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ARTICLE INFO ABSTRACT

Handling Editor: Adrian Covaci The chemical and stable carbon isotopic composition of the organic aerosol particles (OA) emitted by a shuttle
passenger ship between mainland Naples and island Capri in Italy were investigated. Various methylsiloxanes
and derivatives were found in particulate ship emissions for the first time, as identified in the mass spectra of a
thermal desorption — proton transfer reaction — mass spectrometer (TD-PTR-MS) based on the natural abundance
of silicon isotopes. Large contributions of methylsiloxanes to OA (up to 59.3%) were found under inefficient
combustion conditions, and considerably lower methylsiloxane emissions were observed under cruise conditions
(1.2% of OA). Furthermore, the stable carbon isotopic composition can provide a fingerprint for methylsiloxanes,
as they have low 8'3C values in the range of —44.91%0 + 4.29%c. The occurrence of methylsiloxanes was
therefore further supported by low 8'3C values of particulate organic carbon (OC), ranging from —34.7%o to
—39.4%, when carbon fractions of methylsiloxanes in OC were high. The §!3C values of OC increased up to
around —26.7%o. under cruise conditions, when carbon fractions of methylsiloxanes in OC were low. Overall, the
5'3C value of OC decreased linearly with increasing carbon fraction of methylsiloxanes in OC, and the slope is
consistent with a mixture of methylsiloxanes and fuel combustion products. The methylsiloxanes in ship emis-
sions may come from engine lubricants.
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1. Introduction (Warner et al., 2010; Fairbrother and Woodburn, 2016). Exposure to

VMS may lead to direct or indirect toxic effects, such as neuro and

Methylsiloxanes are cyclic or linear oligomers or polymers composed
of —Si(CH3)2—O- units (Riicker and Kiimmerer, 2015). They have been
widely used in personal care products (e.g. cosmetic, skin- and hair-care
products) (Wang et al., 2009; Lu et al., 2011), household products
(Wang et al., 2013), and industrial applications (Andriot et al., 2007).
Volatile methylsiloxane (VMS) are small molecular oligomers, either in
cyclic form (e.g., (MeySiO)p, n = 3-6, where Me stands for -CHg,
referred to as D3-Dg) or in linear form (e.g., Me-(Me3SiO),-SiMes, n =
1-5, referred to as Lyo-Lg). They are considered environmental contam-
inants (Riicker and Kiimmerer, 2015), which can be taken up by or-
ganisms and are found in blood, fat, and breast milk of humans
(Flassbeck et al., 2001), as well as in aquatic species and mammals
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pulmonary damage (Meyers et al., 2013), endocrine disruption, con-
nective tissue disorders, adverse immunologic responses, and liver
damage (Lieberman et al., 1999; He et al., 2003; Quinn et al., 2006;
Horii and Kannan, 2008).

VMS have been found in the gas phase in various indoor environ-
ments (e.g., offices (Pieri et al., 2013), classrooms (Tang et al., 2015),
hair salons (Tran and Kannan, 2015), residential homes (formed by
heating silicones in an oven; Katz et al., 2021), industries and residential
areas (Xu et al., 2015)) and outdoor air (Genualdi et al., 2011; Okan
et al., 2021), including some remote areas, such as the Arctic (Krogseth
et al., 2013) and the Tibetan Plateau in China (Wang et al., 2018). The
main source of VMS is believed to be the evaporation from personal care,
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household, and industrial products.

Oligomeric methylsiloxanes have also been found in the particle
phase, such as indoor air particles (Brown et al., 2021) and dust (Lu
et al., 2010; Guo et al., 2019), as well as atmospheric nanoparticles
(Bzdek et al., 2014) and outdoor aerosols (Xu et al., 2022). The oxidation
of VMS is considered the potential route that can lead to methylsiloxane-
containing secondary aerosols through the gas-to-particle conversion
(Wu and Johnston, 2017; Milani et al., 2021). To date, significant pri-
mary emissions of methylsiloxanes in the particle phase have not been
reported. As a consequence, methylsiloxanes in the particle phase have
received much less attention than gaseous VMS.

