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1. Introduction

ABSTRACT

This work describes a laboratory method to synthesize aerosols with properties similar
to those emitted by ocean going ships. In this method, an oxy-hydrogen flame burner
nebulizes and combusts heavy fuel oil (HFO). The oil was fed to the burner via a syringe
pump at a maximum rate of 15 ml/h. Adjusting the feed temperature of the oil and the
use of a quenching ring in the burner, it is possible to obtain an aerosol with a mode
diameter of about 11 nm. This is close to the reported 5-8 nm for the nano-mode of ship
emissions. Filter samples were also analyzed for elemental carbon, organic carbon and
anion composition. No elemental carbon mass was detected and only a few sulfur
containing compounds were present. A chemical equilibrium model was applied for
both oxy-hydrogen flame and 2-stroke ship diesel engine combustion conditions to
predict equilibrium concentrations, chemical formula and phase of vanadium and nickel
containing compounds. The model confirmed that the real-world ship diesel engine and
the oxy-hydrogen flame burner combustion processes produced the same vanadium,
nickel and sulfur particulate matter (PM) products in terms of chemical formula and
phase. Both the 5-8 nm particles from real-world ship emissions and the laboratory
synthesized particles contain transition metals. Transmission electron microscope
(TEM) images of laboratory synthesized particles show similar morphology to those
sampled from a ship. Cloud condensation nuclei (CCN) measurement indicates that
neither laboratory generated nor ship emitted aerosol is hygroscopic. To our knowledge,
this is the first time the 5-8 nm particles emitted from ships have been aptly
synthesized on a laboratory scale.

© 2010 Elsevier Ltd. All rights reserved.

Freshly emitted particulate matter (PM) is ideal for in vivo and in vitro health effect studies. While researchers have

relatively easy access to on-road engine and chassis dynamometer PM, it is difficult to directly explore the health impacts
of PM from ships. Few manufacturers (Man B&W, Wartsila and Mitsubishi) control more than 80% of ship engine market
share and even they have very few engine dynamometers and scientists are rarely granted access to such extraordinary
facilities (Kasper, Aufdenblatten, Forss, Mohr, & Burtscher, 2007). When direct engine PM emissions are not available,
health scientists may use bulk PM samples. The National Institute of Standards and Technology (NIST) collects different
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and large amounts of diesel PM. The samples are commercially available standard reference materials (SRM). Diesel engine
PM SRM has been resuspended into aerosol and extracted for in vivo and in vitro studies (Lippmann & Chen, 2009). But
resuspended particles may not replicate freshly emitted particle size and number distribution. Furthermore (as of
September 2010), there is no available NIST ship engine PM SRM. Only recently have PM ship studies gained either on-
board or aircraft measurement access (Agrawal et al., 2008; Murphy et al., 2009). Health related studies will benefit from
an alternative method to access ship source PM.

Useful health information can be obtained from laboratory-generated particles (Brown, Wilson, MacNee, Stone, &
Donaldson, 2001; Dick, Brown, Donaldson, & Stone, 2003; Gwinn & Vallyathan, 2006; Oberdorster, 2000; Oberdorster,
Oberdorster, & Oberdorster, 2005; Pinkerton, 2002). Particle concentration, size, hygroscopicity, morphology, transition
metal, organic and elemental carbon and composition adversely affect health (Albritton & Greenbaum, 1998; Blanchard &
Willeke, 1984; Broday & Georgopoulos, 2001; Ferin et al., 1990; Lighty, Veranth, & Sarofim, 2000; Pinkerton, 2002;
Varghese & Gangamma, 2006). In this study we will synthesize ship-related particles and characterize their above-
mentioned specific health related properties.

