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Ship particulate pollutants: Characterization in terms of environmental
implication

O. Popovicheva,*a E. Kireeva,b N. Shonija,b N. Zubareva,b N. Persiantseva,a V. Tishkova,c B. Demirdjian,c

J. Moldanov�ad and V. Mogilnikove

A major aspect of monitoring the atmosphere is the quantification of man-made pollution and their

interactions with the environment. Key physico-chemical characteristics of diesel exhaust particulates

of sea-going ship emissions are presented with respect to morphology, microstructure, and chemical

composition. Heavy fuel oil (HFO)-derived particles exhibit extremely complex chemistry. They

demonstrate three distinct morphological structures with different chemical composition, namely soot,

char and mineral/ash. The composition analysis investigates the content of environmentally-dangerous

pollutants: metals, inorganic/mineral species, and soluble, volatile organic and ionic compounds. It is

found that hazardous constituents from HFO combustion, such as transitional and alkali earth

metals (V, Ni, Ca, Fe) and their soluble or insoluble chemical forms (sulfides, sulfates, oxides, carbides),

are released together with particles into the atmosphere. The water soluble fraction, more than 27 wt%,

is dominated by sulfates and calcium cations. They cause the high hygroscopicity of ship exhaust

particles and their possible ability to act as cloud nuclei in humid marine environment.

1. Introduction

Shipping represents a major contribution of the international

transportation sector in respect to environmental and climate

impacts, being among the world’s highest polluting combustion

sources per quality of fuel consumed.1 According to global esti-

mates shipping emits 0.4–1.4% to the total black carbon (BC)

burden and increases the aerosol number concentration up to

25%.2 Moreover, ships are a highly concentrated source of

carbonaceous particulate pollutants which are emitted into clean

marine environment and areas of harbors. It was found that up

to 90% of marine aerosols contain BC contaminations even in the

remote oceanic atmosphere.3 The highly concentrated plumes of

ship particulates are emitted most often within such a distance

from the coast that they can play important role in coastal air

pollution, and into areas of harbors, contributing to their local

air quality.4,5 Ship particulates are considered as dangerous

pollutants with respect to human health. Recent global assess-

ment of PM2.5-related mortalities indicates that ship PM emis-

sions are responsible for 8% of mortalities on the global scale

annually, with most deaths occurring near coastlines in Europe,

East Asia, and South Asia.6

Currently, PM emissions from shipping are gaining an

increasing attention because of possible impacts on clouds and

the radiation budget. Global model simulations of the impacts of

ocean-going ships demonstrated that the ship emission particu-

lates can significantly increase the cloud droplet number

concentration of low marine clouds. Lauer et al. (2007)2 esti-

mated this increase as 5–30%, depending on the ship emission

inventory and geographic region. This increase may lead to

a decrease of the effective radii of cloud droplets and finally to

increased cloud optic thickness by up to 10%. Measurements in

the Monterey Ship Track Experiment7,8 confirmed that ship
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Environmental impact

According to global estimates, shipping contributes significantly to the total black carbon burden and is gaining increasing attention

because of possible environmental and climate impacts which are still little defined in comparison with land-based transport. The

realistic estimates of the impact of ship emission particulates require their comprehensive characterization, and, first of all, analysis

of those properties which are responsible for interactions with the humid environment. This paper provides the general findings

concerning the characterization of ship emission residues in terms of environmental impacts. The specific features are presented in

respect to morphology, microstructure, elemental composition, inorganic/mineral/metal chemistry, and volatile, water soluble and

ionic compounds. The major emphasis is on providing an in-depth analysis of those combustion residue characteristics which are

related or responsible for particulate environmental impact, more precisely on the interaction with water vapor. Water uptake

measurements demonstrate the ability of ship emission particulates to act as cloud nuclei in humid marine environment.
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emission particulates may act as nuclei for the formation of cloud

droplets and thus affect the life cycle and radiative properties of

marine stratus clouds at the top of the marine boundary layer.

Ship tracks, changes in the cloud reflectance due to the ship

emission, are readily detectable in satellite data as elongated

structures. Hobbs et al. (2000)8 showed that diesel-powered ships

burning marine heavy fuel oil (HFO) produce ship tracks and

that 12% of particles in plumes from these ships may serve as

cloud condensation nuclei (CCN). Therefore, an appropriate

starting point for evaluating the effects of ship emission, and

specifically the ship track phenomenon, is to document the

nature of PM responsible for interactions of ship-emitted parti-

cles with humid environment.

The water content of aerosols and, more fundamentally,

affinity of various solutes on the particle surface to water, is one

of the important factors (along with size) governing the ability of

particles to act as CCN. Directly related to the poor knowledge

of the ship particulate composition, major uncertainties exist in

understanding the detailed role of surface compounds in inter-

action with water and in prediction of behavior of the ship-

emitted particles in the moist atmosphere. To characterize these

attributes it is necessary to know the total water soluble fraction

on the particle surface, nature of hygroscopic species, and

hydrophilic functional groups responsible for particle/water

interactions.

Concerning health impacts, a significant environmental

hazard of ship PM emissions is associated with particles of

submicrometer size, responsible for increased lung cancer and

cardiopulmonary mortality.9 Aerodynamic diameter is an

important inhalation dimension in describing aerosols when

considering deposition into the human respiratory system.