However, it is plausible that mobile sources may directly emit
methylsiloxanes, because of the possible presence of poly-
dimethylsiloxanes (PDMS) in engine lubricants and fuels. PDMS are
large Me—(Me,SiO),—SiMes polymers, which are non-volatile, water-
insoluble, with no confirmed toxicity (Stringer, 1994; Kuo, 1999). They
are commonly used for lubricating products in industry and trans-
portation (Andriot et al., 2007) due to low surface tension, high thermal
stability, smooth texture (Horii and Kannan, 2008) and defoaming
properties (Mortier et al., 2010). PDMS are also widely used as antifoam
additives in crude oil (Blazquez et al., 2014; Chen et al., 2019; Liu et al.,
2021), fuel oils (Grabowski, 1996), and engine oils (Centers, 1993; Yang
et al., 2021). At high temperatures, PDMS can decompose into frag-
ments, including VMS (Fuentes et al., 2007). Since the lubricating oils
for engines enter the combustion chamber (Supporting Information
Section S1), methylsiloxanes originating from lubricants might be
emitted by mobile sources such as cars and ships. While combustion
products of liquid fossil fuels are generally considered the main con-
stituents of ship emissions, a recent study indicates that unburned
lubricating oil can strongly contribute to particulate matter in ship
exhaust (Eichler et al., 2017). However, ship emissions have not yet
been considered a potential source of methylsiloxanes in coastal air and
aerosols.

In this study, we investigated particulate matter emitted by a shuttle
passenger ship between mainland Naples and island Capri in Italy under
different cruise conditions. In particular, we analyzed the detailed
chemical composition of the ship-emitted organic aerosols by thermal
desorption — proton transfer reaction — mass spectrometry (TD-PTR-MS).
The methylsiloxanes and derivatives were identified in the mass spectra
using a new method based on Si isotope abundance.

In addition, the stable carbon isotopic composition of particulate
matter was investigated. Carbon has two stable isotopes, 12C and the
minor isotope 3¢, which approximately constitute 98.93% and 1.07%
of all carbon atoms. In general, the ratio of *C/!2C is slightly variable
between different carbon reservoirs, with typical differences in the %o
range. In particular, the ratios of '3C/'2C are significantly higher in
crude oil (fuel oils and base oil in lubricating oils, e.g., (Yao et al.,
2022a)) than in methylsiloxanes analyzed to date (Pieri et al., 2013).
13G/12G ratios could therefore provide supplementary evidence for the
presence of methylsiloxanes.

2. Materials and methods
2.1. Sampling of particulate matter from ship exhaust

The measurement campaign was performed on a high-speed pas-
senger hydrofoil (2000 kW power; 1200 kg fuel consumption for round
trip) shuttling between mainland Naples and island Capri in the Gulf of
Naples, South Italy (Chianese et al., 2021). Particulate matter of 10 um
or smaller in diameter (PM;() was collected from the exhaust stack on
quartz filters with a portable pump (Air monitoring System-AMS Ana-
litica) and a PM selective head. Filters were sampled with a flow of 30
L/min for 10 min and stored in petri dishes, which were sealed with
parafilm and kept at —20 °C until analysis. A total of 30 filters were
collected, and 5 filters were selected for detailed chemical and isotopic
analysis in this study. The filters were collected under different
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operating conditions, including standby in Naples, exit from the harbor,
docking maneuvers, standby in Capri, and offshore cruise conditions.

2.2. Analysis of organic and elemental carbon concentrations and isotopic
compositions

The filter samples of particulate matter from ship emissions were
measured for different carbon fractions and related 5'3C values using a
thermal-optical analyzer (TOA, Sunset Laboratory Inc.) coupled with an
isotope ratio mass spectrometer (IRMS) (Yao et al., 2022b). The 53¢
value is calculated as the relative deviation of the 13C/'2C ratio (R'®) of
the sample from the ratio of international primary standard Vienna Pee
Dee Belemnite (VPDB).

