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SUMMARY

The maritime sector is important for the facilitation and growth of global trade. Currently, about 90% of the
goods are transported by ships and as a result, the number of ships has risen, increasing the emissions related
to shipping. Pollution caused by exhaust gas, especially the sulphur oxide emission, from marine diesel
engines has become a global concern in recent years. Therefore, the International Maritime Organisation
limited marine fuel sulphur content in both Emission Control Areas to 0.1%w/w since 2015 and globally to
0.5%w/w since January 1st , 2020. It is anticipated, that the newly implemented IMO regulations will help to
mitigate negative impact of ship emissions on public health and the environment in the coastal areas.

The wet scrubber system is a reliable technology for flue gas desulphurisation in marine applications and can
achieve a sulphur dioxide removal efficiency of 98%. The operating costs are low, however the capital cost for
installation are high and a scrubber system requires space for installation while maintaining ship’s stability.
Wet scrubber systems operating in a closed loop and using caustic soda may operate without discharge to the
sea and thus are allowed to operate in ports. The use of caustic soda also makes it possible to use the scrubber
in areas with low seawater alkalinity. However, scrubber systems generally operate at 100%, even when the
engine operates at low load. This results in an increase of the fuel consumption and carbon dioxide emissions.

The main objectives of this research are to examine the influence of water evaporation on the sulphur dioxide
removal efficiency and the (response of the scrubber) effect of dynamic loads on the scrubber efficiency.
A dynamic model of a closed loop wet scrubber operating with fresh water and caustic soda also known
as sodium hydroxide was created and verified. The scrubber model consists of three resistance elements,
namely the venturi scrubber, the tower scrubber with a packed bed and the demister and two volume
elements (lower and upper) to connect the resistance elements. The absorption of SO2 is mainly taking
place in the packed bed and the two phase flow of exhaust gas and scrubbing liquid was modelled in this
section. The Nerst film theory was used and extended to a two film theory in which the exhaust gas and
scrubbing liquid phases come into contact through an interface and exchange both heat and mass. The gas
flow in the packed bed could be modelled with a combination of resistance and volume elements as this
phase is compressible. The liquid flow and liquid film thickness in the packed bed were modelled based on
the conservation of mass and the liquid holdup theory developed by Billet and Schultes. A feedback control
system controls the scrubbing liquid flow based on the sulphur dioxide to carbon dioxide ratio. The system
includes a time constant to account for the inertia of the scrubber’s pump and pipe system. The verified
model was integrated with engine data and used to run several static and dynamic simulations.

The inclusion of evaporation in the packed bed leads to an increase of the scrubber efficiency in all engine
loads. The extra vapour added dilutes the gas phase and reduces the mass fraction of sulphur dioxide. When
evaporation is included in the analysis, the sulphur dioxide to carbon dioxide ratio leaving the scrubber is
1.88, equal to a fuel sulphur content of 0.043% on a mass base (from 3.5% in the fuel) for 100% engine load.
When evaporation is not included in the analysis the previous values are 2.3 and 0.053% respectively. To
increase the precision concerning the amount of water that evaporates, a higher discretisation of the packed
bed is required.

High engine load fluctuations and/or high input frequencies lead to overshoots and higher liquid supply, in
order to keep the scrubber system efficient. In the transition from 25% MCR to 100% MCR the liquid supply
exceeds the nominal value of 94 kilogram per second by by 5.3 kilogram per second (or by 5.6%). In the
transition between 75% MCR to 100% MCR, for the frequency of 50 seconds the liquid supply is equal to 92.9
kilogram per second. Increasing the input frequency 5 times results in an increase of the liquid supply to 96.1
kilogram per second. The sulphur dioxide to carbon dioxide ratio leaving the scrubber was always below the
ECA sulphur limit and was fluctuating around the set point, but most of the time below it. A combination
of feed forward and feedback and/or a more advanced control may result in a more stable control of the
scrubber, but this has to be investigated.
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iv SUMMARY

The model functions, but more research is required for the venturi and the demister models, but also for
the packed bed model. In the venturi a three phase flow is required and in the demister an analytical and
dimensional analysis is required. Also, the packed bed model needs to be further developed to include the
condensation effect and a more precise approach for the liquid phase.

