<RNE,

? Kobe University Repository : Kernel

R
S
4oge

PDF issue: 2025-12-05

Identifying sulfur species adsorbed on
particulate matters 1n exhaust gas emitted from
various vessels

Asaoka, Satoshi
Dan, Tomohisa
Asano, Ichiro
Hayakawa, Shinjiro
Takeda, Kazuhiko

(Citation)
Chemosphere, 223:399-405

(Issue Date)
2019-05

(Resource Type)
journal article

(Version)
Accepted Manuscript

(Rights)

© 2019 Elsevier.

This manuscript version is made available under the CC-BY-NC-ND 4.0 Llicense
http://creativecommons. org/licenses/by-nc-nd/4.0/

(URL)
https://hdl. handle. net/20.500. 14094/90005679

KOBE
\f].\]'l'l'.lii\l Y
J

%)



10

11

12

13

14

15

16

17

18

Identifying sulfur species adsorbed on particulate matters

in exhaust gas emitted from various vessels

Satoshi ASAOKA®*, Tomohisa DANP, Ichiro ASANOP

Shinjiro HAYAKAWA®, Kazuhiko TAKEDA?

a Research Center for Inland Seas, Kobe University
5-1-1 Fukaeminami, Higashinada, Kobe, 658-0022 JAPAN
b Graduate School of Maritime Sciences, Kobe University
5-1-1 Fukaeminami, Higashinada, Kobe, 658-0022 JAPAN
¢ Graduate School of Engineering, Hiroshima University
1-4-1 Kagamiyama, Higashi-Hiroshima 739-8527 JAPAN
d Graduate school of Biosphere Science, Hiroshima University

1-7-1 Kagamiyama, Higashi-Hiroshima, 739-8521 JAPAN

*Corresponding author:
Tel & Fax: +81-78-431-6357, E-mail: s-asaoka@maritime.kobe-u.ac.jp
Address: Research Center for Inland Seas, Kobe University, 5-1-1 Fukaeminami, Higashinada,

Kobe, 658-0022 JAPAN



19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Highlights

* Sulfur species adsorbed on PM in ship exhaust gas were identified.

* The sulfur species of PM did not change between high and middle loads.

- Sulfate, sulfite, sulfonate, and thiophen were identified in PM and soot.

+ Sulfonate was derived from fuel or oxidation of sulfide in fuel.

+ Sulfate in soot increased with increasing sulfur content in fuels.
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Abstract

Ship fuels are highly associated with the emission of particulate matter and sulfur.

Sulfur adsorbed on particulate matter in exhaust gases from fuels is generally considered

to be sulfate. However, other chemical species of sulfur adsorbed on particulate matter in

ship exhaust gases are not well known. The purpose of this study is to identify sulfur

species adsorbed on particulate matter in ship exhaust gases using X-ray absorption fine

structure. Particulate matter and soot samples were collected from a container carrier, a

tugboat, an electric propulsion vessel, training vessels, and a marine engine, and sulfur

species of particulate matter and soot were identified by X-ray absorption fine structure

analysis. Sulfur emission adsorbed on particulate matter and sulfur species did not change

between high and middle loads. In this study, sulfonate derived from fuel or oxidation of

sulfide in fuel was identified in addition to sulfate. Total sulfur and sulfate concentrations

in soot increased with increasing fuel sulfur content. The concentration of organosulfurs

in soot such as thiophen and sulfonate, which originated mainly from fuel and engine oil,

tended to increase with increasing fuel sulfur content.
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1. Introduction

Particulate matter (PM) from seagoing ships affect the ocean environment on various

scales. Increasing arctic shipping activities coupled with the decline of the arctic sea ice

have intensified this effect, resulting in increased environmental impact on the arctic

(Schroder et al., 2017). Emission of nitrogen oxides (NOx) and sulfur oxide (SOx)

adsorbed on PM in exhaust gases is responsible for acid rain. Additionally, PM and sulfur

can have an indirect effect on climate through changes in global radiative forcing

(Capaldo et al., 1999). Approximately 80% of the fuel used in commercial shipping in

2007-2011 was low-grade, high-sulfur content fuel (Smith et al., 2015). Therefore, it is

assumed that combustion of ship fuel emits sulfur as SOx (SO2 and SOs3) with other

exhaust gases. Because the lifetime of sulfur species in the atmosphere is short (days to

about a week), the acid deposition occurs on land and in the ocean (Doney et al., 2007).