Particles emitted from ship diesel engines are mainly composed of organic carbon, sulfate and ash. Nickel and vanadium
are the major components of ash and are formed by burning low-grade fuel oils (Lyyrdnen, Jokiniemi, Kauppinen, &
Joutsensaari, 1999). Recently, Murphy et al. (2009) performed simultaneous on-board and airborne measurements of
particles emitted from a modern container ship. They observed low elemental carbon to organic carbon emission ratios
(EC/OC~0.04) and report particles in two size ranges: 5-8 and 30-100 nm. The 5-8 nm nanoparticles dominated the total
number concentration. Transmission electron microscope (TEM) data showed that these nanoparticles were composed of
vanadium, nickel and sulfur. The 30-100 nm particle range also contained vanadium, sulfur and nickel components but
showed a greater presence of organic carbon. In this study, we synthesized 5-8 nm ash with similar physical and chemical
characteristics, as the particles reported by Murphy et al. (2009).

5-8 nm particles can be synthesized by the spray flame pyrolysis method (Pratsinis, 2006). The flame provides an
environment for liquid phase particle precursor to completely evaporate and nucleate to form nanoparticles. Particles are
then formed in the post-flame region where temperature cools down. We use heavy fuel oil (HFO) as the liquid phase
particle precursor and apply spray flame pyrolysis with a lab-scale oxy-hydrogen flame burner to generate ash particles.
A chemical equilibrium model compares and predicts nickel and vanadium compounds from combustion conditions.
Health-related PM characteristics (e.g., size, hygroscopicity, morphology and composition) of the synthesized particles are
compared to the data reported in published works. The unique oxy-hydrogen flame burner has two distinct qualities. When
heated the burner facilitates the flow of highly viscous HFO in the capillary tube and eliminates elemental carbon formation
and contamination. To our knowledge, this is the first time ship ash PM has been aptly synthesized on a laboratory scale.

2. Experimental
2.1. Setup

Particles were synthesized using an oxy-hydrogen flame burner as shown in Fig. 1. The apparatus consists of three co-
axial stainless steel tubes. The inner diameters and outer diameters of each tube are 0.5 and 0.73 mm, 1.1 and 1.5 mm, 1.8
and 12.7 mm, respectively. The innermost tube is positioned 0.5 mm higher than the other two tubes to form a nozzle on
the tip of the burner. The burner is an enhanced design of the Mueller, Mddler, and Pratsinis (2003) and Guo and Kennedy
(2007) burners. The new burner has a turbulent oxy-hydrogen flame. The co-axial oxygen flow provides a wider range of
flame heights. The oxy-hydrogen flame is also higher in temperature compared to that of the one in Mueller et al. (2003).
Various solvents can be used to dissolve particle precursors in the oxy-hydrogen flame burner. For example, HFO is more
easily sprayed into the new configuration compared to the Mueller et al. (2003) design. Oxygen flow and flame height are
also more easily controlled than Guo and Kennedy (2007). The current burner has simple structure and better scalability.
Flame conditions such as temperature, flame height, gas velocity and residence time can be varied in wider range
compared to other designs. The above features provide versatility and flexibility in flame synthesis conditions. This makes
the burner an ideal tool as a standard or a reference aerosol generator. An invent disclosure was filed for this burner (Jung,
Zheng, & Stovall, 2009) and for more detail see our forthcoming paper.!

For this study, H; (99.5%, Praxair) was introduced through the innermost and intermediate tubes. O, (99.5%, Praxair)
was introduced between the intermediate and outermost tubes. Flow rates of H, and O, were controlled by mass flow
controllers (647C and 1179A, MKS Instruments Inc., MA). An oxy-hydrogen flame was formed at the tip of the burner. A H,
flow rate of 5 Lpm and O, flow rate of 2.5 Lpm were used in this synthesis. HFO (taken directly from the ship fuel tank same
as Murphy et al. (2009) used) was first fed through the innermost tube with a syringe pump (EW-74900-00, Cole Parmer)
to precisely control the feed rate. At the tip of the burner, HFO was dispersed into micrometer droplets via H, shear flow.
The liquid droplets then underwent a series of physical and chemical processes—evaporation, combustion and nucleation-
to form solid particles.

