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ABSTRACT

KEYWORDS
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Diesel engine exhaust (DE) consists of a complex mixture of gases and aerosols, originating
from sources such as engines, turbines, and power generators. It is composed of a wide
range of toxic compounds ranging from constituents that are irritating to those that are car-
cinogenic. The purposes of this work were to characterize DE originating from different
engine types on a ship operating offshore and to quantify the potential exposure of workers
on the ship’s helicopter deck to select DE compounds. Sampling was conducted on a
Norwegian Nansen-class frigate that included helicopter operations. Frigate engines and
generators were fueled by marine diesel oil, while the helicopter engine was fueled by high
flash point kerosene-type aviation fuel. Exhaust samples were collected directly from the
stack of the diesel engine and one of the diesel generator exhaust stacks, inside a gas tur-
bine exhaust stack, and at the exhaust outlet of the helicopter. To characterize the different
exhaust sources, non-targeted screening of volatile and semi-volatile organic compounds
was performed for multiple chemical classes. Some of the compounds detected at the sour-
ces are known irritants, such as phthalic anhydride, 2,5-dyphenyl-p-benzoquinone, styrene,
cinnoline, and phenyl maleic anhydride. The exhaust from the diesel engine and diesel gen-
erator was found to contain the highest amounts of particulate matter and gaseous com-
pounds, while the gas turbine had the lowest emissions. Personal exposure samples were
collected outdoors in the breathing zone of a helicopter deck operator over nine working
shifts, simultaneously with stationary measurements on the helicopter deck. Elemental car-
bon, nitrogen dioxide, and several volatile organic compounds are known to be present in
DE, such as formaldehyde, acrolein, and phenol were specifically targeted. Measured DE
exposures of the crew on the helicopter deck were variable, but less than the current
European occupational exposure limits for all compounds, except elemental carbon, in
which concentration varied between 0.5 and 37 ug/m> over nine work shifts. These findings
are among the first published for this type of working environment.

kerosene; nitrogen dioxide;
seafarers; volatile organic
compounds

Introduction

Diesel engine exhaust (DE) consists of solid, con-
densed, and gas phases. The solid phase includes
organic carbon (OC) and elemental carbon (EC) par-
ticles and minor amounts of metals (U.S. EPA 2002),
while the condensed phase is composed of low volatil-
ity organics adsorbed on the solid particles
(McDonald et al. 2004) as the exhaust cools after leav-
ing the engine. Gases formed by the combustion of

diesel consist of mainly carbon dioxide and water
vapor (Moldanova et al. 2009). A smaller proportion
of the gas compounds in DE are carbon monoxide
(CO), nitrogen oxides (NO,), and sulfur dioxide (SO,)
together with a complex mixture of volatile organic
compounds (VOCs) (Taxell and Santonen 2017).
VOCs in DE include several functional classes such as
large aliphatic hydrocarbons; alcohols; reactive hydro-
carbons including ethylene (Steiner et al. 2016);
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carbonyl compounds containing formaldehyde, acetal-
dehyde, and acrolein (Reda et al. 2015); polycyclic
aromatic  hydrocarbons  (PAHs) encompassing
naphthalene, benzo[a]pyrene, anthracene; as well as
aromatic compounds such as benzene, toluene, ethyl-
benzenes, and xylenes (BTEX) (Moldanova et al. 2009;
IARC 2012; Perrone et al. 2014). Some of these PAHs
and VOCs have known toxic effects depending on
dose and duration of exposure, including genotoxicity
and carcinogenicity (IARC 2012), and can cause nau-
sea and dizziness upon acute exposure (Steiner et al.
2016; Joshi 2019). Gaseous compounds in DE are well
known for their odor, and nitrogen dioxide (NO,),
sulfur dioxide (SO,), formaldehyde, acrolein, and phe-
nol are irritants (Cernansky 1983). Chemicals
adsorbed on the carbon matrix of diesel particles can
interact with respiratory epitheliums and may elicit a
multitude of health effects ranging from cardiovascu-
lar and metabolic diseases (Holme et al. 2019;
Brinchmann et al. 2023) to carcinogenesis (Steiner
et al. 2016).