Toxicological studies have shown that pulmonary injury

induced by exposure to HFO combustion residues is associated

with their high content of transition metals, especially those in

the form of species that are readily soluble in aqueous fluids.10

Since this toxicological behavior is believed to be directly related

to individual particle characteristics, information on the chem-

ical and physical complexity of particles should lead

to improved understanding the appropriate toxicological

mechanisms.

Carbonaceous particles formed in different combustion sour-

ces demonstrate great variability in their surface properties,

morphology and composition. This is because their formation

depends on combustion conditions, type of fuel and the engine.

The basic feature of all carbon blacks is an elemental carbon

matrix formed from microcrystallites of graphite. Features that

are variable and that diversify the carbonaceous particles include

presence of associated organics (mostly soluble organic fraction)

and inorganic impurities.11,12 It is assumed that organic

compounds are captured by the carbonaceous particles during

the cooling phase in the exhaust pipe of a diesel engine. The

microstructure and surface chemistry of combustion-generated

particulates are highly responsible for their interaction with

water and have significant effects on their fate in environment,

which is widely unknown. Just recently, some studies of

summertime carbonaceous aerosols collected in the arctic marine

boundary layer13,14 highlighted ship emissions as a potentially

important contributor to the morphology and chemistry of

particulate matter even in the remote atmosphere.

This work seeks the continuation of ship particulate pollutant

studies devoted to investigation of the key physico-chemical

characteristics and properties of ship exhaust potentially relating

to environmental impacts of sea-going emissions. These findings

are based on PM sampled in the hot exhaust of a large diesel

engine using HFO. The major emphasis of the methodology

elaborated for laboratory studies are placed on providing an in-

depth analysis of those combustion nanoparticle characteristics

which are related to or responsible for particle environmental

impact, more precisely on interaction with water vapors.

Therefore, our investigations are focused on experimental char-

acterizations of key physico-chemical properties of ship residues

highly related to their hygroscopicity. The particle microstruc-

ture, elemental composition, chemical forms of impurities,

surface chemistry, and water uptake are determined. The

composition analyses investigate the content of elemental and

organic carbon, metals, inorganic/mineral species, and soluble

organic and ionic compounds. Hydrophilic chemical function-

alities observed on the particle surface support high water uptake

demonstrating the hygroscopicity of ship exhaust particulates.

2. Sampling and analysis

Sampling was performed onboard a typical combined Ro–Ro

and container ship with the main engine a Kincaid B&W 6L90

GBE 20,2W. The ship left Liverpool on 13/06/2007 and

measurements were made on 14/06/2007 in the area of the Celtic

Sea, English Channel and the North Sea as a part of a field

campaign organized within the EU project QUANTIFY. The

exhaust residues for bulk studies were collected on a metal pipe

probe stacked into the exhaust pipeline ca. 25 meters behind the

engine. The sampling took place during period of ca. 38 h

starting at 20:00 UTC 13/6/2007. The probe was directly inside

the pipeline, with exhaust gas temperature ca. 350 �C. Other

technical parameters of the ship and data concerning the

sampling in dilution line are presented elsewhere.14

The ship used low-grade marine residual fuel oil as a fuel, also

known as bunker oil. As a residual from crude oil refinement,

HFO is a highly polluted fuel. Analysis of the fuel content shows

the presence of sulfur, vanadium, iron, sodium, nickel, and

calcium at �2, 1.3 � 10�2, 1.3 � 10�3, 1.7 � 10�3, 3.5 � 10�3, and

3 � 10�4 wt%, respectively.14 For comparison, distillate/diesel

fuel is a cleaner distillate fuel, it typically contains not more than

0.5% of sulfur and 0.01% of ash. The size distribution of particles

in the diesel exhaust was probed at the same place where the

samples for bulk studies were collected.14

The morphological characteristic of major importance for the

bulk sampled exhaust residues, the specific surface area, was

measured by the N2 thermodesorption method.15 The

morphology and size of individual ship exhaust particles were

determined by Transmission Electron Microscopy (TEM) using

the phase-contrast imaging method. Experiments were carried

out on a JEOL apparatus: a JEM 2000 FX (200 kV) which has

a spatial resolution of 2.8 �A. Exhaust particles were deposited on

copper microgrids coated with an amorphous carbon-holey film.

Microstructure (crystalline phase vs. amorphous state) of

carbonaceous particles was observed by electron diffraction

technique. Analysis of selected area electron diffraction (SAED)
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patterns allowed the identification of the crystallized form of

some chemical compounds.

The elemental composition of individual particles was

analyzed via an X-ray energy dispersive spectroscope (EDS,

TRACOR series II) coupled to the TEM. Chemical elements

with atomic number larger than 5 are detectable by this tech-

nique at concentrations exceeding 0.1 wt%. These measurements

were accompanied by conventional bulk analyses that provided

the average composition that the different particle types have

contributed to. Chemical elements with atomic number larger

than 11 were determined by X-ray fluorescence spectroscopy

(XFS) using a scanning vacuum crystal diffraction spectrometer

SPECTROSCAN (40 kV) with the detection limit of 1 mg g�1.

