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Abstract. The removal of organic pollutants from ship emission was studied using two processes namely electron
beam (EB) and hybrid EB with wet scrubbing process. A mobile accelerator unit was used to treat 4915 Nm?®/h
of flue gas emitted from a tugboat in Riga Shipyard. A volume of 3 m® seawater containing 36.8 mM of NaClO,
oxidant was used as a wet scrubber solution. Organic pollutants, mainly volatile organic pollutants (VOCs),
were collected at three different sampling points, before and after irradiation vessels, and after wet-scrubber
unit, respectively. They were collected with glass sampling bottles, tedlar bags, Coconut Shell Charcoal (CSC)
sorbents and XAD-2 sorbents. CH;OH and CH;OH/CH,Cl, (1:1) were used to extract VOCs from CSC and
XAD-2 sorbents, respectively. Syringe filters were used to obtain the solid-free extraction solutions. They were
concentrated using a micro-extractor under continuously blowing high-purity Ar. A gas chromatography-mass
spectrometry (GC-MS) was used for analysis. The identified organic compounds were: aliphatic hydrocarbons
(dodecane C;,Hasto eicosane C,Hyy), aromatic hydrocarbon (toluene), esters (CsH,COOCH:;, (C,H,OCO),CHs,),
nitro compounds (CsHsNOs, C;H;NO,) and acid (C;H;sCOOH). After 4.2 kGy EB irradiation, around 50-100%
aliphatic hydrocarbons, 83% toluene and 7.5% (C,H,0OCO),CsH, were removed from the off-gases, and after EB
hybrid wet-scrubber process, most organic compounds including nitro compounds were removed. Only trace
amount of toluene, hexadecane, octadecane and dibutyl phthalate were found to be present in the gas phase.
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Introduction

Combinations of SO,, NO, and volatile organic pol-
lutants (VOCs) emitted from marine diesel engine
off-gases cause serious problem to the environment
and human health. Some VOCs are ozone-depleting
substances in stratosphere, ozone formation in
troposphere and precursor for secondary aerosol
formation. Some VOCs have direct adverse effect
on human health. According to US Environmental

Y. Sun™, A. G. Chmielewski, A. Pawelec Protection Agency (USEPA) Clean Air Act, 187
Institute of Nuclear Chemistry and Technology hazardous air pollutants were listed [1] that also
Dorodna 16 Str., 03-195 Warsaw, Poland included toluene. The strict regulation concerning
E-mail: y.sun@ichtj.waw.pl SO, and NO, emission from ship emission has been

enacted accordingly. Based on MARPOL air pollu-
tion Annex VI, sulphur emission from ship exhaust
gas is not permitted to exceed 0.1% (wt/wt) sulphur
content in sulphur emission control areas (SECA);
0.5% sulphur content is the maximum limit in global
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Fig. 1. The sampling points of the organic pollutants.

Heavy fuel oil (HFO), due to its low cost, is
a main energy source for marine industry. However,
high concentrations of SO, and NO, are emitted dur-
ing combustion of HFO, and organic pollutants are
also generated. To reduce SO, emission, wet scrub-
bing method is generally used to scavenge SO, from
off-gases emitted from the ship engines and boilers.
To reduce NO, emission, catalyst reduction method
is mainly applied [3]. A process of electron beam
(EB) hybrid with wet-scrubbing is used to remove
SO, and NO, simultaneously from marine engine
off-gases. The whole process was initially studied
in the laboratory scale in the Institute of Nuclear
Chemistry and Technology (INCT) [4], and then
tested in a real maritime environment in Riga Ship-
yard within the ARIES proof-of-concept project. It
was the first pilot test plant in the world and in the
real maritime conditions. This pilot plant set-up and
results of SO, and NO, removal have been described
in detail [5]. During the pilot test for the removal
of SO, and NO, from ship emission, organic pollut-
ants before and after treatment were sampled and
collected. They were transported to INCT laboratory
for analysis. Subsequently organic pollutant removal
under EB and EB hybrid wet-scrubbing process was
studied. This paper contains the initial test results
for the removal of organic pollutants.