In occupational settings where diesel engines are
used, EC is commonly regarded as the marker for DE
particulate matter (PM) (Birch and Cary 1996; Birch
2002). Nitrogen dioxide and CO have been widely
used as markers for the gas phase, even though these
are nonspecific compounds present in many occupa-
tional settings (Pronk et al. 2009; Hedmer et al. 2017).
The composition of DE depends on several parame-
ters such as fuel type, engine type and load, combus-
tion temperatures, and type and efficiency of
aftertreatment (Zhang et al. 2021). Aftertreatment of
DE in the marine sector is mainly based on selective
catalytic reduction technology, which reduces NOy
emissions (Zhu et al. 2022). The two conventional die-
sel fuel types used for marine operations are heavy
fuel oil (HFO) and marine diesel oil (MDO) (Chu
Van et al. 2019), the main difference being sulfur con-
tent. Diesel engines running at optimal design cap-
acity typically have the lowest emissions of unburnt
fuel (OC). When idling or operating at low engine
loads, diesel engines typically have higher OC, CO,
and VOC emissions (Cooper 2001; 2003).

Since 2012, DE has been classified as carcinogenic
to humans (Group 1) by the International Agency for
Research on Cancer (IARC) on the basis that, depend-
ing on duration and dose, exposure to DE increases
the risk of lung cancer (IARC 2012). Other adverse
health effects such as exacerbation of asthma, irrita-
tion of the eyes and upper respiratory tract, cough,
pneumonia, and cardiovascular disease have also been
reported following DE exposure (Lloyd and Cackette
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2001; Ris 2007; Taxell and Santonen 2017). There has
been much focus on characterizing emissions associ-
ated with diesel-powered ships concerning the envir-
onment, e.g., regional, and worldwide air quality and
climate research (Moldanova et al. 2013; Zhang et al.
2021), but the literature regarding exposure to DE in
seafarers is scarce. Seafarers are often exposed to DE
over long working hours, with typical shipboard work
durations ranging from days to months in an environ-
ment where exposures have not been systematically
studied. One study assessed the indoor air quality on
board an icebreaker operating on two types of fuel
(HFO and MDO) (Langer et al. 2020). Diesel engine
exhaust exposures in port or dock workers have been
reported (Methner and Boudreau 2006; Debia et al.
2016), and exposure to benzene in DE among fisher-
men was studied (Kirrane et al. 2007). Personal expos-
ure to NO, has been studied in a submarine (Bondi
et al. 1983), and an assessment of EC and OC concen-
trations in the engine room of a submarine have been
suggested as estimates of occupational and environ-
mental exposure in this marine environment (Gan
et al. 2010).

Bendtsen et al. (2021) reported that the health
effects of exposure to gas turbine aircraft engine emis-
sions are similar to those caused by exposure to DE
(Bendtsen et al. 2021). A range of kerosene-based avi-
ation fuels are in use throughout the world and are
overall similar in chemical composition (Lighty et al.
2000; Mazaheri et al. 2011). Kerosene lies between the
distillated crude oil fractions of gasoline (gasoline
combustion exhaust is classified as IARC Group 2B—
possibly carcinogenic to humans) and diesel (diesel
combustion exhaust is classified as IARC Group 1—
carcinogenic to humans), thus kerosene-type aircraft
fuel combustion products could have carcinogenic
potential, given the reported similarities to DE par-
ticles (Bendtsen et al. 2021).

This study aims to characterize emissions from dif-
ferent engine types on a ship, quantify the personal
exposure of helicopter deck operators on board, and
describe the variability of the potential exposures esti-
mated from stationary measurements over several
days. Indoor measurements were not the focus of the
study because the ship is equipped with an effective
air filtering system, and initial assessment of exposure
concluded that the helicopter deck was the only work
area with potentially significant exhaust exposures.
The combination of personal measurements, in-situ
quantification, as well as source characterization of
EC, NO,, and several volatile and semi-volatile com-
ponents will contribute to increasing knowledge and
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understanding of exposures to DE and helicopter
engine exhaust in offshore environments.

Methods
Engines

The ship is a Royal Norwegian Navy Nansen-class
frigate, which has combined diesel and gas turbine pro-
pulsion consisting of two cruising-speed 4.5 MW Bazan-
Bravo diesel engines and a 21.5 MW General Electric
LM 2500 gas turbine for high-speed operation. In add-
ition, the ship has four MTU 12V396 diesel generators.
The four different engine types potentially contributing
to DE emissions on board are the main diesel engines
(2), gas turbine engine operating 9 out of 12 days, diesel
power generators (4), and the gas turbine engine of the
NH90 helicopter operating 9 out of 12 days on the heli-
copter deck. The ship engines, including the generators
and the gas turbine, were operated on MDO, while the
helicopter engine was operated on high flash point kero-
sene-type aviation fuel.