1 Zheng, Z., Vu, H., Gidwani, A., Aguilar, G., & Jung, H. (in preparation). Development and characterization of a versatile spray flame burner for particle
synthesis.
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Fig. 1. Schematic of the experimental setup.

Table 1
Selected properties of HFO.

Density at 15 °C (g/ml) 0.99
Viscosity at 40 °C (mm?/s) 743.4
Viscosity at 100 °C (mm?/s) 31.78
Carbon (wt%) 85.87
Hydrogen (wt%) 9.63
Oxygen (Wt%) 1.64
Nitrogen (wt%) 0.46
Ash (wt%) 0.072
Sulfur (wt%) 2.03
Vanadium (mg/kg) 178
Nickel (mg/kg) 58
Iron (mg/kg) 19

Chemical and physical properties of HFO are shown in Table 1. It is extremely difficult to pump and disperse highly
viscous HFO at room temperature. In real-world ship engine operations, the HFO is heated up to about 100 °C to facilitate
pumping and nebulization. In the current experiment, we also heated the HFO to elevated temperatures. A plastic syringe
was replaced with a heat resistant stainless steel syringe (780813, KD Scientific). The syringe and oxy-hydrogen flame
burner were connected by a 25 cm long stainless steel tube (outer diameter 6.4 mm). A fiberglass yarn insulated flexible
heating tape (45507131, McMaster-Carr) was wrapped around the syringe and the connecting tube to sustain
temperatures higher than room temperature. A K-type thermocouple (not shown in the figure) was attached on the
surface of the connecting stainless steel tube at a position close to the burner. The K-type thermocouple measured
the heating temperature. The 25 cm stainless steel connecting tube provided a long enough residence time for the HFO to
be heated up and reduce viscosity. A temperature controller (PM6C1CA, Watlow) controlled heating temperatures. To
avoid damage, the contact surface between the stainless steel syringe and plastic syringe pump was cooled by compressed
air. Particles were synthesized at HFO feeding rates of 5 and 15 ml/h and heating temperatures of 60 and 100 °C.

2.2. Sampling and characterizing

An L-shape stainless steel sampling tube (3.2 mm inner-diameter (ID), 6.4 mm outer diameter (OD) with one end facing
down was placed 6 cm above the oxy-hydrogen flame tip. The other end was connected to an ejector pump (Air-Vac,
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TD110H). Synthesized particles were drawn into the ejector pump and diluted. Filter samples were taken for offline
chemical analysis. Particles were also analyzed with online instruments. A scanning mobility particle sizer (SMPS)
measured synthesized particle size and number distribution. The SMPS was composed of a neutralizer, a differential
mobility analyzer (DMA, TSI model 3080) and a condensation particle counter (CPC, TSI model 3776).

The cloud condensation nuclei (CCN) behavior of synthesized particles was characterized by a TSI 3080 SMPS (DMA
3080, CPC 3772) and a cloud condensation nuclei counter (CCNC) (Droplet Measurement Technology). Particles are size
selected by the DMA and then the monodisperse aerosol stream is split. Particles of a given size are counted by the CPC and
exposed to a prescribed amount of water vapor, or supersaturation, s, in the CCNC instrument. Particles whose critical s
exceeds that of the instrument form droplets. The droplet number or CCN concentration is counted by an optical particle
counter in the instrument (Roberts & Nenes, 2005). For this study the instrument s ranged from 0.18% to 0.94 4+ 0.03%.

A handheld electrostatic precipitator (ESP) (Miller, Frey, King, & Sunderman 2010) was used to collect particles onto a
200 mesh copper TEM grid (3420C, SPI) for morphology characterization. A 47 mm diameter preweighed 2 pum pore size
PTFE Teflon filter (Pall Gelman) was mounted on a filter holder to collect particles for PM mass and ions analysis. The
volumetric flow rate passing through the filter was maintained at 20 Lpm using a critical orifice (McMaster-Carr, 3962T44)
and a vacuum pump. Sampling time was 30 min. Particles were also collected on a preconditioned 47 mm diameter quartz
filter (Pall, 2500 QAT-UP) for EC/OC analysis.