Further research can be done on the integration of the model with a diesel engine and SCR model. Also,
seawater can be examined as a scrubbing liquid as this may reduce the operational costs of the scrubber.
Finally, because space requirements of the scrubber are high, a structured packed bed could be an alternative
to the dumped and reduce the space occupied by the wet scrubber.
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1
I NTRODUCTION

"Fillimi i mbarë është gjysma e punës"
Translation: "Well begun, is half done"

Albanian proverb

1.1. RESEARCH RELEVANCE AND BACKGROUND

T he maritime industry plays a fundamental role in the facilitation and globalisation of trade. The growing
world population has increased the demand for liabilities and consequently increased the demand for

shipping services. Around 90% of international cargo is carried by ships [18]. The increase in the global-scale
trade led to an increase in the number of ships [19]. As a result, the sulphur oxide ( SOX ) emissions increased.
Attracting less attention compared to other modes of transportation, shipping contributes about 5-8% of
global SOX emissions [20, 21]. However, ships are the most energy ef�cient and cost effective form of freight
transportation.

Ship's emissions impose a limit on the future of diesel engines which are the most ef�cient method for vessel
propulsion. Sulphur oxides are one of the primary air pollutants from vessels having extensive and proven
damage to human health [22]. In 2005, the International Maritime Organisation (IMO) issued legislation
limiting the SOX emissions from vessels to improve air quality. Today, the global sulphur cap on fuel is 0.5%
(since January 1st , 2020). There are Emission Controls Areas, where this limit is even lower, 0.1% (since
January 1st , 2015). According to MARPOL Annex VI, the sulphur limit can be achieved if vessels are using
more expensive low sulphur fuel, or invest in abatement technologies.

Research has been done focusing on the different strategies to comply with the regulations. These strategies
include application of reduction technologies on board and using alternative fuels. One of the main
directions is the environmental and health impact of the new policies in coastal areas. The other directions
approach the legislation from the ship owners/ship operators perspective. Creating tools for selecting
technologies related to compliance based on widely used �nancial appraisal criteria. These criteria calculate
the abatement costs based on shipowners' optimal decision making in choosing between low sulphur fuel or
investing in a sulphur scrubber. The size of the vessel, the operational area and the remaining operational
lifetime of the vessel are some of the most frequently used criteria to decide between low sulphur fuel or a
scrubber.

The wet scrubber technology has been applied in industry for decades. Much research has been done in this
area. Flagiello et al. [22] carried out small scale experiments for power plant applications using seawater
as scrubbing liquid. A structure packed column (height 0.16 m) is used, in atmospheric conditions, with

liquid-to-gas ratio between 1.06 and 3.44 kg
kg . Sulphur dioxide ( SO2) concentration were in the range 500–2000

ppmv. The synthetic �ue-gas was prepared by mixing SO2 (2% in nitrogen ( N2)) with either N2 (99.999%)

1
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or air, supplied by in high-pressure cylinders. Brown et al. [23] in order to improve the scrubber, nozzle
characteristics and placement, created a Computational Fluid Dynamics (CFD) model that uses lime slurry
spray in tube of 24inch diameter. Brogren et al. [24] developed models based on the penetration theory to
calculate the dynamic absorption rate of sulphur dioxide into a droplet of limestone slurry. Hatamipour et al.
[25] studied the reactive absorption of SO2 by seawater in a spray tower experimentally and mathematically.
They focused on the importance of liquid �lm formation on the walls of the scrubber and the liquid droplets
hydrodynamics and its effect on the performance of the equipment.

For maritime applications, the research mainly focused on the �nancial perspective. Ship's diesel engines
and wet scrubber systems are big and expensive devices. Therefore, experiments are in small scale and in
steady state conditions. Tang et al. [26] developed a prediction model for the desulphurisation ef�ciency
of on board magnesium base seawater scrubber. The exhaust gasses contain about 200 ppmv in SO2 and
are the product of the combustion of heavy fuel oil (HFO) with sulphur content of 1% w/w. They used
statistical approach to examine liquid to gas ratio, pH value and super�cial velocity on the desulphurisation
ef�ciency. The results showed that the liquid to gas ratio and the pH are the key parameters in�uencing the
desulphurisation ef�ciency while the super�cial velocity has limited effect. The highest ef�ciency reached
was 95.6%. Zhu et al. [27] carried out shipboard trial to investigate the ef�cacy of a magnesium based exhaust
gas cleaning system (Mg-EGCS) and the life cycle cost analysis method was utilised to evaluate the economic
bene�t of Mg-EGCS. The results of life cycle cost analysis indicated that the Mg-EGCS could bean economical
approach for ful�lling the convention. The cost of the additional fuel consumption and the chemicals was
around 1% of the total fuel cost. Boscarato et al. [28] examined the effect of the catalyst in a system that
uses a monolithic P t / Al2O3 oxidation catalyst and seawater scrubber for the simultaneous removal of
nitrogen oxides and sulphur oxides. The presence of catalyst before the scrubber allowed reduction of both
NOX and SOX . The examined system showed signi�cant ef�ciency for all target pollutants for fuel sulphur
content up to 0.4%. IMO NOX Tier III could be achievable with high sulphur content fuels. Yang et al. [29]
proposed a method for removal of NOX and SO2 from simulated ship emissions by wet scrubbing using
electrolysed seawater. The results showed that the main factors in�uencing the removal of NOX are available
chlorine concentration, seawater pH, the gas �ow rates and O2 concentration in �ue gas. Dashliborun
et al. [30] investigated CO2 capture performance into aqueous alkanolamine solution, in structured and
dumped packed bed scrubbers, on offshore �oating vessels, in a systematic study using a hexapod robot
with six-degree-of-freedom. The experimental results showed that deviation from the vertical position of the
packing material reduced the ef�ciency of mass transfer. In all the tests, the structured performance was
better than the dumped.