Analysis of the elemental carbon (EC), organic carbon (OC)

and fly ash content of the ship particulates was performed on

filter samples taken at the same place where the samples for bulk

studies were collected. Evolved Gas Analyses (EVA) by thermal-

optical analyzer16 and gravimetric analysis were used. Details are

given elsewhere.14

Chemical composition of the soluble organic fraction (SOF)

in the bulk sample was determined by gas chromatography mass

spectrometry (GC/MS). To effectively extract the soluble

organic compounds of different polarity, three solvents were

chosen, namely methanol, hexane, and water. Hexane is an

effective solvent to extract non-polar organic matter while

methanol is useful for extraction of slightly water soluble

organic compounds with some polar functional groups. Water

is used to determine the water soluble compounds. The sample

of 26 mg was extracted in 2 ml of solvent and then the extract

was filtered. A 1 ml portion of each filtrate was analyzed by an

Agilent system consisting of a 6890 gas chromatograph with

HP-5MS columns and a 5973 mass spectrometer detector using

electron impact ionization. The columns are 30 m � 0.25 mm

i.d. � 0.25 mm film thickness (HP 5MS, Hewlett Packard). The

column temperature was programmed from 70 �C to 280 �C at

a rate of 20 �C min�1. The identification of compounds in the

SOF was made using the mass spectra library NIST98. Chro-

matographic peaks with a mass spectral match of 90% or

greater were considered as possible components of the particle

extract.

Fractionation of volatile organic compounds in the bulk

sample was carried out on a Perkin Elmer 910 gas chromato-

graph using four different columns and flame ionization and

thermion detectors to identify both oxygen and nitrogen con-

taining species. A sample of 2 mg was deposited into the ther-

modesorber and heated up to 300 �C with a rate 6 �C min�1 in

nitrogen. The accuracy of measurements was 5–7%. The

concentration of inorganic and organic ions was determined by

ion chromatography (IC) in an aliquot of the water extract.

Anions and cations were detected after sonicating in Dionex ISC-

3000 and ISC-2000 ion chromatographs, respectively, with an

accuracy better than 5%.

The chemical nature of the particles was studied by Fourier

Transmission Infrared Spectroscopy (FTIR). FTIR spectra were

measured at 4 cm�1 resolution using a Bruker Equinox 55 FTIR

spectrometer equipped with a DTGS detector. For this analysis

a Ge window was covered by ship exhaust residues. Transmission

spectra were recorded by averaging 400 scans in a typical wave

number range from 4000 to 400 cm�1.

The microphysical and composition studies completed with

water uptake studies allow us to quantitatively examine the role

of key particle properties in the interaction with water. Water

uptake as a function of relative humidity was measured by

a gravimetric method.17 To preserve the original surface chemical

features, we limited the sample treatment to drying in air at water

vapor pressure of 2 � 10�5 Torr and did not use the baking

treatment. The level of cleaning was controlled by repeatedly

weighing the soot sample until the constant weight was attained.

The accuracy of water uptake measurements was near 0.05 mmol

g�1. In combination with the surface area measurement it

provides the basis for quantification of ship exhaust residues.

3 Results and discussion

3.1 Morphology and size distribution

An important morphological characteristic of any solid object is

its surface area. For combustion particles that are the product of

incomplete burning of hydrocarbons, commonly called soot, the

surface area, S, typically varies from 10 to 100 m2 g�1.18,19 Smaller

surface areas are associated either with organic coverage plug-

ging the soot micropores or with the presence of large primary

particles that are not typical soot in nature.

The surface area of the examined ship exhaust residues was

found to be low, near 5.4 m2 g�1, compared to well-studied

automobile diesel soot where a range of S from 20 to 230 m2 g�1

was reported19,20 and to laboratory-made kerosene flame soot

with S � 64 m2 g�1.15 Consequently a non-soot fraction of the

ship exhaust residues having a different (probably, larger) size

than typical soot together with the presence of an organic or

inorganic fraction covering or filling the micro- and mesoporous

particle structures may be proposed. The latter feature has been

observed for aircraft engine soot with S � 6 m2 g�1.21

Such an assumption is consistent with results of measurements

of the particulate exhaust size distribution and with direct TEM

observations of individual residues. The particle mass size

distribution in the ship diesel exhaust was measured and pre-

sented in elsewhere.14 This mass distribution displays clearly two

main aerosol modes: a coarse (median diameter Dp > 1 mm) and

an accumulation (Dp < 1 mm) mode, whereas the ultrafine mode

(Dp < 0.1 mm) is negligible. The coarse particles around 7 mm

constitute a major mode of the ship exhaust residue mass

distribution. This distribution is different from typical automo-

bile diesel soot20,22 where the mass size distribution is dominated

by accumulation mode (Dp > 100 nm). However, exhaust aero-

sols from medium-speed diesel engines operated with HFO also

demonstrate the bimodal mass size distribution with the main

mode at 0.1 mm and a second mode at about 10 mm.23 The

presence of coarse particles along with fine aerosols is probably

associated with HFO combustion and may be explained by the

varied nature and composition of ship exhaust particulates. The

findings of TEM observations below can confirm this

assumption.

3.2 Microstructure

In general, ship exhaust residues are found to have heteroge-

neous microstructure and elemental composition. Three distinct
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morphological structures with quite different chemical identities

are identified.

