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a b s t r a c t

Marine emissions of Volatile Organic Compounds (VOCs) have received much attention because the
International Maritime Organization (IMO) requires the installation of vapour emission control systems
for the loading of crude oils or petroleum products onto ships. It was recently recognised that significant
corrosion occurs inside these vapour emission control systems, which can cause severe clogging issues.
In this study, we analysed the chemical composition of drain water sampled from currently operating
systems to investigate the primary causes of corrosion in vapour recovery systems. Immersion and
electrochemical tests were conducted under simulated conditions with various real drain water samples,
and the impact of corrosion on the marine vapour recovery system was carefully investigated. Moreover,
corrosion tests on alternative materials were conducted to begin identifying appropriate substitutes.
Thermodynamic calculations showed the effects of environmental factors on the production of
condensed sulphuric acid from VOC gas. A model of sulphuric acid formation and accumulation by the
characteristics of VOC from crude oil and flue gas is suggested.
© 2018 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

During the loading and transportation of crude oil by ships, a
significant quantity of volatile organic compounds (VOCs) is
released into the atmosphere (Tamaddoni et al., 2014; DeLuchi,
1993). Approximately 2.4 million tons of VOCs, representing
approximately $700 million USD in value, are lost each year in the
transport of crude oil (Buhaug et al., 2009). These emissions cause
economic losses and harm to both humans and the environment. In
daylight, VOCs react with nitrogen oxides, producing ozone and
increasing the formation of acid rain (Hung-Lung et al., 2007;
Murphy and Allen, 2005). In addition, the hydrocarbons present
in VOCs, including benzene, toluene, and xylenes, are toxic and
carcinogenic, and thus harmful to human health (Avery, 2006;
Pilidis et al., 2005; Kerbachi et al., 2006). Therefore, since 2010,
the International Maritime Organization (IMO) has regulated VOC

emissions from ships through the 15th regulation of MARPOL An-
nex VI 2010 (MARPOL ANNEX VI Regulation 15, 2008; MSC/Circ.
585; MEPC 185(59)). In this regulation, a government-approved
vapour emission control system is required for the loading of
crude oil or petroleum products.

In general, vapour emission control systems are divided into
vapour combustion systems and vapour recovery systems, based on
whether the VOCs are recovered. Vapour combustion systems
eliminate VOCs by incineration, photocatalytic oxidation, ozone
catalytic oxidation, plasma catalysis, and biological degradation
(Spivey, 2005; Everaert and Baeyens, 2004; Carrillo and Carriazo,
2015), while vapour recovery systems store VOCs by adsorption,
absorption, membrane separation, compression, and condensation
(Kujawa et al., 2015; Abe et al., 2000; Gupta and Verma, 2002).
Therefore, various studies have been performed to predict the
appropriate techniques for VOC control systems by considering the
economic and environmental effects (Lee et al., 2013; Huang et al.,
2011; Khan and Ghoshal, 2000; Azapagic, 1999; Shonnard and
Hiew, 2000).

Currently, many countries operate Marine Vapour Recovery
Systems (MVRSs) to meet IMO regulations. However, critical
corrosion problems arising in MVRSs have been periodically
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reported. As shown in the inset of Fig. 1, the return pipeline can
become clogged near the detonation arrestor of theMVRS, inwhich
many corrosive particles have been observed. This is a dangerous
system risk that automatically stops the system and the oil-loading
operation, which causes operators to avoid running this system.
Moreover, clogging can cause the release of VOC emissions to the
atmosphere. Therefore, most operators are interested in identifying
the cause of clogging and preventing it. However, no studies have
been conducted to examine the corrosion risk of VOCs in oil-
loading conditions.

In this study, we investigated the main chemical components of
drain water and estimated the impact of corrosion on MVRSs. First,
the chemical compositions of drain water samples collected from
MVRSs running in service in the Republic of Korea were analysed.
By the composition analysis, a schematic model of drain water
formation and accumulation was proposed. Next, corrosion tests
were conducted to estimate the corrosion impact of the VOCs on
the system. In addition, thermodynamic calculations were used to
estimate the quantitative amount of acid produced under the given
environmental conditions. Although our analysis and experiments
are focused on MVRSs, our analytical result may be applied to most
marine VOC control systems because of the similarity of process
configuration and the resultant corrosion that occurs in the VOC gas
return lines of these systems.

