investigated
in the present study and are considered potential explanations for the observed particle
emissions [17]. In Europe, as a result of a survey in 23 countries for men and women
between 20 and 73 years old, it was estimated that, on average, the ironing time per day
is between 5 and 20 min, with the task being mostly performed by women (85% of the
time) [30]. The first assessment of this activity in a real dwelling was carried out by [31],
who reported the impact of ironing on indoor PM, levels and chemical composition for
the same sampling campaign as the present study. The present study complements this
previous work by providing detailed information on particle number concentrations and
particle number size distributions during ironing. Although few studies have investigated
emissions from ironing under real-world conditions [32], Ref. [17] conducted a laboratory
study in a full-scale chamber to investigate emissions from several indoor activities. They
reported the lowest UFP emission rate (1.17 x 107 s7!) during ironing without steam
on a cotton sheet, with a corresponding concentration of 550 cm~3. Furthermore, this
study showed that ironing with steam generates 10 times more particles than ironing
without. Another study has concluded that the ironing process may cause an increase in
personal exposure to UFPs, mainly in employees of ironing services [33]. However, the
evolution of particle number concentrations and size distributions during ironing under
real-world conditions and different ventilation settings remains insufficiently characterised.
Since ultrafine particles can penetrate deep into the respiratory tract, particle number
concentration provides relevant complementary information for assessing indoor exposure.

The main aim of this study is to characterise the evolution of indoor particle number
concentrations and particle number size distributions during steam ironing under different
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ventilation conditions and using different ironing devices. The temporal evolution of
equivalent black carbon concentrations is also investigated.

2. Materials and Methods
2.1. Experimental Setup

A sampling campaign was carried out in a suburban house located in Leén (NW Spain)
for six days (6 h each day) while using two types of irons: a typical 1400 W steam iron
and a 2400 W steam iron with a portable boiler (Figure A1). The two devices represent
common types of domestic ironing appliances and differ in nominal power and steam-
generation design. Since the operating temperature was not monitored and emissions
from individual garments could not be isolated, differences in particle emissions cannot
be attributed solely to the nominal power of the devices. As in other studies [34,35], the
tests were performed under different ventilation conditions, typical of a common home:
(i) windows closed and doors closed (low ventilation, LV); (ii) windows closed and door
open (higher ventilation, HV). Ventilation was natural, with no mechanical ventilation
system used during the experiments, to reproduce typical residential conditions. Measure-
ments were carried out in the living room (volume = 91.9 m?), where only two people
were present: one ironing and the other taking notes during the activity. After the ironing
process, the ventilation settings were maintained until the initial conditions were restored.
Furthermore, background indoor air measurements were also performed before ironing
began. Both occupants were present in the room during the background measurements
performed before ironing, so any particle resuspension associated with their presence is
included in the background concentrations. Occupant activity during ironing (e.g., move-
ment while handling garments) may have caused additional resuspension, which cannot
be separated from the emissions of the ironing process.

To keep track of the process, every garment was weighed and registered. The ironing
time for each garment was also recorded. Different types of garments and household linens
of diverse fabrics were ironed, including jeans, trousers, t-shirts, cotton cloths, sheets and
towels, so the ironing is representative of a common home.

2.2. Instrumentation

Continuous monitoring (6 min basis) of ultrafine, fine and accumulation aerosol
particle size distributions was conducted by a Scanning Mobility Particle Sizer spectrometer
(Model 3938; TSI Incorporated, Shoreview, MN, USA). The charge and diffusion corrections
in the line and system were applied according to the Aerosols, Clouds and Trace Gases
Research Infrastructure (ACTRIS) SMPS standards [36]. The range analysed was between
7.6 and 310.6 nm in 110 channels. The flow ratio was set at 1 and 10 L min~! for aerosol and
sheath flow, respectively. Particle losses were taken into account based on an equivalent
pipe length [36]. This study only characterises particles within the SMPS measurement
range of 7.6-310.6 nm and does not assess emissions of larger particles.

To quantify particle number concentrations (PNCs), the following size modes were
considered in this study: nucleation mode (N,,.) between 7.6 and 30 nm, Aitken mode
(N ;) between 30 and 100 nm, and accumulation mode (N,..) from 100 to 310.6 nm. To
compare before and after the ironing process, the variation in PNC was calculated according
to Equation (1):

(G =Co)

0

%AC = x 100 (1)

where Cy and C, are the concentration before and during or after ironing, respectively.
The particle number size distributions (PNSDs) were fitted using lognormal distri-
butions with Igor Pro 8 software (WaveMetrics, Inc., USA). Depending on the shape of
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the measured distribution, one or two lognormal modes were used to obtain the best
representation of the experimental data. The geometric mean diameter (D,), geometric
standard deviation (¢, ), and particle number concentration (N) were obtained from the
fitted distributions.