TEM analysis was performed at the Central Facility for Advanced Microscopy and Microanalysis (CFAMM) at UCR. TEM
grid was mounted on a FEI double-tilt low background sample holder and examined at accelerating voltages of 200 and
300 kV in an FEI CM300 transmission electron microscope, equipped with an EDAX genesis energy dispersive X-ray
spectrometer (EDS) fitted with Si(Li) detector. EDS analyses of the chemical composition of the particles collected on TEM
grid was performed at 200 kV at tilt angle of 25° towards the detector. Loaded Teflon filter was weighed for net weight gain
by a microbalance (Cahn C-35). Sulfate ions were extracted from the filter by HPLC grade water and isopropyl alcohol and
analyzed using an ion chromatograph (Dionex DX-120). EC/OC content was obtained by analyzing loaded quartz filter with
a Sunset Laboratory (Forest Grove) thermal/optical carbon aerosol analyzer.

3. Results and discussions
3.1. Particle size

Effects of heating temperature and HFO feeding rate on particle size distribution were investigated. Heating
temperature was varied from 60 to 100 °C to simulate temperatures during ship engine operation. Two HFO feeding rates
were studied, 5 and 15 ml/h. H, and O, flow rates were fixed at 2.5 and 5 Lpm in all cases.

Fig. 2 shows high heating temperature, and low feeding rate conditions lead to lower particle precursor concentration
and result in smaller particle sizes. The volumetric feed rate was kept constant and as the heating temperature increased,
the mass feeding rate decreased accordingly. Therefore the amount of vapors available to readily form particles was
reduced.

A quenching ring (5 cm OD), as described in Teleki et al. (2009), was used to further reduce the laboratory-generated
particle size to comparable ship emitted PM sizes (Jiang, 2008). The quenching device was made of a stainless steel tube
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Fig. 2. Particle size distributions measured by the SMPS and the NanoDMA at different HFO flow rates and heating temperatures. The SMPS measured size
distributions of particles formed without a quenching ring. The NanoDMA measured size distributions of particles formed with a quenching ring.
A lognormal fit was applied to NanoDMA data.
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(6.4 mm OD). 8 holes of 1 mm diameter were drilled inside the quenching ring so that the exiting gas formed a 10° angle
with the radial direction of the quenching ring and a 20° angle with horizontal surface. The distance between the burner tip
and quenching ring was set at 6 cm. N, gas at a gauge pressure of 2 bar and flow rate of 20 Lpm was supplied to the
quenching ring and introduced into the flame zone with a 20° angle pointing downstream of the flame. Heating
temperature was set at 60 °C and feeding rate was 5 ml/h. A NanoDMA (3085, TSI) measured particle size distributions
with the quenching ring. Rapid cooling and dilution by N, slowed down the collision and sintering growth of particles and
reduced particle diameter (Jiang, Chen, & Biswas, 2007). Fig. 2 shows that the mode particle diameter of synthesized ash
was reduced to 11 nm, close to observed in-situ metal particle size range (Murphy et al., 2009).

3.2. Morphology

A TEM image of laboratory-generated particles is shown in Fig. 3a. These particles were collected at HFO feeding rate of
15 ml/h and heating temperature of 60 °C. In the TEM image, the majority of the particles are between 20 and 30 nm. The
images are consistent with the size distribution measured by the SMPS (Fig. 2). A TEM image of particles sampled in the
stack of a main engine on ocean going ship is also shown in Fig. 3b. TEM particles are sampled as in Murphy et al. (2009).
Fig. 3a and b shows that synthesized particles have similar morphology to particles emitted from ship. The synthesized
particles are slightly larger in diameter (mode of 11 versus 5-8 nm). Varying synthesis conditions and adding a quenching
ring, smaller particles that better represent actual ship emitted particles may be achieved (Fig. 2). EDS analysis of
synthesized particles showed sulfur and vanadium peaks similar to actual ship emitted particles (Murphy et al., 2009).