Soot-type particles. Some ship exhaust residues exhibit

a secondary structure consisting of a large number of agglom-

erated roughly spherical primary particles, a common

morphology for soot. The electron micrograph in Fig. 1 presents

the typical soot particles. The mean size of primary particles was

calculated from ninety five TEM images assuming the log-

normal distribution. The mean diameter of primary particles was

found to be 83 nm with a standard deviation of 1.2. Agglomer-

ates of soot particles are likely to impact to the accumulation

mode of exhaust particles.

The diffraction pattern of the soot particles exhibits the

diffused hk (10 and 11) rings of aromatic rings with dots on and

between the rings (see Fig. 1a). The ring 002 of graphite micro-

crystallites is not visible on the diffraction pattern, thus we

suppose that the primary soot particles consist of randomly

distributed graphene layers and do not possess any inter-

graphene layer long range order.24 Therefore, we should assume

an almost disordered carbon structure.

In respect to the soot particle formation,25 firstly, hydrocarbon

fuel degrades (fuel pyrolysis) into small radicals from which the

formation of aromatic rings occurs mainly via addition of acet-

ylene and PAHs in fuel-rich areas. The increase of soot nuclei size

is supposed to happen by both coalescence of large aromatic

structures and surface growth. With the decrease of the

temperature in the flame, the primary particles coagulate into

chain- or grape-like aggregates (aciniform) and many of them

may be subsequently oxidized. Fuel metal impurities are found to

exhibit catalytic activity for soot nuclei formation and lead to the

formation of an inorganic ash fraction of the soot particles.

Typically, the microstructure of combustion soot particles from

different sources is a core-shell structure of the concentrically

onion-like oriented graphite planes.24,26–28 Multiple spherical

nuclei surrounded by several graphitic layers are presented in the

inner core.

Comparison of ship exhaust soot with commercial black

carbon,26 with laboratory-produced kerosene flame soot,29 and

with diesel engine soot30 clearly indicates a strongly different

feature of its microstructure due to the presence of the dark cores

inside amorphous primary particles (see Fig. 1b). Previously, the

finer structure inside the primary particles was observed for

aerosols emitted by diesel engines operating with HFO.23 The

strong contrast seen on the particles suggests that the inner core

consists of more of the heavier elements than the outer core.

Moreover, the ship soot particles are found to contain high

amounts of vanadium, nickel, and iron, as presented by an EDS

spectrum (see Fig. 2). From a comparison based on EDS anal-

ysis,31 it is inferred that the spectra of soot particles derived from

the combustion of fuels with low sulfur content, such as natural

gas and gasoline, show only a strong carbon peak and a lower

intensity oxygen peak. A discernible sulfur peak in addition to

carbon and oxygen peaks are observed in the EDS spectra of soot

particles derived from combustion of coal and other fuels con-

taining high amount of sulfur. The presence of metal impurities

inside the ship soot particles is likely related to the dark cores on

the TEM photos and the dots on the diffraction pattern.

Table 1 presents the typical elemental composition of the ship

soot particles measured in thirty areas of the TEM images.

Quantitative analysis proves the presence of vanadium at an

amount up to 4.5% which may form crystallized compounds such

as V2O3 found by analysis of the SAED in Fig. 1a. The identi-

fication of chemical crystal compounds was performed using

a database.32 In some particles we have discovered the crystal-

lized structures of Ni, Fe2S, Ni2Fe or Ni3Fe, and Ni3Fe2O3.

Therefore, the possibility is that the inner core of the soot

particles consists of nucleated metal compounds vaporized from

the fuel during the combustion. The following graphitic layers

are formed by the condensation of large aromatic structures in

a way typical for soot particle formation.

Fig. 1 a) Soot particles in ship exhaust residues polluted by vanadium,

nickel, and iron; SAED pattern is inserted. b) Fragment with dark cores

inside the amorphous primary particles.

Fig. 2 EDS spectrum of ship soot particles, with carbon, oxygen,

vanadium, nickel, calcium, silicon, sulfur, and iron peaks labeled (intense

peaks of copper are derived from the TEM copper grid).

Table 1 Typical elemental content, wt%, of various-type carbonaceous
particles in the ship exhaust

Elements Soot–type Char Char-mineral

C 90.0 � 10.8 79.9 � 4.0 13.4 � 1.6
O 0.75 � 0.08 n.d. 10.8 � 0.2
S 3.5 � 0.1 2.3 � 0.2 2 � 0.1
V 4.5 � 0.2 12.8 � 0.2 8.3 � 0.3
Ni 1.3 � 0.03 4.8 � 0.3 1.5 � 0.1
Si 0.17 � 0.04 n.d.* n.d.
Ca 0.51 � 0.05 0.06 � 0.01 63.3 � 0.2
Fe 0.35 � 0.05 0.1 � 0.04 n.d.