The research for maritime scrubbers is done mostly by wet scrubber manufacturers. The focus is on open
loop scrubber with seawater, closed loop scrubber with fresh water and sodium hydroxide and on hybrid
systems that operate either seawater, with fresh water and NaOH or seawater and NaOH. The scope is
normally limited in 100% engine operation and the �ndings are not publicly available. Wet scrubbers, can
meet the strict ECA sulphur limit in all engine loads. The closed loop does not have the side effects of the
open loop (discharges at sea) or the low sulphur fuel (more black carbon than HFO at lower engine loads).
But, when the engine operates in at low load, the scrubber keeps operating at 100% of its potential, increasing
fuel consumption.

At TU Delft, a �rst attempt to model a wet scrubber for maritime applications was carried out by Brouwer [31].
The objective was to create a dynamic model and to show the applicability of the model in the analysis and
preliminary design of a system. The dynamic analysis examines the changes in the liquid feed composition
and liquid �ow. The amount of NaOH injected to the system varies in the dynamic analysis. The control
system used is feedforward, meaning that the signal for the required liquid supply is taken before the gasses
enter the scrubber system. The sulphur dioxide over carbon dioxide ratio is calculated at the exit of the
scrubber. During a transient from high to low engine load an overshoot was observed for some seconds and
the amount of SO2 leaving the scrubber was higher than the limit. This was caused by the liquid entering at
the top of the scrubber was controllrd according to the gas conditions leaving the engine. Therefore, Brouwer
proposed an alternative control system to be used. A case study was done to show the possibilities and the
limitations of the scrubber. A dimension optimisation occurred from this study. In the analysis done only
the packed bed section was examined. The in�uence of the other sections of the scrubber were not taken
into account. The packed bed used had diameter of 2.5 meters which is in accordance with the commercial
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scrubbers. The 10 meters height of the packed bed section was larger than the commercial packing materials.
The majority of the commercially available scrubbers are around 8 meters in height and that includes the
lower volume, the packed bed, the upper volume and the demister section. The designed model used fresh
water but the evaporation effect is not taken into account. Brouwer recommends to investigate the effect of
evaporation in a future research.

1.2. OBJECTIVE AND RESEARCH QUESTIONS

Sulphur oxides have a signi�cant impact on the environment and human well being. The other sectors took
drastic measures to reduce sulphur oxide emissions, but the maritime sector did not followed the same
pace. This resulted in being considered one of the most polluting sectors nowadays. To reduce sulphur
oxide emissions from ships, operators can use very low sulphur fuel oil (VLSFO), which is more expensive
than HFO. A study submitted to IMO by Germany and Finland indicates that VLSFO produces more black
carbon than HFO [32]. An alternative that is gaining ground the last two years are wet scrubbers. More vessel
operators are retro�tting their vessels with scrubbers [33]. The closed loop scrubber was chosen, as it can
operate in areas with low seawater alkalinity and has no discharges in the sea. The scrubbing liquid is fresh
water with NaOH. Fresh water is stored in water tanks reducing the available space on vessels. Wet scrubbers
are designed to operate at 100% of their potential even when the engine operates at lower loads. The power
required for the operation of the wet scrubber is provided by the diesel engine. When a scrubber operates
fuel consumption is increased due to the operation of water pumps and a slight increase of back pressure.
Therefore, it is important to examine the in�uence of dynamic loads on scrubber operations.

The objective of this thesis is to cover the knowledge gap regarding the in�uence of:

• water evaporation and

• dynamic loads

on the operation of a closed loop wet scrubber systems for maritime applications.