3.3. Chemical composition

Results of EC/OC and anion analysis are shown in Table 2. About 60% of total PM mass was OC and no EC was present on
the filter. Ash content was obtained by subtracting EC and OC mass from the total PM mass. The absence of EC and OC to
ash ratio measured in our study was very similar to those of Murphy et al. (2009) for ship PM measured on-board (Table 3).
The spray flame used generated a much smaller fraction of particulate sulfate compared to real ship PM. This is likely due
to the absence of a long exhaust pipe in the laboratory test. Gaseous SO, can convert to SO3 and H,SO,4 given sufficient
residence times; most of the synthesized sulfur emission was in the form of SO,.

3.4. Chemical equilibrium calculation

A chemical equilibrium calculation is a useful tool to understand the possible combustion products of metal containing
fuels (Abdul-Khalek, Kittelson, Wei, & Graskow, 1998; Jang et al., 2007). The calculations were applied to a low-speed

a b

Fig. 3. TEM images of (a) synthesized particles for a feeding rate of 15 ml/h and heating temperature of 60 °C; and (b) particles collected from the exhaust
stack of an ocean going vessel when the main engine was in operation.
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Table 2
EC/OC and anion offline filter analysis.
PM (ng) 55.6
OC (pg) 34.1
EC (ng) 0
Ash (pg) 21.5°
0.00032

H,S0,-6.5H,0 (ug)

¢ Ash content was obtained by subtracting EC and OC mass from the total PM mass.

Table 3
Input parameters for oxy-hydrogen flame chemical equilibrium predictions.
H; flow rate (Lpm) 5
O, flow rate (Lpm) 35
HFO feeding rate (ml/h) 15
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Fig. 4. Equilibrium mass fractions for ship diesel engine combustion conditions: (a) vanadium compounds at 1 bar condition, (b) nickel compounds at
1 bar condition, (c) vanadium compounds at 100 bar condition and (d) nickel compounds at 100 bar condition.
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2-stroke main engine and our lab-scale oxy-hydrogen flame to predict equilibrium concentrations of vanadium and nickel
containing compounds. The National Aeronautics and Space Administration (NASA) computer program Chemical
Equilibrium with Applications (CEA, version 2) (Gordon & McBride, 1994) with Java graphical user interface was used.
A thermodynamic input file including vanadium, nickel and sulfur properties was used (Linak, Miller, & Wendt, 2000; Linak
et al,, 2004). The chemical equilibrium model confirmed that the real-world ship diesel engine and synthesized flame
burner combustion processes produced the same vanadium, nickel and sulfur PM products as detailed in the following
sections.

3.4.1. 2-Stroke engine

For the 2-stroke main engine, 1 and 100 bar operating conditions were used. The chemical composition of HFO in
Table 1 was used for predictions. The equivalence ratio of combustion was calculated as 0.6 from Man B&W Diesel Report
(ManDiesel, 2004). At 1 bar, all vanadium and nickel compounds, mostly VO, and Ni, were in the gas phase for combustion
temperatures above ~1700 °C (Fig. 4a and b). Liquid phase V,05(L) was predicted at intermediate temperatures (between
600 and 1400 °C ). The liquid phase was converted to solid phase V,05(S) at lower temperature ranges (500-700 °C). Gas
phase Ni(OH), dominated nickel compounds between 1300 and 1700 °C. At intermediate temperatures (700-1100 °C),
solid phase NiSO4(S) and NiFe;04(S) became dominant. As temperatures decreased, solid sulfate compounds were
dominant. VOSO4(S) and NiSO4(S) were formed below 600 and 700 °C, respectively. At 100 bar, NiSO4(S) and VOSO4(S)
solidified at higher temperatures (200-300 °C; Fig. 4c and d). The chemical equilibrium model predicted two major
differences in the (1) presence of solid phase V,05(S) at 1 bar between 500 and 800 °C and (2) in the dominance of gas
phase Ni(OH), at 100 bar above 1300 °C.