The aerosol light attenuation at seven wavelengths (370, 470, 520, 590, 660, 880 and 950
nm) was continuously recorded with an Aethalometer (Model AE31; Magee Scientific Cor-
poration, Berkeley, CA, USA) to measure the equivalent black carbon (eBC) concentration.
Aethalometer data were also corrected for the loading effect using the model proposed
by [37]. A detailed description of the instrument can be found in [38,39].

In addition, a real-time laser photometric instrument (DustTrak DRX 8533, TSI In-
corporated, Shoreview, MN, USA) [31] was used to register particulate matter mass con-
centrations over time (PM;, PM, 5 and PM,;) with a 1 min resolution. Temperature and
relative humidity were measured continuously using an indoor air quality probe (Model
7545; TSI Incorporated, Shoreview, MN, USA). The CO, concentration was also provided
by this probe.

All instruments used in this study were calibrated by their respective manufacturers
prior to the measurement campaign.

2.3. Particle Emission Rate Estimation

The ventilation rate was estimated from the decay of indoor CO, concentration follow-
ing the method described by [6]. The particle emission rate during ironing was subsequently
estimated using a well-mixed indoor particle balance, following the approach described
by [40]. The emission rate was estimated for the total measured particle size range and
separately for each SMPS size channel. The mean particle number emission rate during
ironing was calculated according to Equation (2):

_ c—¢C,
ER =V x T

+@+nC (2)
where ER is the particle number emission rate (particles min~!); C and C, are the peak and
initial indoor particle number concentrations, respectively (particles m~2); C is the mean
concentration during ironing (particles m=2); V is the volume of the living room (m?); «
is the air exchange rate (min~!); « is the particle deposition rate (min~!); and At is the
time interval between the initial and peak particle concentrations. The particle deposition
rate (k) was determined from the particle concentration decay observed after the ironing
process, when the particle source was no longer active. The total loss rate (A) was obtained
from the slope of the linear regression of In(C/C,) against time, where C, is the particle
number concentration at the end of the ironing period, and « was calculated as k = A — «,
using the air exchange rate  obtained from the CO, decay [41].

Uncertainties for the time to maximum PNC, the removal rate and the emission rate
are expressed as the standard deviation of the two replicates performed for each condition.

3. Results and Discussion

The ambient conditions during ironing are compiled in Table A1. The temperature and
relative humidity ranged between 22.0-25.1 °C and 41.2-52.4%, respectively. The results
indicate a clear increase in aerosol particle number concentration (PNC) during the ironing
process with a typical steam iron, reaching a mean concentration of 2.7 x 10° cm~® and
2.3 x 10° cm~® with LV and HV conditions, respectively. It is noteworthy that the PNC
before the ironing process is four times lower with LV compared to HV, probably due to
the entry of particles from outdoors to indoors before the start of ironing. However, the
HV condition resulted in a lower peak PNC during ironing. The steam iron with a portable
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boiler showed the highest concentration, with a mean value of 3.31 x 10° cm~2 with LV. The
ventilation rate (a) ranged between 0.16 and 0.42 h~! with LV, while with HV the values
were between 1.53 and 2.08 h~1.

3.1. Evolution of Aerosol Concentration

()

(b)

(c)

The study was divided into three cases according to the type of iron and ventilation:

The evolution of PNC by size bins under the LV condition using a typical steam iron
is depicted in Figure 1a. The concentration before ironing was 3.17 x 10* cm =2, but
a sharp increase was observed after starting the activity. During the first half hour,
the concentration reached values one hundred times higher, mainly for sizes between
20 and 80 nm. The maximum concentration occurred 2 h after starting, when ironing
cotton towels, reaching 7.12 x 10° cm~3, with the highest increases for sizes between
110 and 175 nm. The nucleation, Aitken and accumulation modes presented a mean
%AC increase during ironing of 4179%, 9497% and 15,811%, respectively, compared
to the background air (Table 1). Comparing before and after ironing, concentration
in the nucleation mode decreased 18% between before and after ironing, while the
Aitken mode, and especially the accumulation mode, presented a clear increase of
600% and 4163%, respectively. This fact is observed in Figure 1a with the slow decline
in particles higher than 80 nm, while the concentration of particles lower than 80 nm
decreases quickly.