2. Experimental section

To investigate the chemical composition of drain water, drain
water samples were collected from running MVRSs handling crude
oil vapours in the Republic of Korea. The drain water was analysed
by Inductively Coupled Plasma (ICP, Optima DV 5300) and Ion
Chromatography (IC, Metrohm 833 Basic IC plus) methods. All the
samples were fully pre-treated before the analysis. A Fourier-
Transform Infrared (FT-IR) spectrometer (Nicolet iS5) was used to
analyse the drain water composition.

To analyse the morphology and chemical composition of the
corroded surface, a Scanning Electron Microscope (SEM, JEOL JSM
7001F) and Energy-Dispersive Spectrometer (EDS, Oxford INCA
6498) were used. Specimens for corrosion test were prepared by
cutting samples from pieces of new pipeline (Nippon Steel Co, JIS
G 4355/STPG 370) used for MVRSs. The cut samples were then
polished. For immersion tests, STPG 370 and alternative material
specimens were immersed in the drain water and then the

corrosion behaviour was investigated. The chemical compositions
of STPG 370 and the alternative materials are listed in Table 1.
The specimens for immersion testing were cut into plates of 5mm
thickness with a 4 cm2 surface area. The immersion tests consisted
of continuous immersion of the specimens for 12 weeks. The drain
water samples were exposed to ambient laboratory conditions at a
temperature of 25± 2 �C with no external stirring; the weight loss
was subsequently determined.

STPG 370 samples for the electrochemical measurements were
connected to a copper wire and mounted in cold epoxy resin with
one side exposed to the drain water. Before the electrochemical
measurements, the samples were polished with 4000-grit SiC pa-
per, washed with acetone and ethanol, and dried in a stream of cool
air. The electrochemical measurements were conducted at room
temperature by immersing the specimens in drain water samples
and using a potentiostat (VSP, Bio-logic, France). A three-electrode
systemwas used, where a Saturated Calomel Electrode (SCE) with a
Luggin capillary and a platinum sheet was used as the counter
electrode, and the mounted samples with an exposed area of 4 cm2

were used as the working electrodes. To evaluate the corrosion rate
of STPG 370 with different drain water samples, potentiodynamic
polarisation tests with the scan range of �1.0 to 1.0 V at a rate of
1.0mV s�1 were performed, and at least three polarisation curves
were measured for each sample.

The equilibrium compositions of the acidic phase at each tem-
perature under the given gas conditions were calculated using the
chemical reaction program HSC Chemistry (Outotec).

3. Results and discussion

In general, corrosion during crude oil transportation is caused
by chlorides (from brackish water), CO2, organic chlorides, organic
acids, sulphur, and bacteria. Because VOC gas would contain the
evaporations of sulphur-containing crude oil as well as flue gas in
tanker cargos, and with our observation of severe corrosion phe-
nomena, we suspected sulphuric acid as the primary cause of
corrosion. Therefore, we first analysed the chemical components of
drain water and evaluated their corrosive impacts on the MVRS.

To investigate the chemical composition of drain water, two
different but typical samples of drainwater were analysed by FT-IR.
In our field survey, two different layers in the drain water were
regarded as organic and aqueous phases, respectively. Thus, FT-IR
analysis was performed on each of these layers. The FT-IR spectra

Fig. 1. Configuration of VOC generation during loading crude oil from the terminal to the ship. A high quantity of corroded particles was observed in the return line near the MVRS
detonation arrestor.
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are shown in Fig. 2. In Fig. 2(a), the strongest peak observed at
about 2920 cm�1 is the characteristic frequency of aliphatic CeH
groups arising from symmetric and asymmetric stretching vibra-
tions (Kumar and Mahto, 2016). The bending vibrations of CeH are
observed at 1450 cm�1 and 670 cm�1 respectively. These bands are
mainly related to the saturate friction of HCO. However, bands of
aromatic rings are not obvious, although partial C]O and NeO
bands are observed. Therefore, this organic phasemainly consists of
saturated hydrocarbons. Fig. 2(b) shows only two strong peaks at
3300 and 1620 cm�1, corresponding to OeH stretching and bending
peaks, respectively (Chung et al., 2004; Tyagi et al., 2006). There-
fore, it is confirmed that the drainwater sample is composed of two
layers of hydrocarbon- and water-based solutions. No OeH peaks
are observed in Fig. 2(a), indicating that neither water droplets nor