3.4.2. Oxy-hydrogen flame

Input parameters for the chemical equilibrium prediction of oxy-hydrogen flame are shown in Table 3. It is assumed
that particles are formed in the post flame region where the equivalence ratio is low (in other words, oxygen rich) and
temperature cools down (Guo & Kennedy, 2007). This assumption is supported by the observed particle size reduction
from the adoption of the quenching ring in the post flame region (Fig. 2). Temperature of the current oxy-hydrogen flame
was calculated for different equivalence ratios. All predicted flame temperatures were greater than 1400 °C. This result also
supports assumptions of particle formation in the post-flame region. Oxygen flow rate of 3.5 Lpm was used for calculation
instead of the experimental value 2.5 Lpm to simulate ship diesel engine conditions and have an equivalence ratio of 0.6 as
described previously. As can be seen in Fig. 5a and b, changes in nickel and vanadium compounds for oxy-hydrogen flame
have similar trends as the 1 bar case for the ocean going ship 2-stroke diesel engine. This supports that the lab-scale oxy-
hydrogen burner is a useful device to generate the same type (or at least similar) particles to ship emitted particles. This
study confirms the formation of vanadium and sulfur compounds during both real engine combustion and oxy-hydrogen
flame combustion.

3.5. Hygroscopicity

CCN experiments characterized and compared the hygroscopicity of laboratory-generated particles to those described
in Murphy et al. (2009). CCN measurements were conducted for flame conditions at 15 ml/h and 60 °C. The amount of
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Fig. 5. Equilibrium mass fractions for synthesizing combustion conditions: (a) vanadium compounds and (b) nickel compounds.
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water vapor, the supersaturation in the instrument ranged from 0.18% to 0.94%. At low supersaturations (s < 0.8%) a small
fraction of nuclei (< 10% of particles with size > 100 nm) formed droplets above the size of the optical particle counter
detection limit (0.75 pm). This was expected, as the majority of particles from the flame study were very small insoluble
metals. At s=0.94 + 0.03%, the particle critical diameter was ~90 nm; above this size 70% of the total particle concentration
became active and formed droplets. For the same CCNC instrument conditions (s=0.94%) calibration (NH4),SO,4 particles
activated above 29 nm. The HFO particles formed by flame pyrolysis are thus much less hygroscopic than soluble inorganic
species. It is noted that the condensation of gasses was minimized and the potential soluble particulate contributions from
sulfates were significantly reduced in this study. However, VOSO4(S), formed below 600 °C, did not enhance CCN activity.
Despite the reduction in sulfate containing compounds, these CCN results are consistent with Murphy et al. (2009) who
also show low CCN activity and very low hygroscopicity for real-world ship PM emissions .

4. Conclusions

Alternative particles of ash PM emitted from ships were generated in the lab using an oxy-hydrogen spray flame burner.
With the aid of a quenching ring, at heating temperature of 60 °C and feeding rate of 5 ml/h, laboratory-generated particles
have a peak size of 11 nm, close to that of real ship emitted ash particles. Sulfur and vanadium signals were observed in
both laboratory-generated and real ship emitted particles. The absence of elemental carbon in laboratory-generated
particles is comparable to the nano-mode (e.g. 5-8 nm) ship emitted particles. Chemical equilibrium calculations showed
that flame synthesis condition can predict the same particle product as that of ship diesel engine. Both laboratory-
generated and ship emitted particles are not hygroscopic and are not very CCN active. The consistency in PM
characteristics (size, morphology, hygroscopicity, composition, etc.) of synthesized ash particles to ship diesel engine ash
particles will significantly affect the feasibility of ship-related PM health studies.
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