Figure 1b shows the evolution of PNC for the typical steam iron under the HV condition.
The pattern was different, with a smaller increase in particle concentration during the
initial stage of ironing. The concentration before the start of ironing was 1.23 x 10* cm™3
(Table Al). During the first half hour, the concentration reached values of 1.55 x
10° cm~3, mainly for particle sizes between 30 and 60 nm. This value is half the
concentration reached under the LV condition. While ironing, the highest concentration
was observed for particle sizes between 43 and 95 nm, with a maximum of 3.45 x
10° ecm~3. This value is also lower than the maximum under the LV condition. The
nucleation, Aitken and accumulation modes presented a mean %AC increase during
ironing of 976%, 2599% and 2248%, respectively, compared to the background air
(Table 1). However, it must be taken into account that the background air under the
HV condition showed a higher concentration of particles than under the LV condition
(Table A1). Comparing before and after ironing, the nucleation mode increased by
33%, while the Aitken and accumulation modes presented a clear increase of 560%
and 1378%, respectively. This behaviour is evident in Figure 1b, which denotes a
slow decrease in particles larger than 40 nm. Compared with the LV condition, it is
evident that the accumulation mode increase after ironing is smaller. Thus, it seems
that ventilation causes an effective removal of particles larger than 100 nm, even
though the background concentration before ironing was about four times higher
under HV (1.23 x 10* cm~?) than under LV (3.17 x 10°> cm™3). The increase in the
nucleation mode could be related to the possible infiltration of outdoor air from traffic
sources [42]. However, this interpretation remains speculative because simultaneous
outdoor particle measurements were not performed. Future studies should include
synchronous indoor and outdoor monitoring to verify this hypothesis.

Under LV conditions, ironing with a steam iron equipped with a portable boiler showed
a pattern like that observed for the typical steam iron under the same ventilation
conditions. Before ironing, the background air displayed a higher nucleation and
Aitken concentration than that registered for the typical steam iron. The concentration
before the start of ironing was 1.09 x 10* cm~3, but it increased rapidly when the activity

3

began. During the first half hour, the concentration reached 3.21 x 10° cm~3, mainly
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due to the contribution of particles with sizes between 20 and 100 nm. The maximum
concentration occurred 1 h after the beginning, while ironing cotton cloths, reaching
5.07 x 10° cm~3. The highest increases were recorded for sizes between 150 and 310
nm. The concentrations of the nucleation, Aitken and accumulation modes presented
a mean %AC increase during ironing of 1403%, 3079% and 14,296%, respectively,
compared to the air before ironing (Table 1). The comparison between before and after
ironing revealed a pattern very similar to that observed for the typical steam iron. The
nucleation mode decreased by 61%, while the Aitken (423%) and the accumulation
(7101%) modes presented a clear increase (Figure 1c). A slow decrease in particles
larger than 60 nm and a quick decrease in particles smaller than 60 nm was observed.

Iron time
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Figure 1. Time evolution of the aerosol particle number concentration (colour-coded) between 8
and 310 nm, on a 6 min basis, before, during and after ironing with: (a) a typical steam iron (LV
condition), (b) a typical steam iron (HV condition) and (c) a steam iron with a portable boiler (LV
condition). The arrow indicates the ironing time.
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Table 1. Particle number concentration (x10° cm™*) by modes and percentages of variation between
before (B) and during (D) ironing (%ACp ) and between before (B) and after (A) ironing (%AC, ).

Typical Steam Iron Steam Iron with Portable Boiler
Ventilation LV Condition HYV Condition LV Condition
Mode B D A B D A B D A
Concentration (%ACpg) (%AC,35) (%ACp.E) (%AC,p) (%ACpg) (%AC,p)
Nucleation 1.0 42.1 0.8 6.2 67.0 8.3 38 57.7 15
(<30 nm) ’ (4179) (—18) ’ (976) (33) ’ (1403) (—61)
Aitken 1.9 181.8 13.3 55 149.6 36.6 6.6 209.9 34.6
(30-100 nm) ’ (9497) (600) ’ (2599) (560) ’ (3079) (423)
Accumulation 03 46.5 12.5 0.6 13.0 8.2 04 63.2 31.6
(>100 nm) ’ (15,811) (4163) ’ (2248) (1378) ’ (14296) (7101)