Experimental set-up and analysis of the samples
Organic pollutant sampling system

Flue gas was generated from a tugboat ‘Orkans’
equipped with two two-stroke diesel engines in Riga
Shipyard. Sulphur-free fuel was used. Flue gas compo-
sitions were measured in three main points: at the inlet
of the irradiation unit, at the outlet after irradiation
unit and at the outlet of the plant after wet-scrubbing
treatment. Two different types of flue gas analysers
were used: Kane Quintox flue gas analyser (Kane
Int. Limited, UK) at the inlet and outlet of the treat-
ment plant and Land Lancom series II portable gas
analyser (AMETEK Land, UK) after the irradiation
unit. Concentration of the following elements of gas
composition were determined by flue gas analysers:
sulphur dioxide (SO,), nitrogen monoxide (NO),
nitrogen dioxide (NO,), oxygen (O,), carbon dioxide
(CO,), carbon monoxide (CO) and hydrocarbons
(CxHy). The temperature-values of flue gas before
irradiation, after irradiation and after wet-scrubbing
treatment were 133°C, 85°C and 34°C, respectively.
It was measured by using thermocouples type K

EB processing Scrubber

unit

manufactured by Czaki (Poland). Flue gas velocity
was measured by Testo 452 anemometer produced
by Testo, Germany. Flue gas of 4915 Nm®/h emit-
ted from tugboat ‘Orkans’ was treated by deploying
a mobile accelerator unit WESENITZ-II [5]. Also,
3 m’ seawater containing 3.3 g/dm?® NaClO, oxidant
was used as a wet scrubber solution. Temperature of
the scrubbing solution increased from 27°C to 29°C
after scrubbing flue gas. Organic pollutants’ removal
from ship emissions have been studied under two
processes, EB and EB hybrid wet scrubbing process.
The residence time of flue gas in the irradiation
zone and the wet-scrubber were 0.112 s and 2.2 s,
respectively. Gaseous organic pollutants, mainly
VOCs, were collected at three different sampling
points: before irradiation vessel, after irradiation
vessels and after wet-scrubber unit (Fig. 1). They
were collected with glass sampling bottles, tedlar
bags, Coconut Shell Charcoal (CSC) sorbents (SKC
Inc., USA) and XAD-2 sorbents (SKC Inc., USA)
according to USEPA Method 18 [6], and a scheme
of the sampling system is presented in Fig. 2.

Methodology of the analysis

Fuel and combustion condition are the two main
factors that influence the flue gas composition. In
this pilot test, composition of flue gas emitted from
diesel engine consists of SO,, NO,, CO, CO,, par-
ticulate matter (PM), hydrocarbons etc., and this
composition is similar to the composition of flue
gas emitted from heavy fuel combustion [7]. SO,,
NO,, CO, CO,, O, and total hydrocarbons were
directly measured with portable flue gas analys-
ers. For gaseous organic pollutants, glass sampling
bottles and tedlar bags were used to collect very
volatile compounds having high concentration.
Further, adsorbents were used to concentrate the
sample for the low concentration compounds, thus
lowering the detection limit of these compounds
[6]. A GCMS-QP5050 (Shimadzu company, Japan)
analyser was used for analysis. Standard solutions,
such as AK-102.0-NAS-10X standard, M-502-REG
and AK-101AA-ARO standard were used for making
calibration curves. All these standard solutions were
ordered from AccuStandard company, USA. For the
off-gases sampled using Tedlar bags and glass bottles,
500 microliter sampling gas was directly injected
into the GC-MS analyser. For the off-gases adsorbed
by the sorbents, 10 ml CH;OH (HPLC purity)
and CH;OH/CH,CI, (1:1, HPLC purity) were used
to extract VOCs from CSC and XAD-2 sorbents,
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Fig. 2. A scheme of the sampling system.