hydrogen bonding are involved in the hydrocarbon layers. Thus, it is
predicted that VOC gas generated from the tanker condenses and is
converted to drain water, which comprises water- and
hydrocarbon-based solutions in the MVRS. The ratio of these two
aqueous and hydrocarbon phases may depend on the loading
conditions.

We measured the pH values of the aqueous phases of the drain
water samples; they vary over the pH range of 2.0e3.0. To identify
whether the VOC gas is converted to sulphuric acid, yielding the
low pH value, we analysed the aqueous phase of the drain water
sample to determine the amounts of sulphate and chloride ions. In
general, not only sulphur but also alkali chloride induces severe
corrosion. Cox and Lyon, 1994 reported that the combined effect of
NaCl and SO2 accelerates corrosion. Therefore, ICP and IC analyses
were performed to confirm the possibility of corrosive effects by
sulphur and chlorine. Table 2 shows the pH values and quantitative
ICP and IC results for chloride and sulphate ions in each solution.
Although some differences exist, the results show that both solu-
tions have high concentrations of sulphate ions, whereas chloride
ions are rare. Thus, the aqueous phase of drain water is mainly
sulphuric acid with a very low concentration of chloride.

Here, we can predict the production of drainwater and its attack
on the pipeline surface. This corrosion process is somewhat
different compared to previous reported corrosion caused by water
droplets in crude oil during transportation or by flue gas generated
from boilers or engines. The difference is caused by the conden-
sation of light hydrocarbons evaporating from crude-oil loading;
the condensed hydrocarbons form a thick hydrocarbon layer over
the aqueous phase. Moreover, much water with sulphuric acid is
condensed because of the high amount of H2S(g) and SO3(g) mol-
ecules originating from crude oil evaporation and flue gas (Ito et al.,
2015). As this aqueous phase is mainly sulphuric acid, the hydro-
carbon layer partially interferes with the evaporation of sulphuric
acid, thus inducing continuous accumulation of sulphuric acid.
Fig. 3 shows a schematic model for the process of sulphuric acid
formation and accumulation inMVRS. Considering that the VOC gas
evaporated from the crude oil mainly comprises saturated hydro-
carbons, the sulphuric acid solution produced by hetero- or ho-
mogenous reactions diffuses downward because of the density
difference and does not dissolve with hydrocarbons. At this time,
the hydrocarbon layer continuously condenses and volatilises
because it has direct accessible surface exposure to VOC gas,
whereas the evaporation of sulphuric acid located below is limited
but steadily attacks the pipeline surface. As the evaporation rate of
the aqueous layer depends on the thickness, viscosity, and polarity

Table 1
Chemical composition of STPG 370 and stainless steels.

Grade C(%) Si(%) Mn(%) P(%) S(%) Ni(%) Cr(%)

STPG 370 �0.25 �0.35 0.3e0.9 �0.04 �0.04 - -
SUS 304 �0.08 �1.00 �2.00 �0.04 �0.03 8.00e10.50 18.00e20.00
SUS 316L �0.03 �1.00 �2.00 �0.04 �0.03 12.00e15.00 16.00e18.00
SUS 420J2 0.26e

0.40
�1.00 �1.00 �0.04 �0.03 e 12.00e14.00

Fig. 2. Typical FT-IR data of two different types of drain waters collected from an
MVRS. Each bond peak corresponds to (1) C-H stretching, (2) C]O stretching, (3) N-O
stretching, (4) C-H bending, (5) CeC bending, (6) C-H bending, (7) O-H stretching, and
(8) O-H bending.

Table 2
The ICP and IC analyses of drain water samples.