In summary, these results show a rapid increase in concentrations immediately after
ironing began. The time required to reach the maximum PNC varied between approximately
1 and 2 h depending on the ironing and ventilation conditions. As pointed out by [31], the
increase in PNC caused a sharp increase in the aerosol mass concentration, between 4.8
and 12 times, depending on the ventilation conditions. However, the concentration drop
observed after source removal was clearly slow for particles larger than 80 nm in the three
study cases, as reported by [17]. The PNC for sizes between 80 and 150 nm remained at
high values for two or more hours. Likewise, Ref. [17] reported that “ironing with steam
generates 10 times more particles than ironing without steam”. In the present study, it
was also observed that a typical steam iron and a steam iron with a boiler caused a great
increase in PNC in all size modes. When using the typical steam iron, the maximum PNC
was 7.12 x 10° cm~3, while [17] reported a value around 7.2 x 10* cm~3, two orders of
magnitude lower, probably due to the fact that the latter was carried out in a chamber.
Another study, also in laboratory conditions, documented a PNC of 2.81 x 10° cm~2 [1],
similar to the values obtained in the present study. It is noteworthy that steam ironing
in the study by [1] presented the highest PNC among all household activities evaluated
(air-freshener spraying, furniture polish spraying, floor vacuuming, etc.). Under real-world
conditions, Ref. [32] reported peak PNC in the range of 2.1 x 10*-1.48 x 10° cm~2 in a room
of 65 m® when using a steam iron.

The differences in post-ironing particle concentrations across size modes may reflect the
combined effects of coagulation, particle deposition, and ventilation, which can influence
indoor particle number concentrations and size distributions [43]. Coagulation may reduce
the number of smaller particles while contributing to the formation of larger particles.
However, these mechanisms were not independently assessed in this study and therefore
remain possible explanations rather than confirmed processes.

Even though all the garments were individually registered and weighed, the results
show that individual measurements of every piece of clothing are required, as emissions
from the item being ironed mix with those from previous garments still in the air. Therefore,
this is a point to consider in future studies.

3.2. Particle Emission Rates

The particle number emission rates and the characteristic evolution of particle concen-
trations during and after ironing are summarised in Table 2.
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Table 2. Summary of time to reach maximum concentrations, particle removal rates, and parti-
cle number emission rates from ironing. Values are mean + standard deviation of two replicate
experiments.

Ironing Typical Steam Iron Steam Iron with Boiler
Ventilation Conditions LV Condition HYV Condition LV Condition
Time to max PNC 119 + 25 74 + 35 61 + 39
(min)
Particle re(r}rl‘?l")al rate (x) 0.42 + 0.06 0.61 + 0.03 0.58 + 0.03
Particle num‘tﬁemission rate
(ERP) 12.0 £ 2.3 8.10 + 0.09 15.0 £ 3.5

(10" min~1)

Under all experimental conditions, particle number concentrations increased rapidly
after the beginning of ironing, followed by a gradual decrease after the activity ended. The
time required to reach the maximum particle number concentration was 119 £ 25 min
for the typical steam iron under LV conditions, 74 £+ 35 min under HV conditions, and
61 + 39 min for the steam iron with a portable boiler under LV conditions. The shorter
time required to reach the maximum concentration under HV conditions is consistent with
the higher air exchange rate, which promotes particle removal from the room. The steam
iron with a portable boiler also reached its maximum concentration earlier than the typical
steam iron under LV conditions. These differences illustrate that the temporal evolution of
indoor particle concentrations depends not only on the particle emission process but also
on the ventilation conditions and particle removal processes.

After the ironing process ended, particle number concentrations progressively de-
creased. The particle deposition rates estimated from the post-ironing concentration decay;,
after subtracting the air exchange rate, were 0.42 + 0.06, 0.61 + 0.03 and 0.58 £+ 0.03 h™!
for the typical steam iron under LV and HV conditions and the steam iron with a portable
boiler under LV conditions, respectively. The differences among experiments were small
compared with the difference in the air exchange rate between LV (0.16-0.42 h~!) and HV
(1.53-2.08 h1), so the faster decay observed under HV conditions is mainly attributable
to ventilation rather than to deposition. Particle removal indoors can also be affected by
gravitational deposition, diffusion, electrostatic effects and thermophoresis [41,44].

The estimated particle number emission rates ranged from 8.1 x 10 to 1.5 x 10"
particles min~!. The lowest emission rate was obtained for the typical steam iron under
HV conditions, whereas the highest value was obtained for the steam iron with a portable
boiler under LV conditions.