13
§8C = —RS@“‘P‘E -1 m
Rypps

Since typical variations in R'® are very small, §'3C is usually reported
in %o. Organic carbon (OC), elemental carbon (EC), and total carbon
(TC) concentrations of particulate carbonaceous matter were deter-
mined using the EUSAAR 2 protocol (Cavalli et al., 2010). In EUSAAR 2
protocol, OC is first thermally desorbed from the filter in Helium
through several temperature steps (up to 650 °C). During this stage,
some of the OC undergoes pyrolysis and pyrolyzed carbon (pOC; a
measurement artefact) is formed, which remains on the filter. In a sec-
ond stage of the analysis, pOC and EC are combusted in He/O through
several temperature steps (up to 850 °C). The desorbed OC (dOC) and
pOC add up to OC. A separation between pOC and EC is achieved by
monitoring the light absorption of the filter samples using a laser. During
the analysis in He, the light absorption increases due to the formation of
pOC, and it decreases again when pOC and EC are combusted in He/O».
pOC is defined as the carbon fraction combusted from the start of the
He/O5 phase until the time when the light absorption returns to the
starting value. In the '3C analysis by TOA-IRMS, selected carbon frac-
tions were converted to CO2 with a CeO; catalyst in the Sunset analyzer.
The CO, was automatically collected in a liquid nitrogen trap, purified,
concentrated, and injected into IRMS for 3¢ analysis (Dusek et al.,
2013; Zenker et al., 2020; Yao et al., 2022b).

For the '3C analysis of TC, all carbon evolved during the entire
EUSAAR_2 protocol was collected for 3C analysis, resulting in the iso-
topic signature of TC (5'3Cr¢). For the 13C analysis of EC, only the car-
bon that evolved after the optical OC/EC split time of the EUSAAR_2
protocol was collected and the corresponding isotopic signature was
further referred to as 8'3Cpc. 8'3Coc was calculated by isotope mass
balance (Eq. (2)), using the measured carbon concentrations and 513C
values of TC and EC. A Monte Carlo approach was used to estimate the
propagated uncertainties.

8"Coc = (TC x 8" Cre — EC x 8"Cgc)/0OC (2)

To investigate 613C0C in more detail, three temperature steps
(200 °C, 350 °C, 650 °C; 5 min each) were used to desorb different
fractions of OC under a flow of He for subsequent 3¢ analysis (OCag0-c,
OCssorc, OCeso-c, with corresponding  §'°Coczo0c, 8" °Cocasorc,
5'3Coces0°c) (Zenker et al., 2020). Since more volatile organic com-
pounds tend to evaporate at lower temperatures, the desorbed OC
roughly corresponds to classes of compounds with higher, medium, and
lower volatilities. More details on data correction and quality control
can be found in Supporting Information Section S2.

2.3. Chemical analysis

The ship emissions samples were analyzed for the chemical compo-
sition using a thermal desorption — proton transfer reaction — mass
spectrometry (TD-PTR-MS) (Holzinger et al., 2010a; Holzinger et al.,
2010b; Materic et al., 2017; Materic et al., 2019). A filter piece (with size
depending on the amount of carbon on the filter) was put in a quartz
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vial, and organic compounds were thermally desorbed at four temper-
ature steps (125, 200, 275, and 350 °C) with 3 min for each step. The
concentrations desorbed at 125 °C and 200 °C were combined as 200 °C
step, and the concentrations desorbed at 275 °C and 350 °C were com-
bined as 350 °C step, which can be correlated with '3C results.

The flow rate through the glass vial was 89 mL/min, and ~ 40 mL/
min of this flow was sub-sampled into the PTR-MS. The drift tube and
inlet line were controlled to 120 °C and 180 °C, respectively, to prevent
condensation of organic compounds. The organic molecules were
ionized by H30™" through proton transfer reaction and detected by a time
of flight mass spectrometer with a mass resolution of ~ 4000 at full
width half maximum. The raw data were processed by the PTRwid
software (Holzinger, 2015), including peak identification and peak
integration, resulting in a concentration for each ion reported as ppb in
the carrier gas. The total concentration of each ion (in ng/cm? of filter
material) was calculated for each temperature step, as described in a
previous study (Timkovsky et al., 2015). Three different procedural
blanks were analyzed. For each ion, the average concentrations of the
procedural blanks (in ng/cm2 of filter material) were subtracted from
the sample. A 3o detection limit was applied for detecting individual
peaks. The total OA mass concentration was calculated as the sum of the
concentrations of all molecules desorbed from filter samples and
detected by PTR-MS minus the blank. Finally, the concentrations were
converted to the unit of mg/m? in the ship exhaust.

A unified mass list gave the m/z ratio with + 2 sigma (95% confi-
dence interval) for each ion, and provides possible molecular formulas
for organic compounds that fall into this uncertainty range. The most
probable molecular formula for each m/z ratio was selected based on the
rules and priorities described in the Supporting Information Sections
S3-S8 (Holzinger et al., 2010a; Masalaite et al., 2017).