Sampling

Except for the helicopter engine exhaust, all samples
were collected on board while navigating, over a two-
week sampling campaign in October 2020. For chemical
characterization of the DE sources, samples were col-
lected directly at the stack of one of the generator
exhaust outlets, and approximately 1 meter downwind
from the main engine exhaust outlets. For safety rea-
sons, samples from the gas turbine engine were collected
inside the exhaust stack. The helicopter engine exhaust
was sampled on shore, downstream of the exhaust pipe
at a safe distance of approximately 3 meters during
engine idling. Personal samples for exposure assessment
were collected in the breathing zone of a helicopter deck
operator during the working shift including breaks,
which represents the helicopter deck crew (typically at
least two persons). Helicopter deck operators supervise
the work on the helicopter deck during operations and
are the communications contact between the ship and
the helicopter crew. Helicopter deck crew members typ-
ically worked shifts between 6 and 12hr duration.
Personal samples were collected from helicopter deck
operators that worked for 9 days during helicopter oper-
ations. Simultaneously with personal samples, stationary
samples were collected on the helicopter deck at
approximately 2m high. The helicopter deck was situ-
ated at the stern of the ship. Table 1 details the samplers
and airflow used for both characterization and exposure
measurements. In addition to the filter samples, real-

time Drager PAC 7000 loggers for CO and NO,
(Dragerwerk AG & Co, Liibeck, Germany) were
attached to the sampling station and in the breathing
zone of the worker, logging concentrations every 10 sec.
The helicopter deck operator also carried a real-time
Drager PAC 7000 logger for SO, (Dragerwerk AG &
Co, Liibeck, Germany).

Analyses

Elemental carbon was quantified using an organic car-
bon - elemental carbon (OC-EC) dual-optical analyzer
(Sunset Laboratory Inc, Tigard, OR, USA) as
described in the National Institute for Occupational
Safety and Health, NIOSH method 5040 (Birch 2002;
NIOSH 2016¢). Nitrogen dioxide was determined
using spectrophotometry, details are given in the elec-
tronic supplement (ES) document. Phenol collected
on XAD-7 tubes was analyzed based on the
Occupational Safety and Health Administration
(OSHA) method 32 (2001) (OSHA 2021), see ES for
further details. The quantification of carbonyl com-
pounds (formaldehyde, acetaldehyde, acetone, acro-
lein, and propanal) collected on Sep-pack cartridges
was performed with HPLC-UV as described by
Noskov et al. (2019). The determination of VOCs
sampled on charcoal adsorbent tubes was based on
NIOSH 1500 method (NIOSH 2016a) for the deter-
mination of hydrocarbons, and on NIOSH 1501
method (NIOSH 2016b) for aromatic hydrocarbons,
respectively. Further details are found in the ES. A non-
targeted screening of VOCs sampled on Tenax TA -
filled TD-tubes was performed using a thermal desorp-
tion system (TD100-xr, Markes Int., Ltd., Llantrisant,
RCT, UK) equipped with an Agilent 7890B GC and an
Agilent 5977B MS detector (Agilent Technologies, Santa
Clara, CA, USA). Further details are described in the
ES. Particles filtered onto TEM grids were analyzed in a
Hitachi SU6600 field emission scanning electron micro-
scope (Hitachi, Tokyo, Japan) using 20keV at a working
distance of 10 mm. The morphology of the particles was
investigated in secondary electron imaging mode.
Backscatter imaging mode was applied to search for
bright spots, which may be inclusions of heavier ele-
ments such as lead. The laboratory that performed these
determinations follows the ISO 17025:2017 standard rec-
ommendations (ISO/IEC 2017).

Statistics

Normality for EC, NO,, formaldehyde, and methylcy-
clohexane from the exposure samples were assessed
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Table 1. Components sampled for characterization of diesel engine exhaust and exposure assessment, with sampler type, flow,

and time.
Exhausts characterization Exposure assessment
Sampling Sampling Sampling Sampling
Components Type flow (L/min) time (min) flow (L/min) time (min)
Elemental carbon and 25mm CFC cassette® with quartz 2 10 2 145-682
nitrogen dioxide filter®/Nal-impregnated cellulose filter
Phenol XAD-7 sorbent tube® 0.2 10 0.15 145-682
Aldehydes Sep-pak DNPH-Silica cartridge® 0.2 10 0.15 145-682
Volatile organic TD-tubes® packed with Tenax TA 0.2 2,5,7,and 10 n.a. n.a.
compounds
Volatile organic Charcoal adsorbent tubes’ n.a. n.a. 0.15 145-682
compounds
Particles Cu TEM grids? and boron substrates 2 0.5, 1,3,and 5 n.a. n.a.