These emission rates are similar to those previously reported for steam ironing.
Ref. [17] reported particle emission rates of 4.2 x 10'° particles min~! for ironing with-
out steam and 2.2 x 10'® particles min~! under steam conditions. Comparable rates have
been reported for vacuum cleaning, ranging from 5.29 to 21.2 x 10!! particles min~! [14],
and cooking, with reported values of 2-4 x 10!! particles min~! [19]. Ref. [45] reported
emission rates ranging from 3.6 x 108 to 7.86 x 10'2 particles min~! for 18 different indoor
activities, further highlighting the relevance of ironing as an indoor particle source.

Furthermore, the particle number emission rate (E_Rp) was estimated for each SMPS
size bin and is represented in Figure 2. For the typical steam iron under the HV condition,
the highest values were observed for particle sizes between 15 and 70 nm, with abrupt
variations probably due to infiltration of outdoor air. The maximum emission rate was
observed for particles of 20.9 nm (1.36 x 10! min~!). However, for the LV condition, the
evolution of ER,, is smooth, reaching a maximum value of 8.97 x 10° min~! for the 46.1 nm
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size. The steam iron with a portable boiler presented the highest E_Rp for all sizes, with a
maximum of 1.92 x 10!° min~! at 12.6 nm. The values obtained for the typical steam iron
are higher than those observed by [17] under laboratory conditions (6.0 x 10° s~1).

9
25x10° 7
—A— Steam iron with portable boiler (LV) —=—Typical steam iron (LV) —@— Typical steam iron (HV)

)

1

Emission rate (min

Particle diameter (nm)

Figure 2. Particle number emission rate for each SMPS size bin for different irons and ventilation
conditions (LV: low ventilation; HV: higher ventilation).

The differences in modal diameters among the experimental conditions may reflect dif-
ferences in particle formation and evolution. Previous studies have shown that particle-size
distributions from indoor sources vary with the source characteristics and that coagulation
can shift particle distributions towards larger diameters over time [32]. However, since
particle composition and formation mechanisms were not directly investigated in this study,
the reasons for the differences observed in Figure 2 remain uncertain. To our knowledge,
there is no bibliography on size-resolved particle emission factors for ironing to compare
the present results. Compared to other human activities, such as cooking or burning per-
fumed candles (under laboratory conditions) [45], the ironing process shows a global
E_Rp > 10! min~! (Table 2), thus indicating that ironing can represent an important indoor
source of ultrafine particles.

The experimental design did not include a control condition that allowed the effects of
steam-generation design and operating pressure to be isolated. Therefore, the differences
in emission rates between the two devices cannot be attributed to a single appliance char-
acteristic. Further experiments controlling these parameters independently are needed to
clarify their individual effects.

3.3. Evolution of Aerosol Particle Number Size Distribution

In addition to the increase in PNC during ironing, changes were also observed in the
PNSD (Figure 3). For the three cases studied, the PNSDs were fitted using the sum of
two lognormal distributions, except for the steam iron with a portable boiler under LV
conditions during ironing, for which a single lognormal distribution provided a more stable
fit (Table A3).

(a) Before using the typical steam iron under LV conditions, two modes were identified,
with geometric mean diameters of 34.4 and 56.7 nm. During ironing, both modes shifted
towards larger particle sizes, with geometric mean diameters of 51.2 and 99.4 nm, re-
spectively. A marked increase in particle number was observed, particularly in the first
mode, which increased from approximately 2.5 x 10% to 2.4 x 10° particles cm3. After
ironing, the modal diameters increased further, reaching 86.3 and 127.1 nm, although
the particle concentrations decreased substantially compared with the ironing period,
probably due to growth by coagulation or condensation of Aitken-mode particles,
which cause an increase in the number of particles in the accumulation mode. As
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shown in Figure 3a, the main difference between before and after ironing is the incre-
ment in the number of particles, with the maximum difference at 150 nm. Between
before and during ironing, the maximum difference is observed for particle sizes
between 110 and 180 nm.

(b) For the typical steam iron under HV conditions, two modes were also identified before
ironing, with geometric mean diameters of 20.5 and 33.5 nm. During ironing, the modes
shifted towards approximately 27.9 and 51.3 nm, accompanied by a substantial increase
in particle concentration. In particular, the second mode increased to approximately
1.4 x 10° particles cm 3. After ironing, the modal diameters shifted further towards
larger sizes, reaching 49.5 and 92.1 nm, while particle concentrations decreased. The
higher ventilation rate resulted in a more pronounced reduction in particles below
approximately 80 nm after ironing, whereas particles in the 80-300 nm range remained
at comparatively elevated concentrations (Figure 3b).