* n.d. not detected.
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Char particles. HFO combustion particles show some specific

differences in morphology comparing to light diesel fuel or

kerosene combustion particles. One important feature is the

presence of char particles of typically spherical morphology with

a size in the range of 0.2–10 mm. The other difference in

morphology is the very prominent agglomerated structure of

soot particles composed from the chain of small primary parti-

cles, while char particles always appeared as single separate

spherules. These specific morphological features are clearly

related to the method of particle formation. In contrast to the

fuel pyrolysis in the case of soot particles, char particles originate

from incomplete combustion of less volatile fractions of HFO;

the unburned fuel droplets have undergone oxidation and

subsequent carbonization.13,24 Also the char particles are

composed of microcrystallites of a bigger size that those of soot-

type particles and often show an anisotropic structure.10

A typical char particle found in the ship exhaust residues is

shown in Fig. 3. On its surface, some small soot particles are

adhered and/or coagulated. The EDS composition of this char

particle is presented in Table 1. It is dominated by carbon, but

vanadium and sulfur compose as much as 12% and 2.3% of mass,

respectively. It is worth noting the EDS spectra of char particles

in carbonaceous aerosols collected in the marine boundary layer

observed by Xie et al., 2007. They are similar to those found in

our study.

Moreover, frequently we found some particles characterized

by a high content of calcium and vanadium, and by only a minor

content of carbon and sulfur. Fig. 4 presents a typical example of

this kind of particle, where carbon contributes only 13% of the

mass (see Table 1). Its SAED pattern shows broad rings with

numerous dots corresponding to structures of CaO, CaSO4, and

CaCO3. In some particles, the oxide NiO and sulfides Ni2S, and

Ni3S have been observed. Due to the high mineral content, we

call this category of particle char-mineral.

Mineral/ash particles. Finally, some particles found in the ship

exhaust residues contain entirely metal and mineral compounds

common for ash and dust. Typically they have a mineral dust

structure of elongated prismatic or rhombic crystals of various

sizes, up to 7 mm, as shown in Fig. 5. Analysis of the SAED

pattern in Fig. 6a shows the structure of CaO. We may

assume polycrystalline lime CaO particles embedded into

a carbonaceous matrix to be randomly oriented nanocrystals. A

similar SAED pattern was observed in coal fly ash.33

In the aerosols emitted by diesel engines operating on HFO,

calcium is commonly observed in the coarse mode of the size

distribution, with highest abundance near 5–10 mm.23 The
Fig. 3 Char particle surrounded by soot particles observed in ship

exhaust residues.

Fig. 4 Char-mineral particles containing heavy elements and its SAED

pattern.

Fig. 5 Mineral/ash particles and its SAED patterns: a) CaO and b) Cr

particles.

Fig. 6 Complex structure of mineral/ash particles containing Ca, Ni, V,

and Fe.
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prominent feature of the element distribution over the different

types of particles in the investigated ship residues is the accu-

mulation of a significant amount of calcium in the char-mineral

and especially in the mineral/ash particles. Ca produces struc-

tures associated with ash or dust particles comprising regular

spherical grains, generally >100 nm, embedded in larger asym-

metrical agglomerates resembling minerals.

The presence of well-crystallized Cr particles is inferred from

the analysis of the SAED pattern in Fig. 5b. But more frequently

we observe extremely complex polluted agglomerates containing

Ca, Ni, V, and Fe, with the structure similar to that presented in

Fig. 6. Their SAED pattern shows crystallized compounds of

CaV3O7, NiFe2O4, Ni(CO3)(OH)2, Ni2Fe, Ni3Fe, and carbides

(V;Fe)C; they have been rarely found in the particulate emission

from other transport modes. Their formation may be explained

by coalescence of molten grains of minerals during the

combustion. Therefore, the presence of these inorganics in

a coarse size mode may constitute an important fingerprint useful

to identify ship emission sources in the atmosphere.

3.3. Elemental composition

Elemental bulk composition inferred from XFS analysis

confirms the individual particle composition revealed by the EDS

data. The HFO-derived carbonaceous particulates are found to

be coated/internally mixed with species containing sulfur,

calcium, and transition metals, such as V, Ni, Fe, Mn, Cu, Zn,

Cr, Co, and Pb. Table 2 presents the bulk content of those

elements which were determined quantitatively by the XFS.

Sulfur is often observed in combustion products produced by

burning different sulfur-containing fossil fuels in different

engines: diesel fuel26,34 and aviation kerosene.29 This contaminant

is likely to be incorporated into the particles during their

formation and/or at the last stage of the particles’ travel through

the exhaust system, when condensation of sulfur-containing

gases takes place upon cooling.

Presence of transition metals (e.g., V, Ni) in the ship residues is

related to the parental HFO. These pollutants were also observed

in ship emitted carbonaceous aerosols13 and, in contrast, were

not associated with particles collected in diesel truck exhaust, as

distillate diesel fuels have only a negligible content of transition

metals.24 The metal contaminations may influence the catalytic

growth of carbon particulates in the combustion area.25 This

assumption agrees with our observation of dark cores, probably

formed by metal oxides inside the soot particles. Moreover, the

soot particles appeared to be less polluted by transition metals

than the char particles. Since the char particles do not undergo an

evaporation–condensation process during formation (as soot

particles do), inorganic elements from the parent oil fuel (e.g. V,

Ca, Ni, S) are more readily preserved there. The presence of

crystalline vanadates, nickel sulfate, sulfides, and oxides in the

HOF combustion residues is assumed to serve as a marker of the

ship emission.10,33

Analysis33 has shown that lime CaO nanocrystals, also found

in this study, may be formed from organically bound calcium in

the HFO. Similar nanocrystals were also found in coal fly ash,

while a negligible amount of Ca, ca. 0.03%, was found in the

particulate residues from amedium duty diesel truck.34The diesel

fuel oil lacks any detectable calcium impurities. Moreover,

a significant fraction of the background atmospheric particulate

matter consists of mineral dust with abundant calcium-rich

particles. Limestone particles are generated through its applica-

tion in manufacturing and building, and may pollute the ocean

air mass near harbours and coasts.35 The elongated prismatic

crystals found in the marine boundary layer3,13 contain Ca

associated with calcite (CaCO3) and gypsum (CaSO4$2H2O).