*Millipore Corporation, Billerica, MA, USA.
PPall Corporation, Port Washington, NY, USA.
SKC, Eighty-Four, PA, USA.

dWaters Corporation, Milford, MA, USA.

“Thermal desorption tubes Markes International Ltd., Western Avenue, Bridgend, UK.

fSKC Eighty Four, PA, USA.
9EMresolution, Sheffield, UK.

using the Shapiro-Wilk normality test. Associations
were assessed with least square regression analysis and
Pearson’s correlation coefficient was calculated as the
measure of the association. All statistical calculations
were performed in Rstudio version [4.2.1] (R
Foundation for Statistical Computing, Vienna, Austria).
Geometric mean and standard deviation were calculated
for EC, NO,, and formaldehyde using CRAN package
“EnvStats” (Millard 2013). However, we do not report
the geometric mean and standard deviation for other
compounds because the data was highly censored.
Figures were made using the same software, with add-
itional CRAN packages: “ggplot2” (Wickham 2009),
“ggpubr” version 0.4.0, “ggsci” version 2.9, and
“openair” (Carslaw and Ropkins 2012).

Results

Chemical characterization of engine exhaust
sources

The carbonyls acetaldehyde, acetone, acrolein, and
propanal collected on Sep-pack cartridges were all
below the respective detection limit of 0.02 ppm (acet-
aldehyde) and 0.01 ppm (others). Formaldehyde, on
the other hand, was found in the exhaust of the diesel
generator (0.94ppm), diesel engine (0.16 ppm), and
gas turbine (0.02ppm) but was below the limit of
detection (LOD) in the helicopter engine exhaust
(<0.02 ppm). Phenol was not detected above the LOD
(<0.10 ppm) in XAD adsorbent tubes; however, it was
identified in all four exhaust sources with the analysis
of TD tubes, due to the higher sensitivity of the latter
method.

Concentrations of EC and NO, differed among the
diesel engine and generator. The concentration of EC

in exhaust from the ship’s main engine was 0.6 mg/m’
and 1.2mg/m’ in the exhaust from the diesel gener-
ator, while EC was below the detection limit in both
the helicopter and gas turbine exhausts. NO, was
detected among all exhausts with concentrations of
0.5mg/m> for the diesel generator exhaust and
1.5mg/m’ in the diesel engine exhaust. It was also
detected in the helicopter engine exhaust and the gas
turbine exhaust at a concentration of 0.03 and
0.02 mg/m>, respectively. Figure 1 displays the concen-
tration ratio of selected compounds in the diesel
engine, or generator, to the gas turbine.

A wide range of compounds of several functional
classes was detected in the four different exhausts with a
non-targeted screening of VOCs by thermal desorption
tubes. An overview of these compounds is presented in
Table 2. Some of the VOCs detected in the exhaust are
known irritants, these include phthalic anhydride (CAS
85-44-9) and phenyl maleic anhydride (CAS 36122-35-
7), the quinone 2,5-dyphenyl-p-benzoquinone (CAS
844-51-9), styrene (CAS 100-42-5), and cinnoline (CAS
253-66-7), a nitrogen-containing diazine analogous to
naphthalene. Phthalic anhydride was detected in all
sources and is a known eye, respiratory tract, and skin
irritant (PubChem 2022c). The 2,5-dyphenyl-p-benzo-
quinone was present in exhaust samples from both the
diesel engine and diesel generator and is known to cause
breathing difficulties (European Chemicals Agency
2022b). This compound is, however, not volatile, and its
presence in the TD tubes is likely associated with DE
PM, where other analogous quinones have been identi-
fied (Cho et al. 2004). The identification of quinones in
this study is uncertain due to the TD tubes and GC-MS
method used being less suitable for its high boiling point
(458 £45 °C). Styrene and cinnoline were detected in the
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Benzaldehyde
Benzene
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Figure 1. Selected volatile and semi-volatile organic compounds, nitrogen dioxide, and elemental carbon found in exhaust from
the diesel engine and the diesel generator, shown as a concentration ratio to the gas turbine, in logarithmic scale.
*Concentration in the gas turbine exhaust were below the limit of detection (LOD), therefore the ratio is calculated against the

LOD for the compounds.

diesel engine and generator exhaust. Styrene is an acute
eye and mucous membrane irritant which has been
shown to have neurotoxic effects in animal studies
(PubChem 2022a), whereas cinnoline is a known skin
and eyes irritant (PubChem 2022b). Several PAHs
including naphthalene and phenanthrene, among others,
were detected in the diesel engine and generator
exhausts as well as in the helicopter engine exhaust.
Similarly, to other semi-volatile organic compounds
(SVOC), PAHs in the exhausts are likely associated with
soot particles or the condensed phase.