(c) A similar pattern was observed for the steam iron with a portable boiler under LV con-
ditions. Before ironing, two modes were identified, with geometric mean diameters of
34.7 and 69.5 nm. During ironing, the PNSD was better described by a single lognormal
distribution, centred at 57.6 nm, with a total particle concentration of approximately
3.32 x 10° cm~3. After ironing, two modes were again identified, with geometric mean
diameters of 82.5 and 125.3 nm. The particle concentrations decreased after the activity,
although they remained substantially higher than before ironing, particularly in the
larger particle-size range (Figure 3c).

(a) 106’ e Before ==+= During =ww= After

3

dN/dlogD,, (# cm 7)
5

T

10073 3 i 5 6 71 89 2 3
d, (nm) 100

10 3 wwwe Before ===+ During === After

3

(© w: - Before ===+ During == After

-3

dN/dlogD,, (# em °)

10 2 3 4 5 6 7 89 }z 3
d, (nm) 100

Figure 3. Mean aerosol particle size distribution before, during and after ironing with: (a) a typical

steam iron (LV condition), (b) a typical steam iron (HV condition) and (c) a steam iron with a
portable boiler (LV condition).
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Ironing changes the PNSD characteristics, and this behaviour may be attributed to:
(i) dust emissions from the iron surface [17]; (ii) emissions of burnt fibres from clothing
due to increased temperature [17]; (iii) the increase in relative humidity, which can lead
to variations in PNSD [46]; and (iv) particle formation and growth associated with steam.
The last mechanism could help explain the differences between the two appliances. Steam
released during ironing can condense onto pre-existing particles (heterogeneous condensa-
tion), increasing their size and shifting the distribution towards larger diameters, which
is consistent with the modal shift observed here. In addition, both irons were filled with
tap water, and the evaporation of steam droplets containing dissolved minerals can leave
residual particles. The portable boiler releases a larger amount of steam than the typical
steam iron, so this contribution would be expected to be greater, which may explain its
higher concentrations above 100 nm. Homogeneous nucleation of water vapour is unlikely
under the indoor conditions measured (T = 22-25 °C, RH = 41-52%), although nucleation
of semivolatile organic vapours released from heated fabrics or finishing products cannot
be ruled out. As the chemical composition of the water and the particles was not measured
in the present study, these explanations remain hypothetical. Although previous research
has characterised the chemical composition of PM,, emitted during ironing [31], further
studies should investigate size-resolved particle composition and compare emissions using
tap water and pure water to assess the contribution of dissolved minerals.

3.4. Black Carbon Concentration

Figure 4 shows the evolution of eBC concentrations and the Absorption Angstrém
Exponent (AAE). A slight increase in concentrations during ironing was observed, with
several peaks. After ironing, the concentration decreased in all three cases, which could be
related to particle deposition and ventilation.

257 Before During After ical steam iron - [20
20 Typical steam iron - LV |
1.6
1.5 L
1.0 4 L— 12
0.5
0.0 - 08
259 . X 2.0
~ Typical steam iron - HV |
o 2.0
g 1.6
@ 1.5 Lz
=
o 1.0+ 12 @
2
© 054
0.0 | —0.8
2.5 . . . 2.0
204
< ~ 1.6
1.5+ L
1.0 4 —-12
0.5 I
—08
0.0 = T T T T T T T T
8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00
Time

Figure 4. Evolution of equivalent black carbon (eBC) concentrations (fill) and Absorption Angstrém
Exponents (AAEs) (points) before, during and after ironing with a typical steam iron (LV condition),
a typical steam iron (HV condition) and a steam iron with a portable boiler (LV condition).