Their similarity with particles observed in this study allows the

assumption that some calcium-rich minerals may enter a ship

engine with polluted air and form the internal mixture of

presumably polymorphs of anhydrate and calcium carbonate.

Finally, the main additive component of the lubricating oil in

large ship engines, Ca, that makes up to 1 wt%,23 can be vola-

tilized in the engine cylinder during the combustion and then can

be found in the particles together with other fuel heavy elements.

3.4. Organic content

Analysis of the ship particle composition with respect to the

content of EC, OC, and ash shows OC/ECz 2.8 and OC/ashz

1.14 Such a high content of organic carbon and ash in the ship

residues strongly distinguish these combustion products from

commercial carbon blacks (where EC typically composes near

95 wt%) and from automobile diesel soot (where EC composes

75–80 wt%).26 The large amount of organic compounds requires

their fractionation into classes in order to further characterize

organic matter with respect to its hygroscopicity.

A comprehensive evaluation of organics present in diesel

soot,34 motor vehicle soot,36 and aircraft engine combustor soot37

pointed out the different classes of C1 through C30 organic

compounds. Motor vehicles are regarded as one of the more

important sources of soot-associated polyaromatic hydrocar-

bons (PAH), contributing the most nanoparticle mass.11,36 Light-

duty diesel soot exhibits heavy alkanes constituting from 30 to

60% of the organic mass as a function of engine operating

conditions.38 GC/MS analysis facilitates the differentiation of

organics into fractions. The particulate-phase organic

compounds were quantified in medium duty diesel exhaust, such

as normal and branched alkanes, saturated cycloalkanes,

aromatic hydrocarbons, n-alkanoic, alkanedioic, and aromatic

acids.34 Motor vehicle organic soot matter was identified to

consist of alkanes, organic acids, PAHs, and oxygenated PAHs.36

Our GC/MS analysis of organic compounds in ship exhaust

residues allows their separation into the following main classes:

alkanes, alkenes, polyaromatics, esters, anhydrides, azoles and

amines. Fractionation of particle-phase organics extracted by

Table 2 Elemental composition and ionic species of ship exhaust resi-
dues obtained by XFS and IC

Element wt% Cation wt% Anion wt%

V 1.1 Na+ 0.92 F� 0.18
Mn 0.009 NH4

+ 0.26 Cl� 0.92
Fe 0.17 K+ 0.33 SO4

2� 16
Ni 0.35 Mg2+ 0.3 NO3

� 0.04
Zn 0.024 Ca2+ 7.75 CH3COO� 0.44
Cr 0.05 PO4

3� 0.02
Co 0.001 C2O4

� 0.13
Pb 0.005 HCOO� 0.14
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methanol, hexane, and water is presented in Table 3. Some

oxygen-containing compounds like esters, anhydrides, and

azoles are found. These compounds are more polar compounds

than alkanes, alkenes, and PAHs. However, their large hydro-

phobic aliphatic or aromatic parts do not allow the classifying of

these compounds as hydrophilic.

Analysis of compounds that are volatile at 300 �C shows only

non-oxygen containing C6–C9 aromatic hydrocarbons, like

benzene, toluol, isomers of xylol (dimethylbenzene) and cumene

(phenyl propane), and aliphatic components of HFO such as

heptadecane and hexadecane, and benzopyrene. A very small

fraction, 0.3 wt%, of volatile organics was measured. A large

fraction of non-extractable compounds (resin) remained unre-

solved; it is nonvolatile at temperatures <300 �C.

3.5. Water soluble species

For hygroscopicity studies, the most interesting issue is the

identification of oxygen-containing and water soluble

compounds on the particle surface. These compounds strongly

affect the interaction of ship exhaust particulates with water.

Solvent-extractable and volatile compounds identified by GC/

MS and gas chromatography are not hydrophilic and are slightly

water soluble species. Probably, the most hygroscopic

compounds of the ship residues are those providing ionic species

when immersed into water. They may be low molecular weight

organic acids, inorganic acids, and salts.

The data obtained by IC are summarized in Table 2. The total

mass of anionic and cationic species makes up as much as

27 wt%. Ionic species in ship residues are dominated by sulfate

anions, 16 wt%, and calcium cations, 7.75%. The high content of

Ca2+ leads us to the conclusion that a large fraction of sulfates is

associated to anhydrite or gypsum (CaSO4 or CaSO4$2H2O).

Some sulfate anions may also be associated to Na2SO4, K2SO4,

(NH4)2SO4 and MgSO4 sulfate salts that make up in total 4.42

wt%, as the corresponding cations are found in the water extract.

Some amount of sulfates may be associated to sulfuric acid

accumulating on the particulate surface due to condensation in

the exhaust or to binary heterogeneous nucleation of H2SO4/

H2O,39 and due to coagulation of primary combustion particles

with nucleated sulfate aerosols.