2.4. Qualitative and quantitative analysis of methylsiloxanes

Identification of different methylsiloxane species with TD-PTR-MS is
difficult, because the mass resolution does not allow the direct separa-
tion of methylsiloxane peaks from potential compounds with similar m/
z. However, it is possible to identify methylsiloxanes based on their
isotope peaks in the mass spectra. For the elements C, O, H, and N,
higher isotopes have very low abundances (~< 1%, Table S4), whereas
for Si, the abundance of higher isotopes is significantly larger: 2°Si (m/z
= 28.976, 4.685%) and 3°Si (m/z = 29.974, 3.092%). Taking advantage
of the higher natural abundance of Si isotopes, we identified and
quantified silicon-containing organics, as demonstrated in the example
of D5 (C19H3¢05Sis) in the following steps. It is important to note that,
unlike IRMS, the PTR-MS cannot resolve differences between isotopic
ratios in the order of thousandths of isotopic abundances (%o). Instead,
the analysis described in detail below identifies high abundance of m/z
+ 1 and m/z + 2 peaks of certain ions that can only be explained by the
presence of silicon atoms.

(1) Main peaks and isotope peaks of methylsiloxanes. According
to the natural abundances of C, H, O, and Si isotopes, the m/z and
relative abundance of the main and isotope peaks of methylsiloxanes can
be calculated. For example, D5 has a main peak at m/z 371.102 with
relative abundance 0.5918, and a first isotope peak corresponding to
molecules containing either 2si B¢, 2H, or 70 with m/z
372.101-372.106 and relative abundance 0.2155. The remainder of the
relative abundance (0.1927) is other isotope peaks. The natural abun-
dance ratio between the first isotope peak and the main peak (M + 1)/M
of D5 is calculated as 0.3641. The complete information of typical cyclic
VMS (cVMS, (Me3SiO),; n = 3-6, D3-Dg) and of their derivatives found
in this study, as well as their main and isotope peaks can be found in the
Supporting Information Section S3.

(2) Identification of methylsiloxanes based on the mass ratio of
the isotope peak to the main peak. A peak potentially corresponding
to Ds was found in the PTR-MS mass spectra at m/z 371.105. At the mass
resolution of the PTR-MS, other possible compounds at this m/z are:
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C11H1801oNoHT (371.094), Ci16H18010HT (371.098), Ci5H;g0gN,H
(371.109), C13H22012H' (371.119). These CHO or CHON compounds
have much lower (M + 1)/M ratios than methylsiloxanes, ranging from
0.1329 to 0.1789 (Table S11). Hydrocarbons, which are also common in
ship exhaust, can be distinguished from methylsiloxanes based on their
molecular weight at the mass resolution of the PTR-MS (e.g. Ca7Hae, m/2
= 371.368). By comparing the (M + 1)/M ratios and the natural ratios,
methylsiloxanes are distinctly different from other organic compounds
with similar m/z. In our example, the observed (M + 1)/M ratio of m/z
371.105 (0.368-0.379, Table S12) is very close to the natural ratio of Dg
(0.3641). This allows identification of the peak in question as
methylsiloxane.

(3) Methylsiloxane quantification. In addition to the methyl-
siloxanes mentioned above, methylsiloxane fragments with one missing
—CH3 were identified in the mass spectra. These fragments are likely
formed during ionization in the PTR-MS. Moreover, methylsiloxane
diols (HO—(Me3SiO),-H) formed through hydrolysis (Varaprath et al.,
2000; Guallar-Hoyas et al., 2012; Ai et al., 2014) and cVMS silanols with
methyl replaced by hydroxyl through oxidation (Latimer et al., 1998)
were identified. Similar to cVMS, these compounds were identified as Si-
containing compounds, based on their isotope peaks, see Supporting
Information Sections $S3.2-S3.4. To determine the total concentration of
methylsiloxanes, the mass concentrations of all siloxane peaks and their
fragments were considered.

Due to the high abundance of the isotope peaks, it is important to
consider the first and second isotope peaks in the quantification of
methylsiloxanes, the latter corresponding mainly to molecules con-
taining one atom of >°Si and 80, or two different or identical atoms of
29gi and 3C. For Ds, the main peak accounts for 59.2%, the first and
second isotope peaks together account for an intensity fraction of 35.5%
and the rest of the isotope peaks account for 5.3%. Since interfering
CHON compounds are usually present at the second isotope peak in our
case, the natural isotope abundances of methylsiloxanes and the
measured (M + 1)/M ratios (Table S10) can be used to estimate the total
amount. The calculation steps and details can be found in Supporting
Information Section S7.