The mean eBC concentration before using the typical steam iron under the LV condition
was low (0.98 £ 0.10 pg m~ with a maximum of 1.35 pg m~?), while during ironing the
concentration experienced a slight increase to 1.45 + 0.28 pg m~2, with a maximum of
2.05 pg m~3. After ironing, a modest decrease in eBC concentrations (0.77 £ 0.16 ug m~2)
was recorded, with a maximum of 1.06 ug m~2 (Table A2). Under the HV condition, the
mean concentration before ironing was 1.62 + 0.14 ug m=> (maximum of 1.91 pg m=3),
probably due to outside air infiltration, although this could not be verified because outdoor
measurements were not performed. While carrying out this domestic task, the mean value
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was 1.47 + 0.25 pg m~> (max of 2.51 ug m~?), that is, no increase with respect to the
background, and after ironing a clear decrease in eBC concentrations (1.11 + 0.25 pg m=3)
was observed. Thus, the effect of ventilation on the eBC concentration during ironing seems
to be small. The steam iron with a portable boiler presented an identical pattern to that of
the typical steam iron under the LV condition, with a clear decrease after ironing (from 1.38
during to 1.12 pg m~3 after ironing).

No significant differences in the AAE values were recorded before, during or after
ironing, with mean values ranging approximately from 1.0 to 1.2, except for some peaks
during ironing that reached 1.99. To our knowledge, no previous study has reported BC
concentrations during the ironing process; therefore, comparison with other studies is
not possible. Under the HV condition, the mean eBC concentration before ironing was
slightly higher than during ironing (1.62 + 0.14 vs. 1.47 £+ 0.25 ug m~2), a difference
within the standard deviation, which remains unexplained. One possible explanation is
that changes in temperature and humidity may affect aerosol properties and, consequently,
their optical response. However, this possibility remains speculative and requires further
investigation [47,48].

4. Conclusions

This study investigated the evolution of particle number concentrations, particle num-
ber size distributions, particle emission rates and equivalent black carbon concentrations
during ironing with a typical steam iron and a steam iron with a portable boiler under
different ventilation conditions. Ironing produced a rapid and substantial increase in indoor
particle concentrations, particularly in the ultrafine and fine size ranges. The maximum PNC
reached 7.12 x 10° particles cm~3 when using the typical steam iron under low-ventilation
(LV) conditions. During ironing, the nucleation, Aitken and accumulation modes increased
by up to 4179%, 9497% and 15811%, respectively, relative to background concentrations.

Particle concentrations decreased progressively after the activity ended, although
particles larger than approximately 80 nm showed a slower decay. The time required to
reach the maximum PNC was 119 + 25 min for the typical steam iron under LV conditions,
74 £ 35 min under higher ventilation (HV) conditions and 61 + 39 min for the steam iron
with a portable boiler under LV conditions. The HV condition promoted faster particle
removal and resulted in lower concentrations during ironing.

The PNSDs showed clear changes during the ironing process and were generally
described by two lognormal modes. The exception was the steam iron with a portable
boiler during ironing, for which a single lognormal distribution provided a more stable fit.
Opverall, the modal particle diameters shifted towards larger sizes during and after ironing,
indicating a modification of the particle size distribution that persisted after the emission
source was removed.

The estimated particle number emission rates ranged from 8.1 x 10 to 1.5 x 102
particles min~!. The lowest emission rate was obtained for the typical steam iron under
HV conditions, whereas the highest was observed for the steam iron with a portable boiler
under LV conditions. These values are of the same order of magnitude as emission rates
previously reported for steam ironing and other common indoor activities, indicating that
ironing can represent an important indoor particle source.

In contrast, eBC concentrations showed only moderate changes during ironing, with
slight increases under low-ventilation conditions. Overall, the results demonstrate that
ironing can substantially increase indoor particle concentrations and modify their size distri-
butions, while ventilation plays an important role in determining both peak concentrations
and particle persistence after the activity.
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This study has several limitations, including the small sample size (two replicates per
condition), the investigation of a single dwelling, the lack of simultaneous outdoor particle
measurements, and the absence of direct measurements of ironing temperature. Only tap
water was used in the irons, and pure water was not tested; moreover, the chemical composi-
tion of the water was not analysed. Therefore, the contribution of minerals dissolved in tap
water to particle emissions could not be evaluated. The limited number of replicates (two
per condition) means that the reported standard deviations only indicate the experimental
variability and do not allow for a robust assessment of the uncertainty of the emission rates
and of the fitted size-distribution parameters. Personal exposure and health risks were
not assessed. Further studies involving more replicates, different residential settings, and
direct exposure assessments are needed to improve the reliability and generalisability of
the findings.