Freshly produced soot particles collected from the
chimney of the main diesel engine are shown in
Figure 2. An overview of particles collected onto a
TEM grid is presented in Figure 2A, and a magnifica-
tion of a soot agglomerate is shown in Figure 2B. No
other particles like carbon nanotubes were observed
or inclusions of metals, neither in secondary electron
nor in backscatter imaging mode.

Occupational exposure

Carbon monoxide and NO, real-time concentrations
measured in the breathing zone of the helicopter deck
operator with electrochemical sensors showed gener-
ally low concentrations (below 10 parts per million by
volume, ppm, for CO and below 1ppm for NO,,

respectively), similar to the measured concentration at
the stationary sampling station. Concentrations of SO,
were below LOD during the whole sampling campaign.

Pollution roses showing the frequency of wind dir-
ection relative to the ship position and the concentra-
tion of NO, and CO measured at the stationary
position are presented in Figure 3. The wind direction
relative to the ship was mainly headwind, at speeds
below 10m/s approximately 70% of the time and
between 10 and 15m/s for approximately 30% of the
time. These results show that DE from the ship’s
main engine, generator, or gas turbine were the main
contributors to NO, during the campaign since the
sampling position at the helicopter deck is situated at
the stern of the ship. In this investigation, the concen-
tration of CO on the helicopter deck appeared to be
less associated with the wind direction compared to
that of NO,, possibly due to the dilution of engine
exhaust constituents due to mixing with ambient air.

The concentrations of EC collected onto filters, and
of NO, and formaldehyde over 9 (personal) and 12
(stationary) work shifts are presented in Figure 4. As
expected, the concentration varies greatly between the
different days, and the pattern of variation is similar
between personal and stationary samples.

The co-variation of EC, NO,, and formaldehyde
within both the personal and stationary data sets
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Table 2. Non-targeted volatile and semi-volatile organic compound screening of engine exhaust from diesel engine, generator,
gas turbine, and helicopter.

Chemical class Compound Diesel engine Diesel generator Gas turbine Helicopter
Acids Acetic acid v v v v
Benzoic acid v 4
Alcohols 2- (2-Methoxyethoxy) ethanol® v
2,2"-Oxydiethanol’ v
2-Ethyl-1-hexanol v

Alkanes n-Heptane
n-Octane
n-Nonane
n-Decane

n-Undecane

n-Dodecane
n-Tetradecane
n-Pentadecane
n-Hexadecane
n-Heptadecane
n-Octadecane

n-Eicosane

n-Heneicosane

Cycloalkanes Methylcyclohexane

Ethylcyclohexane'
Propylcyclohexane
Butylcyclohexane®

Alkenes 2-Butene’
1-Hexene'
1-Heptene'
1-Octene’
1-Nonene'
1-Decene’

Anhydrides Phthalic anhydride"

Phenylmaleic anhydride’

Aromatics Benzene

Styrene
Toluene
2-Ethyltoluene
3-Ethyltoluene
1,2,3-Trimethylbenzene
1,2,4-Trimethylbenzene
Ethylbenzene
Propylbenzene
m&p-Xylene
o-Xylene
p-Cymene
Etyl-metylbenzene
1-methyl-2-propylbenzene
1-methyl-2-propylbenzene

Carbonyls Acetone

Benzaldehyde
2-Butenone "
Nonanal
Benzenacetaldehyde'
Acetophenone
Decanal
Acetaldehyde’
Methacrolein
1-Hepten-3-one

Phenols 2,6-Diphenylphenol®

Phenol

Heterocyclic hydrocarbons Cinnoline'

Benzothiazole
Polycyclic aromatic hydrocarbons Naphthalene
2-Methylnaphtalene
1-Methylnaphtalene
1,2,3,4-Tetrahydronaphthalene
Phenantrene
Metylphenantrene or metylantracene®
Others 2,5-Diphenyl-p-benzoquinoneT
2-Methylfuran®
Diethyl phthalate v
2-Aminoethyl hydrogen sulphate®
Methyl methacrylate” v

(Continued)
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Table 2. Continued.