3. Results
3.1. 13C analysis of OC and EC

The TC shown in Fig. 1a indicates the total particulate carbonaceous
emissions for each cruise condition. Under constant fuel consumption,
lower TC generally represents higher combustion efficiency. The
modified combustion efficiency is defined as the molar emission ratio
ACO5 / (ACO + ACO,) (Ward and Radke, 1993), where ACO5 and ACO
refer to the molar concentrations of CO, and CO emitted from com-
bustion. Previous studies have shown that combustion efficiency is
correlated with EC/TC ratios, e.g., (Vernooij et al., 2022), and a higher
percentage of EC in TC indicating higher combustion efficiency.
Therefore, the percentage of EC in TC is another indicator of combustion
condition (Fig. 1c). The Exit sample was taken when the ship left the
harbor under acceleration and has the lowest percentage of EC in TC,
indicating low combustion efficiency. On the other hand, the Offshore
sample was taken under constant cruise condition and has the highest
percentage of EC in TC, indicating high combustion efficiency. The Exit
sample also has the highest TC (42.4 mg/mg), which is reasonable
considering the inefficient combustion and higher fuel consumption
during acceleration. The Offshore sample has much lower TC (10.5 mg/
m3), but the lowest TC was observed in the Dock sample (2.7 mg/m3)
which means more efficient combustion during deceleration, likely due
to adequate air supply, reduced fuel supply, and good engine condition
after a long journey.

The 8'3C values of OC and EC and their mass fractions in TC under
different cruise conditions are shown in Fig. 1b and 1c. Except for the
Offshore sample, the OC fractions have very low 5!3C values, especially
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Fig. 1. Different carbon fractions of particulate matter in ship emissions and
their isotopic compositions. (a) TC concentrations under different cruise con-
ditions, including standby at Port of Naples (red), Exit from the port (light
blue), Dock maneuvers (green), standby at Port of Capri (dark blue), and
Offshore cruise conditions (pink). Error bars refer to the measurement preci-
sion. (b) 8'3C values and (c) mass fractions of OC and EC in TC. Error bars refer
to the measurement precision of 3¢ analysis. TC = OC + EC = OCaygp:c +
OCss0°:c + OCgs0°c + POC + EC. OCs00°c, OC350°c, and OCgso-c refer to OC
desorbed at different temperature steps. pOC refers to the pyrolyzed carbon that
formed during analysis when OC was desorbed in an inert atmosphere. pOC as a
measurement artifact was not analyzed for C. Mass fractions of desorbed OC
and EC do not add up to 100%, since pOC is not shown in this figure. Data
see Table S1.

613Coc350<>c (—35.5%0 to —39.6%0) and 613COC650°C (—35.5%0 to
—40.4%o). In contrast, 613CEC is similar during all cruise conditions (data
in Table S1). The averaged 613CEC is —26.8%o %= 0.1%o for Offshore and
standby cruise conditions (Port of Naples and Port of Capri), which is
typical for combustion emissions of liquid fossil fuels (Yao et al., 2022a).
Large differences in 5!3C values between OC and EC (up to —10%o) are
unlikely to be caused by isotope fractionation during the combustion
process, which is usually much smaller (Widory, 2006; Yao et al.,
2022a). Therefore, it is likely that organic compounds with very low
813C values are present in ship emissions, a hypothesis that will be
explored in the following sections.

3.2. Methyisiloxanes and derivatives

Organic mass spectra of the Exit sample (typical for inefficient
combustion) and the Offshore sample (typical for normal cruise condi-
tions) are compared in Fig. 2, normalized to the peak at m/z = 93.037.
For the Offshore sample, the peaks are mainly found at low molecular
weights (m/z < 200). However, for the Exit sample (as well as the other
samples taken under inefficient combustion, see Figure S2), there are
peaks at higher molecular weight (m/z > 200). In addition, these peaks
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repeat at regular intervals of 74 m/z units.

To investigate the high molecular weight peaks (m/z > 200) in
detail, the mass spectrum of OA desorbed from the Exit sample at 350 °C
is shown in Fig. 3a, where the arrows indicate the peaks corresponding
to the m/z of several methylsiloxanes. The peaks identified as methyl-
siloxanes and derivatives are shown separately in Fig. 3b. The main
peaks in the mass spectrum meet the theoretical m/z values of typical
methylsiloxanes, and for most of the peaks the (M + 1)/M ratios are
close to the expected natural ratios for siloxanes (Table S12). This pro-
vides strong evidence for the presence of methylsiloxanes in particulate
matter emitted by ships. These methylsiloxanes of ship emissions might
originate from PDMS as antifoam additives in fuel oils or lubricating oils.