The SOx is also partially adsorbed as sulfate onto PM through hydration processes, due

to the decrease in temperature of exhaust gas.

The estimated annual PM emission from ships is 0.9-1.7 million tons (Moldanova et

al., 2009). Sulfate and PM emissions increased with increasing fuel sulfur content

(Agrawal et al, 2008a). Moreover, the particle emission factor and particle number were

correlated with SOz emission factor (Alfoldy et al., 2013; Mousavi et al., 2018). Given
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that PM and sulfur emission is closely linked to the sulfur content of ship fuels, in 2015

the International Maritime Organization (IMO) introduced regulations that the sulfur

content in ship fuel be less than 3.5% and 0.1% for general and designated sea areas,

respectively. In 2020, the regulation will be further strengthened to reduce sulfur content

in ship fuel to 0.5% for general sea areas (Endres et al., 2018). The amount of SOx emitted

from seagoing ships has conventionally been estimated by emission factors based on

sulfur content in fuels (Tzannatos 2010; Berechman, and Tseng, 2012; Endresen et al,

2005). However, the chemical species of sulfur adsorbed on PM in exhaust gases are not

well known, which is an impediment to establishing appropriate regulations for sulfur

emission control from ships. Sulfur adsorbed on PM in exhaust gases from fuels is

considered to be sulfate (Moldanova, et al. 2009). Unlike automobiles, however,

oxidation catalysts are not used for ship exhaust gas treatment processes.

Conventionally, sulfur adsorbed on PM is extracted and sulfate concentrations

analyzed (Agrawal et al, 2008b; Querol et al., 2001; Mueller et al., 2015; Ostro et al,

2011). Despite the widespread use of this method, such extractions bear a risk of

misinterpretation due to oxidation of the sulfur species during the extraction procedures.

However, it is necessary to understand the concentration of each sulfur species of PM

emitted from ships to grasp the chemical transformation and equilibrium processes of
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sulfur adsorbed on PM, and to evaluate the environmental impact based on solubility.

In this study, we used X-ray absorption fine structure (XAFS) spectroscopy to identify

sulfur species adsorbed on PM and soot. XAFS has been used to identify chemical species

with minor or no pretreatments, and thus it offers a great advantage in terms of keeping

the sulfur species adsorbed on the PM. XAFS has been applied to the analysis of the

chemical form and oxidation state of sulfur in PM from fossil fuels (Huggins and Huffman,

2002), diesel PM (Huggins et al., 2000), engine motor oils (Liitzenkirchen-Hecht et al.,

2014), and exhaust particles emitted from auto engines (Mdlders et al., 2001). However,

chemical species of sulfur adsorbed on PM in ship exhaust gases are not well known. In

this study, PM or soot samples were collected from a container carrier, a tugboat, a

research and training electric propulsion vessel, and training vessels. The purpose of this

study is to identify sulfur species adsorbed on PM or soot emitted from various vessels.

2. Experimental

2.1 Effect of fuel sulfur content on sulfur species adsorbed on PM

Distillate marine fuel (DMX; sulfur content 0.08%) and sulfur-added fuel prepared

from mixing di-t-butyl disulfide with the DMX at 3.5 or 5% by sulfur weight were directly

injected into a four-stroke diesel engine (Yanmar NFD13-ME; single cylinder; cylinder
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volume: 638 cm?®; compression ratio: 17.7; rated output: 6.2 kW at 2000 rpm). The engine
was operated under 75% load, with an injection valve pressure of 19.6 MPa. A sampling
nozzle for collecting PM from the engine exhaust gas was connected directly to an
exhaust gas pipeline from the engine. PM in the exhaust gas was collected with a glass
fiber filter (PG-60; Advantec) as 10 L of the gas was introduced into a filter manifold
attached with a Liebig condenser by an air pump at flow rate of 12 L min™'. The exhaust
gas temperature was controlled to approximately 50 °C by the Liebig condenser at the
filter manifold. After the PM was collected, the filter samples were dried at 100 °C for 6
h. The PM mass collected on the filter was calculated by weight difference before and
after the exhaust gas was introduced. In the case of filter samples for XAFS analyses,
samples were stored immediately in a vacuum packing bag and stored in a freezer to
maintain chemical species of sulfur until XAFS analyses.