Analysis of VOCs collected in the CSC sorbents
CSC and XAD-2 sorbents were used to collect the
flue gas samples before and after treatment. Quanti-
tiesof 106 L, 68 L and 112 L of flue gas were sampled
at the three different sampling points (before EB,
after EB, after EB with scrubber), respectively. The
N " N 5 results are presented in Fig. 4. Table 1 lists organic
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Fig. 3. A GC-MS spectrum of the flue gas before irradia-
tion.

respectively. The solid-free extraction solutions
were obtained by using syringe filters to separate
extraction solution from sorbents. They were con-
centrated to 0.2 ml using a micro-extractor under
continuously blowing high-purity Ar (Argon-X508
PRM, air products, Poland). Then, 1 ul concentrated
solution was injected into the GC-MS for analysis.
HP-5MS column (30 m X 0.25 mm ID x 25 um,
Agilent J&W, USA) was used. The analytical con-
ditions of GC-MS were as follows: 40°C held for
1 min, increased to 60°C at 1°C/min, then increased
to 280°C at 5°C/min, column flow was 1.2 ml/min,
split ratio was 100:1 when liquid sample was injected
and the injection temperature was 250°C while the
interface temperature was 280°C; solvent cutting
time was 2 min. Electron ionization was applied and
Wiley library was used for reference mass spectra.

Results and discussion
Direct analysis of VOCs collected in glass bottle

Off-gases (or flue gas) before and after treatment
(EB or EB with scrubber) collected with glass sam-
pling bottles and Tedlar bags were directly analysed.
A GC-MS spectrum of off-gases before irradiation
is shown in Fig. 3. Seven unidentified peaks (due to
the lack of standards or database of reference mass
spectra in the library) were recorded in the flue gas.
After EB or EB was combined with the wet scrubber
treatment, no peak was detected.

compounds, which were identified by the GC-MS
analyser, eluting at different retention time (RT).
Note that “+” in Table 1 means organic compounds
detected by the GC-MS analyser; and “—” means
organic compounds below detection limit. From
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Fig. 4. (a) A GC-MS spectrum of flue gas collected with
the CSC sorbents (a) before EB irradiation; (b) after EB
irradiation; (c) after EB with wet scrubber treatment.
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Table 1. List of organic compounds eluting at different RT of the GC-MS spectrums presented in Fig. 4

RT Compound Ship After After EB
(min) emission EB with wet scrubber

3.833  Toluene + + +

7.142  Nitropropanone, C;H;NOs;, CH;COCH,NO, + - -

7.442  1-Butene, 3-nitro-, C,H;NO,, CH,=CHCH (CH;)NO, + — -
11.042  Methyl butyrate, CsH,,0,, C;H;COOCH; + -
12.700  Chlorotoluene, C;H,Cl + — —
36.156  Butoxyethoxyethyl acetate, C,;H,,0,4, CH;COO(C,H,0),C,Hq + + -
37.039 DOdecane, C12H25 + + -
39.798  Pentadecane, C;sHs, + - -
42.351 Hexadecane, CsHs, + + +
44.739  Heptadecane, C,;Hs, + - -
47.004  Octadecane, CsHsg + + +
47212  Hexadecane, 2,6,10,14-tetramethyl-, C,Hy, + - -
49.152 n-Eicosane, C20H42 + - -
49.717  Hexadecanoic acid, methyl ester, C,,H;,0, + -
50.519  Dibutyl phthalate, C,H,,0,, CsH,(COOC,H,), + + +
51.208 Heneicosane, C;Hyy + - -
53.701  Octadecanoic acid, methyl ester, C;0H;30, + — —

Table 2. List of the organic compounds eluting at different RT of the GC-MS spectrums presented in Fig. 5

RT Compound name Ship After After EB
(min) emission EB with wet scrubber
2.184 2,2-Dimethoxypropane, CsH;,0, (CH;0),-C-(CHs). + - -
3.817 Toluene, C;Hg + + +
27.001 Methyl octanoate, C;H;s;COOCH; + - -
31.208 Octanoic acid, C;H;;COOH + + —

Fig. 4a and Table 1, it is seen that the identified or-
ganic compounds from ship emission include: nitro
compounds (nitropropanone, 3-nitro-1-butene),
esters (methyl butyrate, butoxyethoxyethyl acetate,
(hexadecanoic acid, methyl ester), dibutyl phthal-
ate, (octadecanoic acid, methyl ester)), aliphatic
hydrocarbons (C,Hau.2, X = 12, 15-18, 20-21),
toluene and chlorotoluene. Most organic compounds
are removed from flue gas after the application of
the EB treatment (see Fig. 4b). Chlorotoluene and
nitro compounds are removed completely from
gas phase; however, some aliphatic compounds
(dodecane, hexadecane and octadecane) with high
concentration (Table 3) still exist in the gas phase;
butoxyethoxyethyl acetate and dibutyl phthalate
were still detected by the GC-MS analyser. After
the application of EB and wet scrubber treatment
(see Fig. 4c), only toluene, hexadecane, octadecane
and dibutyl phthalate were present in the gas phase,
while other organic compounds are completely
removed.