The identified compounds are mainly small cVMS, ((Me3SiO)p; n =
3-6, D3-Dg; n = 1-2, fragments of one and two MeSiO units, labelled as
D;-Dy), methylsiloxane diols formed in hydrolysis, oxidized products
with —~CHs replaced by —OH, and fragments that lost one ~CH3 during
ionization. Example structures of detected methylsiloxanes are indicated
in Fig. 3c. Isomerism is possible since all methylsiloxane compounds
were identified by mass spectra only. For example, C19H300sSis can be a
cycle of five Me,SiO units, known as Ds, but it can also be an isomer
made of a cycle of four siloxane units bearing an OSiMes side chain.
However, isomerism needs further investigation and will not be further
discussed in this study.

Additionally, during ionization, positively charged fragments of
these cVMS might be formed by loss of one ~CHj (indicated as D1f-Dgf).
Diols of methylsiloxanes (HO-(Me3SiO),—H) might be formed by hy-
drolysis (Varaprath et al., 2000; Guallar-Hoyas et al., 2012; Ai et al.,
2014). Diols with n ranging from 1 to 6 were identified in the mass
spectra of ship emissions, including monomer dimethylsilanediol (n =1,
Me,Si(OH)2, DMSD), dimer diol (n = 2, labelled as Dow), oligomer diols
(n = 3-6, labelled as Dsw-Dgw). The highest peak (m/z = 93.037) in
Fig. 3b is the hydrolyzed monomer, DMSD, which indicates that hy-
drolyzed fragments are very common. It is not certain, if hydrolysis
happened during the combustion in the ship engine resulting in particle-
phase oligomer diols, which fragmented during analysis, or if the diols
were produced from cVMS during ionization in the PTR-MS.

Finally, oxidized methylsilxoanes (silanols) with one —CHg replaced
by one -OH were found in the mass spectra, including the monomer
CH40,Si (labelled as DY formed from D;) and further DDOH—DL;DOH
(formed from Do—Dg). Previous studies indicate that D4DOH is a product
from Ds and OH radicals (Latimer et al., 1998; Alton and Browne, 2020),
and the latter can be formed photochemically in the atmosphere. Due to
the lower vapor pressure, oxidized cVMS can be found in the particle
phase. In the present study, oxidation of PDMS and their fragments
likely happened during engine combustion.

The origin of the observed cVMS in the mass spectra of particulate
matter needs to be further clarified. During the engine operation, PDMS
might break down into fragments of various molecular sizes. However,
based on partition equilibrium, small molecular cVMS usually are pre-
sent in the gas phase rather than the particle phase (Latimer et al., 1998;
Donahue et al., 2006; Wu and Johnston, 2017). Previous studies either
did not detect small molecular cVMS in the particle phase (Brown et al.,
2021) or detected much smaller amounts than in this study, e.g., (Guo
et al., 2019; Guo et al., 2020), where > 99% of D4~Dg was in the gas
phase. Therefore, most detected cVMS are likely generated during filter
analysis (thermal desorption of the filter samples and ionization in PTR-
MS) from larger particulate-phase methylsiloxanes. However, based on
our analysis, we also cannot rule out the possibility that some cVMS
were originally present in the particle phase.

To better understand the origin of the detected cVMS and their de-
rivatives, commercially available PDMS samples were analyzed in the
PTR-MS using the same analytical procedure as for ship emissions
samples. The analysis of the PDMS with a viscosity of 5 ¢St is shown in
Figure S3, which produced similar fragments in the mass spectra as
observed from ship emissions samples. All types of methylsiloxane peaks
shown in Fig. 3 were identified except for the oxidized methylsiloxanes.
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Fig. 2. The mass spectra of ship-emitted aerosol desorbed at 200 °C and 350 °C under (a) Exit from the harbor and (b) Offshore cruise conditions. The y-axis scale is
normalized to the peak at m/z = 93.037 (the highest peak in most cases, except for Offshore 350 °C) for comparison. Other cruise conditions can be found

in Figure S2.