The SOz concentration in the exhaust gas was measured with an exhaust gas analyzer
(testto 350; Nippon Sokki). Multiple-comparison analyses were carried out to detect
significant differences in the obtained data by Fisher’s least significant difference method

using the statistical software Excel-Toukei (BellCurve).

2.2 Collecting PM and soot from the exhaust gas of various ships
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PM samples were collected from the container carrier EMERALD I (Aoki Marine Co.,
Ltd.), the tugboat KASUGA-MARU II (Maruei Co., Ltd.), the research and training
electric-propulsion vessel TOYOSHIO-MARU (Hiroshima University), the training
vessel HIROSHIMA-MARU (National Institute of Technology, Hiroshima College), and
the training vessel FUKAE-MARU (Kobe University). The specifications and a photo of
each vessel are presented in Table 1 and Fig. S1, respectively. The sampling nozzles used
to collect PM in the engine exhaust gas from the EMERALD I or FUKAE-MARU were
connected directly to an exhaust funnel. PM in the exhaust gas was collected with a glass
fiber filter (PG-60; Advantec) by letting 10—-60 L of exhaust gas pass through the filter by
an air pump at a flow rate of 12 L min™' and into the filter manifold chamber attached with
a Liebig condenser. The exhaust gas temperature was controlled at approximately 50 °C
by the Liebig condenser at the filter manifold.

Soot samples were also collected by scraping the ship funnels. The measurement of
PM mass and preservation of the filter samples for XAFS analyses were conducted as

described in section 2.3.

2.3 Analyses of sulfur species adsorbed on PM

XAFS analyses of the sulfur K-edge spectra were performed using the BL11 at the
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Hiroshima Synchrotron Research Center (HiSOR). Synchrotron radiation from a bending

magnet was monochromatized with a Si (111) double-crystal monochromator. The sample

chamber was filled with He gas. The XAFS spectra were measured in two different modes

simultaneously. The X-ray fluorescence yield using XR-100FAST SDD (Amptekas)

mounted on double-sided tape (NW-K15; Nichiban) and placed in the central hole (15

mm in diameter) of a copper plate. The angle between the incident X-rays and the sample

surface was 20 degrees. X-ray fluorescence was detected from the directias mounted on

double-sided tape (NW-K15; Nichiban) and placed in the central hole (15 mm in

diameter) of a copper plate. The angle between the incident X-rays and the sample surface

was 20 degrees. X-ray fluorescence was detected from the direction normal to the incident

beam in the plane of the electron orbit of the storage ring. The X-ray window of the

detector (C1 model) utilizes silicon nitride (Si3N4) with an aluminum coating to extend

the low-energy response down to carbon.

The references; NaxS20s, FeSOs-7H20, sodium lauryl sulfate, sodium p-toluene

sulfonate, Na2S203, Na2SO3, and (CH3)2SO (all from Wako Pure Chemical Industry);

DMX (distillate marine fuel); engine oil (15W-40: Yanmar); dibenzothiophen, tert-

thiophene, L-methionine, di-t-butyl disulfide, and elemental sulfur (all from Wako Pure

Chemical Industry); FeSz (Stream Chemicals); and FeS (Wako Pure Chemical Industry)
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were measured using both the conversion electron yield mode and X-ray fluorescence
yield mode simultaneously.

Total sulfur concentration in PM was measured by an Inductively Coupled Plasma-
Atomic Emission Spectrometry (ICP-AES Optima7300 DV; Perkin Elmer). Prior to ICP-
AES analyses, approximately 0.2 g of filter with PM samples was digested by a mixed
acid (HCI 0.3 mL, HNO3; 4mL and HBF4 1 mL) under 230 °C for 30 min in a microwave

digestion system (MWS-3; Actac).