Chemical class Compound Diesel engine Diesel generator Gas turbine Helicopter
Methoxy-phenyl oxime v
Benzonitrile™ v
Benzamide® v
1,6-Diisocyanatohexane’ v

v = detected in the exhaust.
*ldentification not validated by standard injection.

Figure 2. Secondary electron images of soot agglomerates collected from the exhaust pipe of the main diesel engine. (A) An over-

view of soot particles and (B) close-up of a soot agglomerate.
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Figure 3. Concentrations (ppm) of carbon monoxide (CO, left) and of nitrogen dioxide (NO,, right) measured stationary on the
helicopter deck at the stern. Wind direction relative to the ship position (center of the plot) during the sampling campaign.

indicate a similar main source or sources. These
associations were tested, yielding Pearson’s correl-
ation coefficients for EC to NO, of r=0.74, p-value
= 0.0001, and r=0.69, p-value = 0.0006 for EC to
formaldehyde, respectively. The association between
NO, and formaldehyde had a Pearson’s correlation
coefficient of r=0.75, p-value = 0.0001. Further
investigation on the potential health effects of these
additive exposures is outside the scope of this
manuscript.

Methylcyclohexane was detected in the character-
ization samples of diesel engine and helicopter exhaust
(Table 2). Although the correlations are weak, a sig-
nificant association between methylcyclohexane and
EC (r=0.55, p-value = 0.01) as well as to NO,
(r=0.55, p-value = 0.009) was found. The alkanes
detected in the characterization samples taken from
the diesel engine, generator, as well as from the heli-
copter exhaust, did, on the other hand, not correlate
significantly to either EC or NO,.



A summary of the concentrations measured in the
breathing zone of the helicopter deck operator and at
the stationary sampling site on the helicopter deck
during the campaign is presented in Table 3. A rela-
tively high number of samples were below LOD for
different VOCs, e.g., BTEX, thus the table only
presents the compounds above LOD.

Discussion

The characterization performed in this study shows
that DE from the main engine and diesel generators
differed from that of the helicopter and gas turbine
engine emissions in terms of their concentration of
EC, NO,, formaldehyde, and VOCs. Gas turbines are
the lower-emitting source due to their inherent dilu-
tion of exhaust technology (Pavri and Moore 2001).
One interesting finding is that the diesel main engine
emits a higher concentration of NO,, whereas the
generator emits the highest concentration of formalde-
hyde. Our study shows that the exhaust includes both
volatiles and semi-volatile organic compounds which
are known irritants, in addition to several PAHs
which are reported from previous studies of ships
emission (Moldanova et al. 2009). Further research
with analytical methods specifically targeted to SVOCs
is needed to confirm our findings.

The potential exposure to DE varied over the sam-
pling campaign. In general, the concentrations, meas-
ured in the breathing zones of the helicopter deck
operators and at the stationary sampling site on the
helicopter deck were low compared to the current
European OEL for all measured compounds, except
for EC. In some of the work shifts, EC concentrations
were close to the current European OEL (50 ug/m3)
indicating significant worker exposure on the helicop-
ter deck. A significant correlation was found between
EC and NO,, indicating a similar source or sources of
exposure. CO is known to be present in the atmos-
phere in trace concentrations up to 0.1 ppm (Badr and
Probert 1994; Park and Rhee 2016), and the concen-
trations measured stationary at the stern of the ship
reflect the influence of environmental background
sources, besides the engine exhaust.

Characterization of exhaust by engine type

Characterization of DE from the four different types
of engines demonstrates that the exhaust from the
main diesel engines had the highest concentration of
NO,, about three times higher than the sampled diesel
generator, while the gas turbine and helicopter
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exhausts only contained negligible amounts.
Conversely, the concentration of EC in the samples
from diesel generator exhaust is about double of the
ship engine exhaust, while EC was not detected in
exhaust samples from the gas turbine and helicopter.
Overall, our findings indicate that exhaust from the
main diesel engines is potentially the main gaseous
contributor, while the generator might be the predom-
inant contributor of PM. In contrast, the gas turbine
and helicopter contributed with very little NO,, EC,
and VOCs.