The occurrence of D1-Ds indicates that PDMS can be broken into cVMS
during analysis. The occurrence of Dsf and Dg¢f means that this frag-
mentation likely occurs during PTR-MS ionization. The occurrence of
methylsiloxane diols indicates that hydrolysis can happen during proton
transfer reaction in the PTR-MS, because the PDMS samples were pro-
cessed without contact with HpO. However, the oxidized methylsilox-
anes in ship emissions are likely produced during engine combustion, as
they are not generated in the analytical procedure. These comparisons
support our hypothesis that the methylsiloxanes of ship emissions
originate from PDMS in antifoam additives in fuel oils or lubricating oils.

3.3. Contribution of methylsiloxanes to emitted organic aerosols

Mass fractions of methylsiloxanes in desorbed organic aerosols
(dOA) and carbon fractions of methylsiloxanes in desorbed organic
carbon (dOC) measured by the PTR-MS (Fig. 4a) were calculated based
on the method described in Section 2.4. The contribution of methyl-
siloxanes to dOA is higher than to dOC because the carbon fraction in
methylsiloxane molecules is usually lower than that in fuel oil mole-
cules. The contribution of methylsiloxanes to dOA in ship emissions is
very high under Exit, Dock, and Standby conditions (28.2%-59.3%), but
much less under Offshore conditions (1.2%). This difference can be
explained by the combustion efficiency of methylsiloxanes from engine
lubrication. Lubricating oil with high thermal stability usually consists
of large molecules, including base oil derived from crude oil fraction-
ation (Mortier et al., 2010; Eichler et al., 2017) and additives (poten-
tially antifoam PDMS additives in our case) (Andriot et al., 2007; Yang
etal., 2021). These molecules are not easily combusted, especially under
conditions of inefficient combustion, and therefore contribute to the
emitted aerosols. To estimate concentrations in the exhaust plume, we
assume that OCygg-c and OCgsgoc in Fig. 1 are roughly equivalent to dOC
obtained by PTR-MS. Then the carbon concentrations of methylsilox-
anes can be estimated to be 0.006-9.2 mg/m3 (Table S13) in the exhaust
plume, by multiplying the carbon fraction of methylsiloxanes in dOC
obtained by PTR-MS and the OC fractions obtained by the Sunset
thermal-optical analyzer.

A previous study has shown that ¢VMS have very low §'3C values
(Pieri et al., 2013), averaged to be —43.93%o0 + 3.67%o (commercial
D3-Dg, see Table S2b). To verify low 5'3C values also in PDMS, some

PDMS samples from different manufacturers were analyzed in this
study, and the averaged 513C value is —45.88%o & 4.90%o (Table S2a).
The averaged 8'°C values of cVMS and PDMS were combined as
—44.91%0 + 4.29%o for methylsiloxanes based on the method described
in Supporting Information Section S2. The low 8'3C values of methyl-
siloxanes may be caused by industrial raw materials, as well as by in-
dustrial synthesis. Methylsiloxanes (and other compounds containing
Si-C bonds) are synthesized via Miiller-Rochow direct process (Rochow,
1945), which involves copper-catalyzed reactions of elemental silicon
and alkyl halides (usually CH3Cl in the highest yield, made from
methanol). Natural gas, a common raw material of industrial methanol,
is known to have very low 5'3C values (Widory, 2006; Menoud et al.,
2022). On the other hand, the 8'3C value of regional crude oil can be
estimated as —28.5%o + 1.1%o (Table S3) (Yao et al., 2022a), which
serves an estimate of the 8!°C value of fuel oil combustion products.