3. Results and discussion
3.1 Effect of sulfur content in fuel on sulfur species adsorbed on PM

The four-stroke diesel engine was operated with DMX and sulfur-added fuel. Figure
S2 shows concentration of PM in exhaust gas and sulfur adsorbed under operations using
fuel with different sulfur content. PM concentration in exhaust gas using the DMX (sulfur
content: 0.08%), 3.5, or 5% sulfur-added DMX was 145, 166 and 175 mg m™, respectively.
The concentration of total sulfur adsorbed on PM was 28.4, 35.1 and 39.9 mg m™,
respectively (Fig. S2). PM concentration under 3.5 or 5% sulfur-added DMX operation
was thus significantly higher than that of DMX (p<0.01-0.05). The concentration of total

sulfur adsorbed on PM under 5% of sulfur-added fuel operation was also statistically high
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compared to other fuel operations (p<0.05). The weight percentage of sulfur adsorbed on
PM ranged from 19.6-22.8%, and did not show statistical difference between sulfur
content in fuels. In contrast, SOz concentrations in exhaust gas were 12, 771 and 1150
ppm for DMX (sulfur content: 0.08%), 3.5%, and 5% of sulfur-added DMX operations,
respectively. SOz concentration increased linearly with sulfur content in fuels (p<0.01),
indicating that most of sulfur added to DMX was emitted as SOz gas (Fig. S3).

The sulfur K-edge spectra of PM and sulfur references are shown in Figs. S4 and S5.
Two peaks were observed at around 2482 eV and 2480.5 eV, representing sulfate and
sulfonate, respectively (Fig. S4). The sulfur K-edge spectra of PM fit well with the
combination of sulfate and sulfonate by the linear combination fit. We considered the
sulfate to be derived from the oxidation of sulfur substances in DMX and di-t-butyl
disulfide (sulfur added to DMX). The sulfonate might have been derived from DMX,
because sulfonate is one of the major components in sulfur species in petroleum (Waldo
et al., 1991), or from the oxidation of sulfide in DMX and di-t-butyl disulfide.

The concentration of sulfate adsorbed on PM under operation with 0.08, 3.5 and 5% of
sulfur-added DMX was 10.6, 21.5 and 27.0 mg m™, respectively, on the basis of amount
of sulfur (Fig. S6). The concentration of sulfate adsorbed on PM under operation with 3.5

and 5% of sulfur-added DMX was significantly higher compared to DMX (p<0.01).
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There was a positive correlation between sulfur content in fuel and the concentration of
sulfate adsorbed on PM (Fig. 1). In contrast, there was no statistically significant
difference in concentration of sulfonate adsorbed on PM between the three fuels.
Sulfonate concentration ranged from 12.9—17.9 mg m™ on the basis of sulfur. Hence,
sulfur added to DMX was considered to be mainly oxidized to sulfate and SO: gas (Fig.

S3 and Fig. 1).

3.2 Sulfur species adsorbed on PM collected from seagoing ships
3.2.1 The container carrier, EMERALD I

PM samples were collected under navigation with 85% and 50% load; PM
concentration in exhaust gas under navigation with these loads was 54.0 and 42.7 mg m"
3, respectively (Fig. 2a). Although the difference between 85% and 50% load was not
statistically significant, PM concentration tended to be lower with the 50% load. These
results were consistent with the findings of a previous study that PM total mass in exhaust
gas was greater at light and high loads compared to middle loads (Chen et al., 2007). This
was attributed to specific fuel consumption increase under light and high loads. The
concentration of total sulfur-adsorbed PM was almost the same for the 85 and 50% load,

20.4 and 21.2 mg m>, respectively (Fig. 2a). This result appeared to be due to use of the
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same sulfur content of DMX for both engine loads, a percent composition equivalent to
38 and 52% to the PM mass, respectively.