Compound

Cle (Chlorine) SO4
2� (Sulfate) S (Sulfur)

Sample 1 0.007 0.339 0.124
Sample 2 0.010 0.466 0.178
Sample 3 0.001 0.154 0.115
Sample 4 0.001 0.197 0.077
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of the hydrocarbon layer, and because no hydrogen bonding occurs
in the hydrocarbon layer in Fig. 2(a), sulphuric acids are captured
with no emulsion of hydrocarbon throughout the range of opera-
tional temperatures. Therefore, the high amount of sulphuric acid
originates from the complexity of crude oil evaporation, flue gas,
and the hydrocarbon layers formed on the aqueous phase.

To investigate the impact of corrosion by sulphuric acid gener-
ated from the VOCs, an immersion corrosion test was performed.
Specimens of STPG 370 were used in our experiment, where STPG
370 representedmaterials used for pressure pipelines in themarine
industry. The specimens were immersed in various drain water
samples for 12 weeks. Fig. 4 shows the results of exposure to
various drain water samples. The corrosion rate was calculated
using the following equation:

Rc ¼ 87:6 DW=rAT; (1)

where ⍴ is the metal density [g cm�3], DW is metal weight loss rate
[mg cm�2], A is the exposed area [cm2], T is the exposure time [h],
and Rc is the average corrosion rate [millimetres per year].

We confirmed that the range of corrosion rates among drain
water samples was relatively wide. As shown in Fig. 4, samples A, B,
and E have high corrosion rates up to 0.275mm/y, whereas samples
C and F show almost no corrosion. Samples C and F are correlated
with the hydrocarbon-based drain water, which induces less metal
corrosion. The results corresponded to the corrosion rate for the
condition of 65%e80% H2SO4 concentration in the experiment of

Panossian et al. (2012). This corrosion rate can vary with the
amount of water adsorption, and severe localized corrosion may be
carried out at certain levels of water concentration. Particularly, it is
expected that high corrosion may occur in a region where water
droplets are continuously generated while the piping is in contact
with atmosphere.

Fig. 5 displays a typical specimen surface before and after the
immersion corrosion test with drain water sample B. Large
amounts of rust form on the entire metal surface upon exposure to
the solution. After cleaning rust from the surface, corrosion
cracking is easily visible on the metal surface. The element map
from EDS shows that oxygen, iron, sulphur, and carbon species are
evenly distributed and reacted on the corroded surface. This uni-
form elemental distribution proves that general corrosion occurs.
Therefore, it is confirmed that metallic iron is converted to iron ions
that bonded with sulphur and oxygen to produce FeSO4 or Fe2O3
during corrosion (Kim, 1999). Here, structures of cotton-like balls
are observed on the surface. These structures are typical of semi-
crystalline goethite (a-FeOOH) as a corrosion product (Dai et al.,
2015). Goethite is thermodynamically stable and, as it covers the
steel surface, it may reduce the corrosion rate (Singh et al., 2008;
Yamashita et al., 1994). Therefore, the corrosion resistance is
affected by the growth of networked cotton ball-like structures
forming on the steel surface.

The corrosion rates shown in Fig. 4 and in sulphuric acid stan-
dard solutions of different pH values were compared. Fig. 6 shows
the corrosion rates of the same specimens as above after immersion
in sulphuric acid solutions of pH 1 to 7 for 12 weeks. The curve
shows that the slope of the corrosion rate increases as the pH is
decreased. If the corrosion rates in Fig. 4 for samples A, B, D, and E
are placed on the curve, the corresponding pH range is from 1.8 to
3.0. These values mostly correspond to the pH values measured
directly from the drain water samples. Therefore, we confirm that
VOC drainwater is a solution mainly comprising sulphuric acid and
small amounts of other impurities that can affect the corrosion.