The hypothesis that methylsiloxanes are responsible for the low §'3C
values can be substantiated by the correlation between the carbon
fractions of methylsiloxanes in dOC and the corresponding §'%Coc
values (6'3Coc200°c, 8 >Cocsso-c), as shown in Fig. 4b. The results show
that 5!3C values of OC have a linear dependence on the carbon fractions
of methylsiloxanes in dOC (slope = —16.7 + 4.4, intercept = —30.0 +
1.2, R? = 0.647, p-value = 0.005). The regression line roughly intercepts
the 513C values of crude oil and of pure methylsiloxanes as end members
(i.e. at 0% and 100% methylsiloxanes in OC). It also indicates that
considerable methylsiloxanes in ship emissions contributed to the very
low 8'3C values. With this evidence, the differences in §'3C values in
Fig. 1b under different cruise conditions can be roughly explained by the
combustion efficiency, but not strictly. The 8'3C values in the two
standby conditions (Port of Naples and Port of Capri) are similar and
both lower than in the Offshore cruise condition. However, the com-
bustion efficiency was obviously higher in the Port of Capri after a long
journey indicated by lower TC concentration (Fig. 1a) and by a higher
percentage of EC in TC (Fig. 1c). One possible explanation is that
methylsiloxane emissions may depend not solely on combustion condi-
tions but also on engine operational parameters, fuel supply, and
lubrication, which requires further investigation.
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Fig. 3. (a) Mass spectrum of ship-emitted aerosols under exit condition des-
orbed from the filter sample between 200 and 350 °C. (b) The peaks of the
above mass spectrum that can be attributed to methylsiloxanes and derivatives
based on the methods described in Section 2.4. The Main and Main + 1 (i.e.,
first isotope) peak are shown in orange and purple bars. The mass spectra are
normalized to the highest peak (m/z = 93.037) and y-axis scale is truncated at
y = 0.3. (c) Example structures of detected methylsiloxanes (yellow), which
could be formed from PDMS (green) during engine combustion, thermal
desorption, or ionization. Possible pathways for each compound are further
discussed in the text.

4. Discussion

Considerable amounts of methylsiloxanes (up to 59.3% of OA mass)
were identified and quantified in organic aerosol particles emitted from
one ship. This finding is corroborated by two independent lines of evi-
dence, (i) the natural abundance of Si isotopes investigated by TD-PTR-
MS, and (ii) the very low 8'3C values of the emitted OC investigated by
IRMS. This shows for the first time that primary particulate emissions
from combustion processes can contain methylsiloxanes.

As products of engine combustion, considerable amounts of meth-
ylsiloxanes and derivatives in particulate matter suggest that VMS and
other fragments may also be emitted in the gas phase at the same time,
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which is more harmful to human health (Horii and Kannan, 2008;
Meyers et al., 2013). Besides, our samples were collected in the very
concentrated exhaust plume, and a fraction of the detected particle-
phase methylsiloxanes might evaporate upon dilution and further be
converted to harmful VMS.

Since in this study only one ship was investigated, more studies are
needed to confirm that ships are an important source of particulate and
gas-phase methylsiloxanes. If confirmed, methylsiloxanes in some
remote areas, such as the Arctic (Krogseth et al., 2013), may be related
to ship emissions rather than long-distance atmospheric transport. Since
lubricant oils emitted from engines previously have not been considered
as a source of methylsiloxanes, other vehicles may be possible emitters
as well, which needs further and urgent investigation.

The toxicity of methylsiloxanes in particulate matter is still under
investigation. PDMS has shown no signs of toxicity in animal experi-
ments by oral intake, dermal contact and inhalation (Stringer, 1994;
Kuo, 1999). While secondary photochemical aerosols from OH oxidation
of Ds were found to be not highly toxic to lung cells under 4 h exposure
(King et al., 2020), potential health effects of methylsiloxanes combus-
tion products, such as oxidized methylsiloxanes and their co-products
with fuel oils, need to be further investigated.

5. Conclusions

Particularly low 5!3C values of OC were found in some ship emissions
samples from Italy in this study, which indicates the presence of special
compounds other than fuel combustion residues. The chemical compo-
sitions of the selected samples were therefore analyzed using PTR-MS,
and methylsiloxanes and derivatives were found in the mass spectra
based on natural abundance of silicon isotopes. With the mass spec-
trometry method of identification and quantification of silicon-
containing compounds developed in this study, various methylsilox-
anes and derivatives were recognized in mass spectra of ship emissions.
The origin of the analyzed methylsiloxane fragments and derivatives
remains unclear, as they can be produced during PTR-MS analysis,
except for oxidized methylsiloxanes, which were likely formed during
engine combustion of PDMS contained in fuel oils or lubricating oils. It is
further demonstrated that the carbon fraction of methylsiloxanes in the
desorbed OC is linearly related to the corresponding §'3C value. Since
methylsiloxanes have very low 8'3C values, this implies that the low
513C value of OC in ship emissions can be explained by the presence of
methylsiloxanes. The methylsiloxanes and SiO; from ship emissions can
be an emerging contamination for coastal residents, and their contri-
bution to gas phase and particulate pollutants needs urgent investiga-
tion. Possible methylsiloxanes and SiO; emissions from other
combustion sources, such as other engine powered vehicles, also need
urgent investigation.
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