The ionic composition of the residue water extract reveals

small impurities of organic ions such as formate HCOO�, acetate

CH3COO�, and oxalate C2O4
�, in total 0.71 wt%. Electrolytic

inorganic substances such as nitrate NO3
�, chloride Cl�, fluoride

F�, and phosphate PO4
3�, in total 1.16 wt%, indicate the presence

of inorganic salts which are highly-soluble in water. For

comparison, the amount of sulfate and ammonium ions found in

the particle emission from medium duty diesel truck is just 1.0

and 0.73 wt%, respectively.34

Electron diffraction analysis, described above, clearly confirms

the presence of water-soluble and hygroscopic compounds like

anhydrite CaSO4 and lime CaO. The most hygroscopic among

the detected species is lime, the reaction of which with water,

CaO + 2H2O¼Ca(OH)2, is strongly exothermic. Calcite CaCO3,

also identified by electron diffraction, is slightly soluble and

relatively hydrophobic. Other identified metal sulfides, oxides,

and carbides are insoluble in their chemical forms.

With respect to inhalability of the particulate matter, the

submicron aerosol particles present a more significant negative

health effect. Hazardous constituents from the HFO such as

transitional and alkali earth metals (V, Ni, Fe, Mn, Cu, Zn, Cr,

Co, Pb, and Ca), and their soluble and insoluble chemical forms

(sulfides, oxides, carbides) are released into the atmosphere

together with the ship emitted micrometer particles, and these

soluble forms are generally regarded as potentially increasing the

PM adverse effects.

3.6. Surface chemistry

The surface of black carbons can have acidic or basic properties;

the acidic ones are caused by the presence of H-containing

carboxyl and hydroxyl groups.40 The oxygen-containing func-

tionalities such as carboxyl, hydroxyl, and carbonyl in anhy-

drides, ethers, lactones, and quinones may create the hydrogen

bonds with water molecules. The different strengths of these

hydrogen bonds impacts the extent of soot hygroscopicity.41,42

The acidic carboxyl groups are strongest with respect to the

hydrogen bond, near 15–20 kJ mol�1.43,44 The hydroxyl group in

carboxyl is stronger than in phenols with respect to its proton-

donor ability and polarity of the O–H bond. The carbonyl group

is stronger than the oxygen-containing group in esters and

ethers.42,45 Within polar functional groups, ionic species are the

most effective with respect to the highest ability to chemosorb the

water molecules. The energy of the hydrogen bond for sulfate

anions is estimated to be around 33.4 kJ mol�1.46

Fig. 7 shows the FTIR spectrum of the ship exhaust particles.

One of the most prominent features is the peaks at 590 and

670 cm�1, a strong evidence of sulfate ions.47 This finding is in

good agreement with the large amount of SO4
2� ions found in the

water extracted from these residues. The EDS observations of

sulfur in/on various particles allow the assignment of the bands

found around 1380 and 1080 cm�1 to the SO2 group vibrations.48

The other less prominent bands at 610 cm�1 and 980 cm�1 can be

assigned to C–S and V]O vibrations in sulfides and vanadium

oxide, respectively.48,49 Features of organic sulfones and sulfates

can be distinguished near 1145 and 1380 cm�1. The bands near

1560 cm�1 and 1680 cm�1 indicate C]O functionalities,46 prob-

ably in quinines, esters, and anhydrides as these classes

of organics were found by GC/MS. Moreover, the bands near

Table 3 Particle-phase organic compounds of ship exhaust residues
identified by GC/MS

Class compounds

Alkanes Dibromotetrapentacontane, hexadecane
Heptadecane

Alkenes 1-Nonadecene
Tetracosapentaene, hexamethyl-

Polyaromatics Benzo[a]pyrene, Perylene
Benzo[e]acephenanthrylene

Esters Hexadecanoic acid, methyl ester
Heptadecanoic acid, 14-methyl-, methyl ester
1,2-Benzenedicarboxylic acid diisooctyl ester
Decanedioic acid, dibutyl ester
Dibutyl phthalate

Anhydrides Phthalic anhydride
Azoles Benzothiazole
Amines Benzenamine, N-phenyl
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1380 cm�1 and 1560 cm�1 may be assigned to –N]N– aromatic

and aliphatic stretching vibrations, respectively, in azolic

compounds.50 A C–N–C asymmetric stretching vibration in

amines may impact the small peak at 1145 cm�1.50 Finally, C–H

out-of-plane deformation of condensed aromatic compounds

may be responsible for a band near 760 cm�1.51 Absence of other

features of aromatic compounds in the spectrum should not

mislead to the conclusion that PAHs are not significant on ship

exhaust particles because many PAHs were identified by the GC/

MS. The FTIR bands of the different surface compounds

strongly overlapped, leading to a broad combination with bad

resolution.

Oxygen and sulfur-containing functional groups available for

hydrogen bond formation allow the quantification of the nature

of primary adsorption centers for water, determining the extent

of the particle hydrophilicity. The stronger hydrogen bonding

corresponds to more hydrophilic functional groups, the hydro-

phobic groups may form fairly weak hydrogen bonds. From

FTIR analysis we may propose the hydrophilicity of ship exhaust

residues because of the presence of many hydrophilic groups on

their surface including sulfur functionalities, also in ionic form.