The sulfur K-edge spectra of PM collected from the EMERALD 1 and sulfur and
sulfonate standards are shown in Fig. S7. The sulfur K-edge spectra of the PM fit well
with the combination of sulfate and sulfonate by the linear combination fit. The origin of
sulfate and sulfonate in PM is considered to be the oxidation of sulfur substances and
sulfide in DMX. The concentration of sulfate and sulfonate adsorbed on PM under 85%
load were 19.0 and 1.3 mg m~, respectively, on the sulfur basis (Fig. 2b). In the case of
50% load, concentration of sulfate and sulfonate adsorbed on PM were 20.2 and 1.0 mg
m™, respectively, on the sulfur basis (Fig. 2b). The sulfur species of PM did not show a

statistically significant difference between 85% and 50% load.

3.2.2 The training vessel, FUKAE-MARU

PM samples were collected under navigation with 94% and 70% load. The PM
concentration in exhaust gas under these loads was 83.4 and 59.5 mg m™, respectively
(Fig. 3a). PM concentration was lower under 70% load than under 94% (p<0.05). The
concentration of total sulfur adsorbed PM was almost the same for the 94 and 70% load,

12.5 and 11.5 mg m™, a percent composition equivalent to 15 and 19% of PM mass,
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respectively (Fig. 3a). The sulfur content of DMX used by the FUKAE-MARU (0.062%)
was less than that of the EMERALD I (0.78%), resulting in a 39—46% lower concentration
of total sulfur adsorbed PM in exhaust gas.

The sulfur K-edge spectra of PM collected from the FUKAE-MARU is shown in Fig.
S8, together with the sulfur, sulfite and sulfonate standards. The sulfur K-edge spectra of
the PM fit well with the combination of sulfate, sulfite and sulfonate by the linear
combination fit. These sulfur species are considered to result from the oxidation of sulfur
substances in DMX. The concentration of sulfate, sulfite and sulfonate adsorbed on PM
under 94% load was 8.3, 2.6, and 1.5 mg-S m?, respectively, on the sulfur basis (Fig. 3b).
In the case of 70% load, concentration of adsorbed sulfate, sulfite and sulfonate was 9.0,
1.1, and 1.5 mg-S m™, respectively, on the sulfurbasis. The difference in sulfur species
adsorbed on PM between 94 and 70% loads was not significantly different. The results
obtained for the FUKAE-MARU were in good agreement with those of the EMERALD
I. Similarly, in terms of the concentration of total sulfur adsorbed on PM, the FUKAE-

MARU was 55-56% less than that of the EMERALD 1.

3.2.3 Sulfur species in soot collected from ship funnels

The total sulfur concentration in soot increased with increasing fuel sulfur content (Fig.



271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

4). The total sulfur concentration in soot from the HIROSHIMA-MARU (0.4%) was

significantly low compared to other vessels (3.0-9.8%; Fig. 4). This might have been due

to the use of gas oil, in which sulfur content is much lower (0.0006%) than that of DMX

(0.062-0.85%). The FUKAE-MARU, operated using low-sulfur DMX (0.062%), was the

second lowest in terms of sulfur content in soot. The low sulfur content in the DMX could

be the source of its low sulfur emissions. In the case of the TOYOSHIO-MARU,

EMERALD I, and KASUGA-MARU II, the ships were operated using DMX with similar

sulfur content (0.79-0.85%) and produced similar sulfur concentration in soot (7.4—9.8%).

Figure S9 shows the sulfur K-edge spectra of soot samples, and sulfate, sulfonate,

thiophene and DMX. Similarly, peaks representing sulfate and sulfonate derived from

fuel or sulfur oxidation in DMX were observed, and the broad peak was identified around

2471-2475 eV, except in the HIROHIMA-MARU. Because the major sulfur species in

petroleum are sulfide, thiophene and sulfoxide (Waldo et al., 1991), we tried to fit the

broad peak using these references. The broad peak at 2471-2475 eV was in good

agreement with X-ray absorption energy of DMX, thiophene, and engine oil (Figs. S9

and Fig. S5), indicating that the broad peak originated from sulfur compounds such as

exocyclic sulfur, heterocyclic sulfur, and disulfide in DMX and engine oil (Waldo et al.,

1991; Kittelson 1998; Manceau and Nagy 2012). The sulfur K-edge spectra of the soot
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fit well with the combination of sulfate, sulfonate, thiophene and DMX by the linear
combination fit (Fig. S9).