Non-targeted screening analysis of the four differ-
ent exhaust sources points to the generator being the
main contributor of the irritants 2,5-difenyl-p-benzo-
quinone, cinnoline, formaldehyde, and phthalic
anhydride. Previous reports of quinones in diesel
vehicular emissions are published (Cho et al. 2004;
Jakober et al. 2007), however, the irritant properties of
these compounds point to the need for further
research on exposure to seafarers. The diesel engine
and generator are the dominant sources of formalde-
hyde and phenol on board, with the generator emit-
ting formaldehyde at a six times higher factor than
the ship engine, and almost double the amount of
phenol. Only small amounts of these compounds were
detected in the helicopter and gas turbine exhausts.
Moreover, phenol, a common irritant from fossil fuel
combustion, was also detected with TD-GC-MS in all
the exhausts except from the gas turbine, with the die-
sel generator being the principal emitter. However,
deviations between the sampling points of the gas tur-
bine and the helicopter and the effects of dilution
among the different engine technologies might have
affected the concentration of the exhausts, and thus
the detection of compounds.

A quantification of VOCs in the different DE is
outside the scope of this work but has been vastly
covered in the published literature for HFO
(Moldanova et al. 2009; Sippula et al. 2014) and MDO
(Moldanova et al. 2009; Chu Van et al. 2019
McCaffery et al. 2021). Still, characterization of DE
performed in this work confirmed the presence of sev-
eral PAH compounds, BTEX, and heterocyclic hydro-
carbons as previously reported by others (Langer et al.
2020; Zhang et al. 2021).

The main morphology reported from DE is soot
particles, which are agglomerates or aggregates of par-
ticles with an onion shell-like structure (Rana et al.
2022). This is consistent with what we have observed
in the characterized DE. Some authors have reported
carbon nanotubes found in DE particles (Uchida et al.
2006; Jung et al. 2013) however, no carbon nanotubes
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Figure 4. Concentration (ug/m®) of different compounds sampled during a work shift over 9 to 12 consecutive days.

EC = elemental carbon.

were observed among the particles collected from the
four different diesel engines in this study.

Exposure assessment

The measured exposure during work on the helicopter
deck was below European OEL for the DE gases
(European Chemicals Agency 2022a), and well below
existing European OELs for NO, and the VOCs.
Nevertheless, the median concentration of NO, was
much higher in this study (personal: 0.08 and station-
ary: 0.1 mg/m>) compared to what was measured over
one week on the bow of an icebreaker tested with two
different fuel types (HFO: 7.4pg/m’, MDO:
1.4 ug/m3) (Langer et al. 2020). On the other hand,
when operated on HFO diesel, concentrations of for-
maldehyde on the deck of the icebreaker were higher
than the concentrations measured in this study
Concentrations of EC measured on the helicopter
deck were, for some days, significant with values close
to the European OEL of 50 pg/m> but above the State
of California OEL of 20pug/m™ as a time-weighted
average (TWA) (California Department of Public
Health 2002). The EC concentrations (geometric
mean GM: 8.5 pg/m’) were higher on the helicopter
deck than what was reported of gate controllers at the
port of Montreal (GM: 1.6 ug/mS) (Debia et al. 2016),
and on deck by Langer and coworkers (2020), inde-
pendent from the fuel type used in their study
(Langer et al. 2020). However, direct comparison with
the Langer et al. (2020) study is limited by the fact
that the sampling strategy was very different, e.g.,
compounds were sampled on two opposite sides of
the ships, as well as at different heights. Generally,
higher concentrations of all compounds except EC

were identified inside the icebreaker, the engine room,
and personal spaces. Indoor measurements were not
the focus of this study.

The correlation between EC and NO, was strong
and significant in this study (Pearson’s correlation
coefficients of r=0.74, p-value = 0.0001). This find-
ing is consistent with reports in underground mining
and road tunnel finishing, in which pollutants origin-
ate from diesel-powered engines (Berlinger et al.
2019). Although there are many offshore scenarios
where several multiple of DE are present (e.g., when
supply ships are near oil rigs, in highly trafficked
waters, or close to land), a significant correlation
between EC and NO, may not occur in these
situations.

Study limitations

The non-targeted screening analysis performed in this
study detected several compounds present in the dif-
ferent exhausts. Sampling with Tenax packed TD
tubes is, however, not the optimal method for each of
the identified compounds. These tubes were neverthe-
less chosen for sampling VOCs for the non-targeted
analysis since these allow for screening of a broad
range of VOCs with boiling points between 60 and
250°C. Further research is needed to validate the
presence of some of the VOCs/SVOCs detected in the
exhaust, such as 2,5-difenyl-p-benzoquinon, cinnoline,
phthalic anhydride, and phenyl maleic anhydride.
Validation and quantification of these compounds are
important because these are known irritants, and an
additive effect may therefore be of concern.

Due to the different engine technologies, combus-
tion exhaust emissions at the stacks were subjected to
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Table 3. A summary of the exposure to and concentration of compounds measured on helicopter deck during

working hours over 9 to 12 days (n).