3.7. Water uptake: hygroscopicity

Characterization of ship emission residues allows quantitative

clarifying of the role of key particulate properties in the inter-

action with water. The low surface area indicates a significant

impact of non-soot particles (having a size and structure different

from agglomerated soot primary particles) and presence of the

thick coverage of organic/inorganic surface compounds filling

micro- and mesopores. The high water soluble fraction (more

than 27 wt%) indicates the significant hygroscopicity of ship

residues. Finally, the presence of hydrophilic oxygen- and sulfur-

containing functionalities with ionic groups should lead to high

water uptake.

Fig. 8 shows the amount of absorbed water on ship residues as

a function of the relative humidity (RH). To build the absolute

adsorption isotherm for comparative analyses we recalculated

the amount of adsorbed water measured in mmole per gram into

the amount of statistic monolayers (ML) using the measured

surface area S (m2 g�1) of a given sample. One statistic monolayer

was estimated to be equal to �10 water molecules per nm2

assuming a cross-sectional area of a water molecule of 0.105 nm2.

The formation of a water film extended over the surface was

suggested as a quantification measure which separates hygro-

scopic from non-hygroscopic soot in the concept of quantifica-

tion of water uptake by combustion particles.21 This is why for

comparison in Fig. 8 we plot the isotherms for the surface water

film on the particles of 100 nm and 5 mm diameters that roughly

simulate the mean diameters of the particles in accumulation and

coarse modes. One can see that ship exhaust residues demon-

strate high water uptake, much higher than is needed to cover the

particle surface by a water film. The high water affinity of the

surface of ship residues is demonstrated by significant uptake

(more than 1 ML) occurring already at very low RH. If the

particle absorption exceeds a few monolayers and the coverage

matter consists of water-soluble materials, the water uptake

should be treated in terms of bulk dissolution.21 Significant

uptake (up to 200 ML) and the presence of many hydrophilic

functional groups on the surface of ship residues do not leave any

doubt that the dominant mechanism of water uptake is water

dissolution into the soluble coverage and formation of the thick

solution film surrounding the particles. The role of sulfates and

calcium-containing hygroscopic compounds providing volume

sites for bulk water uptake may be dominating. Thus, ship

exhaust residues may contribute, with highly hygroscopic

aerosols, to the atmosphere in respect to the concept of

quantification.

4. Conclusions

The important finding of this study is that ship exhaust particles

produced by burning HFO in a large diesel marine engine are

expended in the range up to 10 mm and exhibit extremely complex

chemistry. Ship particulates have three distinct morphological

structures with different chemical composition. Soot aggregates

highly polluted by vanadium, nickel, calcium, and sulfur domi-

nate in the submicrometer fraction. The heavy elements present

in the fuel form the core of the soot particles. Spherical shaped

char particles are abundant in the micrometer size region,

whereas irregular shaped mineral/ash particles with a prominent

calcium and vanadium content have a size up to 10 mm.

Hazardous constituents from the HFO, such as transitional and

Fig. 7 FTIR spectra of ship exhaust residues.

Fig. 8 Isotherm of water uptake by ship exhaust residues. The area of

existence for water surface film is indicated, with low and high boundaries

for 100 nm and 5 mm diameter particles, respectively.
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alkali earth metals (V, Ni, Fe, Mn, Cu, Zn, Cr, Co, Pb, and Ca),

and their soluble and insoluble chemical forms, are released into

the atmosphere together with micrometer particles. Soluble

forms are generally regarded as having potentially more adverse

health effects than those tied up as insoluble. These inorganic

species pollutants may constitute an important fingerprint that

could be used to identify the ship emission source of particulates

in the atmosphere.

A lot of organics and ash in the ship exhaust residues strongly

distinguish these combustion products from commercial carbon

blacks and automobile diesel soot. Extractable organic

compounds are separated into a few main classes: alkanes,

alkenes, polyaromatics, esters, anhydrides, azoles, and amines;

all are nonhydrophilic and slightly water soluble. The main

constituents of ship residues are water soluble electrolytic inor-

ganic and organic ionic species: they are dominated by sulfate

anions and calcium cations. Probably, the most hygroscopic

compounds of the ship residues are those providing ionic species

when particles are immersed into water. They may be light

organic (formic, acetic, oxalic) and inorganic (sulfuric) acids, and

sulfate salts like CaSO4, Na2SO4, K2SO4, (NH4)2SO4, and

MgSO4. These species, together with lime CaO, may constitute

important ship-emitted aerosol characteristics responsible for

water uptake in the humid atmosphere.

Measurements of water uptake by ship exhaust particles

demonstrate that it is much higher than is needed to cover the

surface with a water film. Significant uptake in correlation with

the presence of hygroscopic compounds supports the dominant

mechanism of ship residues water uptake as the water dissolution

into the soluble coverage, and formation of a thick solution

surrounding the particles. Therefore, heavy-fuel-derived partic-

ulates may be discovered in the atmosphere as hygroscopic and

CCN active. Knowledge of the chemical composition of the ship

particulates and their hygroscopicity can contribute to formu-

lation of improved emission control strategies mitigating nega-

tive health effects and climate change.
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