The sulfur species of soot collected from the HIROSHIMA-MARU and FUKAE-
MARU, which were operated by gas oil (sulfur content: 0.0006%) and low-sulfur DMX
(0.062%) was mainly composed of sulfate; concentrations in soot were 4.0 and 25.8 mg
g on the basis of sulfur, a percent composition equivalent to 100 and 87% of PM mass,
respectively (Fig. 5). In the case of the other ships operated using DMX (sulfur content:
0.79-0.85%), concentration of sulfonate, thiophene and organosulfur compounds
originating from DMX were significantly high compared to the HIROSHIMA-MARU
and FUKAE-MARU. The sulfate concentration in soot increased with increasing fuel
sulfur content (Fig. 6). In contrast, there was no clear relationship between the sulfur
content of fuel and concentration of the other sulfur species in soot. However, the
organosulfur tended to increase with increasing sulfur content in fuels. These
organosulfur compounds derive from incomplete combustion of the carbonaceous
components in fuel (Huggins and Huffman, 2002). Therefore, it was considered the
organosulfur concentration in soot was well correlated with the operating conditions of

the engine of each vessel rather than with the sulfur content of the fuel.
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Conclusions

This is the first study to investigate the composition of sulfur species adsorbed on PM

in various ship exhaust gases. The concentration of total sulfur in PM, and of sulfate

adsorbed on PM from the ship exhaust gas, increased with increasing fuel sulfur content.

However, in contrast to previous studies, although PM concentration under high load was

greater than under middle load, the sulfur concentration adsorbed on PM and sulfur

species did not differ between high and middle loads. Therefore, this study confirmed that

the regulation of sulfur content in fuels is an el lective strategy for reducing sulfate in PM

and soot emitted from seagoing ships. In addition to sulfate, we newly identified sulfonate

derived from fuel or oxidation of sulfide in fuel. Current regulations might be not

ellective in reducing sulfonate because concentration of sulfonate wad not necessarily

dependent on the sulfur content of fuel. Furthermore, radiative forcing of PM emitted

from seagoing ships may also change depending on the species of sulfur.

In the case of soot, total sulfur and sulfate concentrations increased with increasing fuel

sulfur content. The concentration of organosulfur in soot, such as thiophen and sulfonate,

originating mainly from DMX and engine oil, tended to increase as sulfur content in fuels

increased. These organosulfur compounds derive from incomplete combustion of the

carbonaceous components in the fuel. Therefore, organosulfur compounds would not be



325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

reduced simply by regulating the sulfur content of fuel.
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Highlights

* Sulfur species adsorbed on PM in ship exhaust gas were identified.

* The sulfur species of PM did not change between high and middle loads.

* Sulfate, sulfite, sulfonate, and thiophen were identified in PM and soot.

+ Sulfonate was derived from fuel or oxidation of sulfide in fuel.

* Sulfate in soot increased with increasing sulfur content in fuels.
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Fig. 1 Relationship between concentration of sulfate adsorbed on PM and sulfur

content in fuels
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Table 1 Vessels used in this study to collect PM or soot samples

Tonnage ) Rated output Sulfur content in fuel
Vessel name Vessel Type Engine Fuel
(1) (kW) (%)
5215 6DKM-26L
EMERALD I Container carrier 1470 x 2 DMX 0.79
(DWT) (DAIHATSU)
6MG22X
KASUGA-MARU II Tugboat 19(GT) 810 DMX 0.85
(NIIGATA ENGINEERING)
6NY16L-EN
TOYOSHIO-MARU Research and Training ~ 256(GT) 441 x 3 DMX 0.82
(YANMER)
o 6N260L-UN )
HIROSHIMA-MARU Training 769(GT) 956 Gas oil 0.0006
(YANMER)
6DKM-26S
FUKAE-MARU Training 449(GT) 1100 DMX 0.062

(DATHATSU)
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Dotted lines are liner combination fit by the two standards.
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Dotted lines are liner combination fit by the two standards.
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