The polarisation curves were obtained from different drain
water samples. In the Tafel extrapolation method for measuring the
iron corrosion rate, the corrosion rate depends on the kinetics of
both anodic (oxidation) and cathodic (reduction) reactions. Ac-
cording to Faraday's law, the metal dissolution rate or corrosion
rate, Rc, is linearly related to the corrosion current icorr:

Rc ¼ M icorr=n Fr; (2)

where M is the atomic weight of the metal, r is the density, n is the
charge number indicating the number of electrons exchanged in
the dissolution reaction, and F is the Faraday constant
(96.485 Cmol�1). Here, electrochemical corrosion tests were con-
ducted on samples showing constant corrosion rates in Fig. 4; thus,
samples A, B, D, and E were analysed. As shown in the polarisation
curves in Fig. 7, the corrosion potential and the current density of all
samples have similar values within constant ranges. Table 3 sum-
marises the corrosion properties of the STPG 370 samples in
different drain water samples (A, B, D, and E) obtained from the
polarisation curve results. The corrosion rate ranges from 0.2285 to
0.2715, and the results are similar to those in Fig. 4. In the case of
sample D, the immersion test result is much lower than the elec-
trochemical test result. This may be because of the formation of
corrosion by-products on the surface of sample, which delay
corrosion during the immersion test. According to the results of
corrosion analysis, we have found that the corrosion rate is suffi-
ciently high to induce damage to the MVRS.

Electrochemical tests were performed on SUS 304, SUS 316L,
and SUS 420J2 to evaluate the corrosion impact on alternative
materials in the above corrosive conditions. In the experiment,

Fig. 3. A scheme of a cross-section of a MVRS pipe, summarising the major processes
that lead to sulphuric acid formation and accumulation during VOC transportation.

Fig. 4. Corrosion rate values of various drain water samples. All corrosion rates were
calculated from the 12-week immersion tests.

Y.Y. Choi et al. / International Journal of Naval Architecture and Ocean Engineering 11 (2019) 52e58 55



drain water sample B, which had the highest corrosivity, was used.
As a result in Fig. 8, the corrosion rates were 0.0152, 0.0102, and
0.0044mm/y in order of SUS 420J2, SUS 304, and SUS 316L,
respectively (Table 4). This confirmed that the corrosion resistances
of SUS 304 is 26.6 times greater than that of the currently used
STPG 370 material. Considering the design lifespan of the pipe,

Fig. 5. Typical SEM image of the pipeline surface (a) before and (b) after corrosion by immersed in drain water sample B. The element map for O, Fe, C, and S using EDS is displayed.

Fig. 6. Relationship between the pH (sulfuric acid) and the corrosion rate of the STPG
370 specimen. The pH values of the solutions were obtained by controlling the sulfuric
acid concentration. The corrosion rate was calculated by measuring the specimen
weight loss after immersion in each solution for 12 weeks.

Fig. 7. Curves of polarization electrochemical test of STPG 370 in different drain water
samples (A, B, D, and E).

Table 3
Ecorr, icorr, and Rm for STPG 370 in different drain water samples.

Drain water Ecorr (V vs SCE) icorr (mA cm�2) Rc (mm/yr)

Sample A �0.69 0.0221 0.2564
Sample B �0.76 0.0234 0.2715
Sample D �0.73 0.0227 0.2633
Sample E �0.67 0.0197 0.2285
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based on fluid characteristics, is at least 20 years, the result value is
generally acceptable for usage. Therefore, we predict that clogging
issues can be minimised by using these alternative steels where
severe corrosion occurs.

Though our field survey, corroded particles that could generate
clogging issues were mostly observed in the detonation arrester
and strainers of MVRS. The flow of VOC gas containing H2O vapour
remains for a certain time because of the structure of the detona-
tion arrester or strainer, which interferes with the gas flow; thus,
the reaction to produce condensed sulphuric acid occurs continu-
ously. Next, the condensed sulphuric acid molecules accumulate
from the bottom of pipeline joined to the detonation arrester.
Therefore, the corrosionmainly occurs near the detonation arrester.
Representative gases emitted from ships include nitrogen oxides
(NOx), sulphur oxides (SOx), carbon dioxide (CO2), carbonmonoxide
(CO), Particulate Matter (PM), and hydrocarbons (HC) (Seddiek and
Elgohary, 2014; Seddiek et al., 2012). Here, the reaction between
SO3 from flue gas and H2O is as follows (Akhmatskaya et al., 1997;
Jayne et al., 1997):

SO3 þ H2O¼H2SO4. (3)

Previous studies have reported that SO2 is the main species of
SOx emitted from flue gas, and SO2 is partially converted to SO3 in
the presence of O2 and H2O, eventually producing H2SO4 (Belo et al.,
2014; Marier and Dibbs, 1974).