VOC:s collected in the XAD-2 sorbent

To capture other organic pollutants which were
not effectively adsorbed from flue gas by CSC
sorbents, XAD-2 sorbent was connected after the
CSC sorbents. Analytical results of the GC-MS
were presented in Fig. 5 and Table 2. It is seen that
2,2-dimethoxypropane, methyl octanoate, octa-
noic acid and toluene were detected in the flue gas
emitted from ship (see Fig. 5a and Table 2). After

EB treatment (Fig. 5b), 2,2-dimethoxypropane
(RT = 2.184 min) and methyl octanoate (RT =
31.208) were removed from flue gas. Then, after EB
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Fig. 5. (a) A GC-MS spectrum of flue gas collected with
the XAD-2 sorbents (a) before EB irradiation; (b) after
EB irradiation; (c) after EB with wet scrubber treatment.
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with wet scrubber treatment, only toluene (RT =
3.817 min) was present in the flue gas.

Removal efficiency of organic compounds

We summarized the analytical results obtained
from CSC and XAD-2 sorbents, and the removal
efficiency of the organic pollutants after EB and EB
with wet scrubber process are presented and listed
in Table 3. For these organic compounds which we
had standard solutions for making calibration curve,
their concentrations are given in Table 3. For other
organic compounds, only removal efficiency was
given based on their area counting given by the GC
spectrum. It is seen that the toluene concentration
was relatively high, around 1.04 mg/m?® in the flue gas
arising from ship emission. Concentration of aliphat-
ic hydrocarbons varies from 9.60 pg/m?® (n-eicosane)
to 57.96 pug/m° (hexadecane). After EB treatment,
most VOCs were removed from gas phase. When
degradation efficiency for aliphatic hydrocarbons
is considered, the compounds with lower carbon
chain have higher removal efficiency, namely 79.59%
for dodecane and 48.57% for octadecane. Removal
efficiencies of butoxyethoxyethyl and octanoic acid
were 89.7% and 57.8%, respectively. However, only
7.5% dibutyl phthalate was removed from flue gas
after EB treatment. Eicosane and heneicosane were
not detected after EB treatment due to their very low
concentration in the flue gas. For those compounds
with relatively high concentration, (e.g., toluene,
hexadecane, octadecane and dibutyl phthalate)
their removal efficiency greatly increased after EB
with wet-scrubbing process, when compared to
EB treatment alone, from 70.8% to 83.2% for tolu-
ene, 54.71% to 97.79% for hexadecane, 48.57% to
92.01% for octadecane and from 7.50% to 86.3% for
dibutyl phthalate. Toluene concentration in flue gas
emitted from ships decreased from 1.04 mg/m’ to
0.175 mg/m’ after EB with wet-scrubbing process.

Conclusions

Pilot test in Riga shipyard shows that most organic
pollutants are removed from flue gas after 4.2 kGy
EB irradiation. Chlorotoluene and nitro compounds
are removed completely from gas phase and some
aliphatic compounds (dodecane, hexadecane and
octadecane) with high concentration still exist in
the gas phase; their removal efficiency varies from
79.59% for dodecane and 48.57% for octadecane.
After EB and wet scrubber treatment, most organic
pollutants are removed completely from flue gas,
and only traces of toluene (0.175 mg/m°®), hexa-
decane (0.13 ppb), octadecane (0.24 ppb) and
dibutyl phthalate were present in the gas phase.
Their removal efficiency might be further increased
by increasing irradiation dose, increasing liquid/
gas ratio and residence time of flue gas in the wet-
scrubber and increasing temperature of the scrubber
solution. Successful ARIES proof-of-concept tests
in Riga Shipyard have demonstrated results that

created an opportunity for the further on board tests
and application of the technology on board of the
sea-going ships on regular routes within the HERTIS
(Hybrid Exhaust-gas-cleaning Retrofit Technology
for International Shipping) Collaboration.
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