The findings, together with previous research [31], highlight ironing as a potential
source of indoor particles and the importance of ventilation. However, further studies
in different residential settings and including direct exposure assessments are needed
before broader recommendations or policy implications can be established. It is worth
mentioning that future investigations are necessary to consolidate the conclusions, analysing
the emissions while ironing individual types of garments. It is necessary to consider that in
commercial laundries and ironing services, the period of exposure during the entire working
day is much longer than that normally experienced at home, so the work environment of
these professionals should be subject to a detailed study.
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Abbreviations

The following abbreviations are used in this manuscript:

AAE Absorption Angstrém Exponent
ACTRIS Aerosols, Clouds and Trace Gases Research Infrastructure
eBC Equivalent black carbon
ER Particle number emission rate
HV Higher ventilation
1/0 Indoor/outdoor
LV Low ventilation
Particulate matter with aerodynamic diameter <1 ym (PM1),
PM1, PM2.5, PM10 <2.5 ym (PM2.5), and <10 ym (PM10)
PNC Particle number concentration
PNSD Particle number size distribution
RH Relative humidity
SMPS Scanning mobility particle sizer
UFP Ultrafine particles
Appendix A

@) (b)

Figure A1l. Typical steam iron (a) and steam iron with a portable boiler (b) used during the sampling
campaign.

Table Al. Ambient conditions (temperature, relative humidity, particle number concentration and
ventilation rate) during ironing with different ventilation conditions and irons. N = number of
samples. Values are mean * standard deviation of two replicate experiments.

Typical Steam Iron Steam Iron with

Portable Boiler

Ventilation .y (e ies

.. LV Condition HYV Condition LV Condition

Conditions

N 2 2 2
Air exchange rate
() 0.25 + 0.13 1.81 £ 0.39 0.38 = 0.06
(h™h)

Temf’o‘g‘;‘mre 251+ 08 221+ 04 220 +0.2
Relat“’?;“;mldlty 524 +11.7 412409 514 + 243
PNC background

(X10° om-3) 3.17 12.3 10.9
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Table A2. Mean, standard deviation and maximum equivalent black carbon concentration (eBC) and
Absorption Angstrom Exponent (AAE) before (B), during (D) and after (A) ironing.

Mean *+ SD
- +
Device Ventilation = Time Interval eBC Max e]_33C Mean + SD Max AAE
"3 (pgm™) AAE
(pgm™)
B 0.98 £ 0.10 1.35 1.06 £ 0.16 1.59
LV condition D 1.45 £ 0.28 2.05 1.06 £ 0.17 1.99
Typical steam A 0.77 £ 0.16 1.06 1.18 £ 0.14 1.71
iron B 1.62 £0.14 1.91 1.00 + 0.06 1.09
HYV condition D 1.47 £ 0.25 2.51 1.13 £ 0.12 1.61
A 1.11 £ 0.25 1.50 1.09 £ 0.08 1.26
Steam iron B 1.30 £ 0.10 1.54 1.01 £ 0.06 1.09
with portable LV condition D 1.38 £ 0.22 2.04 0.97 £ 0.15 1.43
boiler A 1.12 £0.11 1.35 1.16 £ 0.15 1.46
Table A3. Lognormal parameters obtained from fitting the mean particle number size distributions
measured before (B), during (D), and after (A) ironing. Values are parameter estimates * standard
errors of the fit to the mean distribution; they do not include variability between replicates.
D Ny D N,
(nﬁ) gy (103 Particles (nfﬁ) gy (103 Particles
cm~3) cm~3)
B 344+11 2.20 £ 0.04 249 £ 0.10 56.7 £ 0.9 1.38 £ 0.03 0.71 £ 0.09
LV condition D 512+ 0.8 1.81 £ 0.01 239.7 £ 6.6 994+14 1.48 + 0.03 312t65
Typical steam A 86.3+24 1.57 £ 0.01 194 +1.3 1271+ 1.1 1.31 £ 0.02 6.57 £ 1.28
fron B 205405 1254004 1944042 335+13 199 +0.05 10.5 4 0.5
HV D 279122 1.62 £ 0.03 89.9 +25.2 51.3+3.0 1.64 + 0.02 139.6 £ 25.2
condition A 495+05 1.77 £ 0.01 432+07 921+04 1314001 9.60 + 0.65
Steam iron with B 347+1.1 1.90 £+ 0.05 9.37 £ 0.39 69.5+ 0.8 1.12 £ 0.02 1.50 £ 0.20
ortable boiler LV condition D 57.6 £ 0.2 1.96 + 0.01 3321+18 — — —
P A 825+ 39 1.68 *+ 0.02 466 £54 1253+ 1.2 1.45 £+ 0.03 21.2+53
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