To understand the environmental factors and their effects on the
production of sulphuric acid, thermodynamic chemical equilibria
were calculated. Equation (3) is well known, and shows that H2SO4
productivity is inversely proportional to the temperature
(Akhmatskaya et al., 1997; Jayne et al., 1997). Considering the in-
ternal pipe temperature, which ranges from �10 to 60 �C from
winter to summer in South Korea, we analysed the trends in sul-
phuric acid production in this operating temperature range.
Although the results of thermodynamic chemical equilibrium cal-
culations can differ from real chemical reaction results, the calcu-
lations can provide trends and comparisons of the effects of

environmental factors regarding the production of condensed sul-
phuric acid solutions. Therefore, we input the VOC chemical
composition of the flue gas and compared the production of
condensed sulphuric acid. Because the accurate chemical compo-
sition of flue gas is difficult to acquire, the values described in
American Bureau of Shipping (ABS) rule were used (ABS, 1980). As
shown in Fig. 9, the production of condensed sulphuric acid rapidly
decreases after a critical temperature point, which is shifted to
higher temperatures as the pressure is increased; thus, the amount
of condensed sulphuric acid increases as the pressure is increased.
However, more than 90% of condensed sulphuric acid exists below
100 �C, irrespective of the pressure. This tendency correlates with
the findings of Jaworowski and Mack (1979), who found that the
production of H2SO4 aerosol was increased until the temperature
reached 100 �C, and that only 0.1 ppm of H2SO4 vapour remained in
the flue gas. Hence, we see that sulphuric acid is produced in large
quantities under practical and normal MVRS operating conditions
of typical temperatures and pressures. Fig. 10 shows the relative
relationship between the SO2 concentration and the production of
sulphuric acid in the VOC flue gas. The calculation shows that the
condensed sulphuric acid production is directly related to the SO2
concentration, and the temperature region in which sulphuric acid
is produced broadens as the SO2 concentration increases. Conse-
quently, the amount of sulphuric acid produced is more sensitive to
SO2 concentration than to either temperature or pressure, and the
formation of H2SO4(l) is inevitable in the operating range of normal
MVRS conditions.

Fig. 8. Curves of polarization electrochemical test of different alternative materials.

Table 4
Ecorr, icorr, and Rm for alternative materials in drain water B.

Specimen Ecorr (V vs SCE) icorr (mA cm�2) Rc (mm/yr)

STPG 370 �0.76 0.0234 0.2715
SUS 304 �0.36 0.000983 0.0102
SUS 316L �0.32 0.000423 0.0044
SUS 420J2 �0.38 0.001412 0.0152

Fig. 9. Typical equilibrium composition diagram of condensed H2SO4 production at
various pressure conditions.

Fig. 10. Typical equilibrium composition diagram of condensed H2SO4 production at
various SO2(g) concentration conditions.
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4. Conclusions

We performed chemical analyses of the components in drain
water collected fromMVRSs handling crude oil. The results indicate
that MVRS drain water is mainly sulphuric acid because high con-
centrations of sulphate ions were detected, whereas chloride ions
were rare. In the corrosion tests, the pipeline surface sample was
highly corroded after exposure to the drain water solution. We
compared the corrosion rate occurring in the immersion test with
that in electrochemical testing; samples showed constant and high
corrosion rates reaching 0.275mm per year under drain water
conditions. Thus, the acidity of typical drain water was sufficiently
high to present a high risk of corrosion to operating MVRSs.
However, alternative materials showed acceptable corrosion rates
for practical usage in drain water conditions. Equilibrium compo-
sition calculations demonstrated that condensed sulphuric acid is
produced under practical operating conditions and that the SO2
concentration in the flue gas has the strongest effect on the amount
of condensed sulphuric acid formed. Therefore, we proposed a
model of sulphuric acid formation and accumulation, caused by the
complexity of high amounts of H2S from crude oil evaporation, SO3

from flue gas, and thick hydrocarbon layers arising from VOC
condensation. We expect that this study can contribute to mini-
mising the corrosion risk in the design and operation of vapour
emission control systems applied to marine conditions.
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