Personal Stationary
Component n=9 n=12
EC* (ug/m’) Median 15 10
Quantile (1%, 3" (5, 20) (14, 28)
Geometric mean 85+3.7 181117
+geometric standard deviation
[Min, max] [0.5, 37] [7, 39]
NO,* (mg/m?) Median 0.08 0.10
Quantile (1%, 3') (0.06, 0.18) (0.09, 0.13)
Geometric mean = geometric standard deviation 0.08+23 0.1£1.5
[Min, max] [0.02, 0.22] [0.07, 0.21]
Formaldehyde* (ppm) Median 0.01 0.01
Quantile (1%, 3 (0.008, 0.26) (0.008, 0.022)
Geometric mean + geometric standard deviation 0.01+2.0 0.01+£1.9
[Min, max] [0.004, 0.031] [0.003, 0.029]
2-propanol (ppm) Median 0.012 <LOD
Quantile (1%, 3') (0.008, 0.035) (0.003, 0.007)
[Min, max] [<LOD, 0.057] [<LOD, 0.48]
%< LOD 44 67
Acetonitrile (ppm) Median 0.012 0.006
Quantile (1%, 3'%) (0.006, 0.053) (0.005, 0.008)
[Min, max] [<LOD, 0.15] [<LOD, 0.03]
%< LOD 67 10
Aliphatic (C5-C8) (ppm) Median <LOD 0.004

Quantile (1%, 3'%)

[Min, max]
%<LOD

Aliphatic (C9-C13) (ppm) Median

Quantile (1%, 3'%)

[Min, max]
%<LOD

Methylcyclohexane (ppm) Median

Quantile (1%, 3'%)

[Min, max]
%<LOD

n-decane (ppm) Median

Quantile (1%, 3'%)

[Min, max]
%<LOD

n-heptane (ppm) Median

Quantile (1%, 3'%)

[Min, max]
%<LOD

n-nonane (ppm) Median

Quantile (1%, 3'%)

[Min, max]
%<LOD

(0.0005, 0.001) (0.002, 0.006)
[<LOD, 0.002] [<LOD, 0.006]
78 17
0.003 0.006
(0.001, 0.003) (0.002, 0.009)
[<LOD, 0.004] [0.0005, 0.014]
11 0
0.001 0.004
(0.0005, 0.002) (0.002, 0.004)
[<LOD, 0.003] [<LOD, 0.007]
44 25
0.001 0.001
(0.0005, 0.001) (0.001, 0.002)
[<LOD, 0.002] [<LOD, 0.003]
33 8
<LOD 0.001
(0.0005, 0.001) (0.0005, 0.001)
[<LOD, 0.001] [<LOD, 0.002]
89 42
0.001 0.001
(0.0005, 0.001) (0.0009, 0.002)
[<LOD, 0.001] [<LOD, 0.003]
44 8

Units are micro or milligrams per cubic meter (ug/m3), parts per million by volume (ppm).

*All values were above the limit of detection (LOD).

variable degrees of dilution, which was not accounted
for in this study. Therefore, future studies characteriz-
ing the exhausts at multiple sources should consider
including additional measurements of, for instance,
CO and CO, (Fleming et al. 1965), allowing for the
assessment of differences in dilution between sampling
points.

The exposure assessment in this study is limited to
relatively few personal measurements. Still, the results
show that the personal exposure and stationary sam-
ples were comparable, implying that the concentra-
tions measured on the helicopter deck may represent
workers’ exposures. One aim of this study was to
understand daily variations, as this is often not
included hygiene

in occupational measurements

offshore. Our results show that the occupational expo-
sures on the helicopter deck were highly variable (e.g.,
ranging from EC.;, = 0.5 to ECp.x = 37 ug/m3).
This variability is an important consideration when
conducting offshore exposure assessments. Further
research is needed to elucidate the extent of DE
exposure to seafarers.

Conclusions

This study shows that DE from the ship’s main diesel
engine and generators were the major contributors to
the presence of EC, NO,, and VOCs on the helicopter
deck. However, the measured concentration in the
breathing zone of the workers to these compounds
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was low for all, except for EC. For some days, EC
concentrations were close to the current occupational
exposure limit while almost negligible on other days.
The high variation in EC should be considered when
planning future studies of DE exposure in offshore
operations. Several irritants were detected in the
exhausts with non-targeted screening analysis, and are
likely to be associated with the presence of diesel PM.
More research is needed to quantify these irritants
and to elucidate a possible additive effect in this work
environment.
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