The primary research questions derived from the above objective are:

1. How does the water evaporation affect the removal ef�ciency?

2. How fast can the scrubber respond to transient loads?

The secondary questions are:

1. What is the current legislation for SOX in maritime sector and what is the importance of their
application?

2. What are the available systems for SOX removal?

3. What is �nancially more viable, a scrubber or low sulphur fuel?

4. Can the proposed model meet the strict SECA sulphur cap?

5. Is the gas coming out of the packed bed fully saturated or not? Is there a need to include a demister and
how much water evaporates and needs to be replenished?

6. What is the SOX removal in transient conditions?

7. What is the buffer capacity of the water �ow for the SOX absorption at different engine loads?



1

4 1. INTRODUCTION

1.3. THESIS OUTLINE

The sources of sulphur oxides and the impact on the environment and humans are examined in chapter 2. In
this chapter, emphasis is given on the maritime sector, focusing on its share in the SOX emissions; legislation
to reduce SOX emissions; possible SOX reduction methods and an estimation about the future. Chapter 3,
deals with wet scrubber technology, its advantages and disadvantages, the pollutants removed, the effect
of the discharging scrubber wash water on marine environment and the economic viability of using this
system. In chapter 4, the modelling approach for the gas and liquid phase will be discussed. Chapter 5,
provides the model development and the governing phenomena in the scrubber system. Chapter 6, provides
the inputs of the model and the veri�cation analysis. In chapter 7, the scrubber model will be integrated in
a complete system and static and dynamic analysis will be carried out. Finally, in chapter 8 the conclusions
are given with recommendations for future work.



2
SULPHUR OXIDE EMISSIONS

"We cannot solve our problems with the same thinking
we used when we created them"

Albert Einstein

2.1. BRIEF HISTORY OF ATMOSPHERIC POLLUTION

Anthropogenic air pollution has its roots since the ancient times with the appearance of humans [34]. The
Roman philosopher Seneca describes with aversion the situation of Rome's atmosphere which incurred

by chimneys and other unpleasant emissions [35]. In the 13 th century humans started to use coal in the
lime kiln. According to Te Brake [36] the situation became even worse at the beginning of the next century in
densely populated areas such as London. In his book "The Age of Smoke", Frank Uekoetter [37] states that
the problem was abated over the next few centuries until the industrial revolution (usage of steam engine
that was fuelled by coal) where severe emissions reached high levels and became a severe problem in big
cities. The �rst national legislation appeared on 1880 in USA focusing on industries, in mobile and maritime
sources.

In the 20 th , the technology's progress, the improvement of legislation and the increase of public awareness,
played a decisive role in the air pollution control [38]. Filters and other devices started to be applied, but the
most important contributor was the substitution of coal by other fuels that produce less smoke; and steam
engine by the electric generator. Moreover, the optimisation of gas treatment devices and the improvement
of chemical engineering in the �eld of analysis, design and process control, played a signi�cant role in the
treatment of exhaust gas. In this day and age, a big part of the of atmospheric pollution is related to the usage
of fuels for industrial purposes, for transport and for electricity production for households [38]. The regions
that face the greatest problem are the large industrial urban areas because of their high energy requirements.
Earth's population is on increase and consequently there is a greater need for energy. Is estimated that in the
near future, the issues of air pollution will be due to the continuous increase of fossil and nuclear fuels usage.
Abatement technologies are an ef�cient method to deal with air pollution, but it is a temporary solution. For
this reason, it is imperative to focus on sustainable, zero-emission sources of energy.

5
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2.2. SOURCES OF SULPHUR OXIDES

Sulphur oxides (SOX ) are chemical compounds created by the combustion of sulphur or any other compound
that contains sulphur. Among all chemical compounds containing sulphur, sulphur dioxide (SO 2) is the
component of greatest concern. Sulphur dioxide make up 95% of the total sulphur oxide emissions [39].
Sulphur dioxide is used as an indicator for the group of gaseous SO X , because it is in elevated concentration
compared to all the others. All fossil fuels contain sulphur. Tiwary and Colls [40] explain that the content of
different fuels in sulphur is not the same, proposing the following categorisation:

• Sulphur content of oil and its by-products lies in the range between 0.1% (paraf�n) and 3% (heavy fuel
oil) in the form of sulphides and thiols. The processed oil and gasoline contain less than 0.05% sulphur.

• Petrol contain a small amount of sulphur in the contex of total mass emission. Although, an odour
problem may arise when converted to hydrogen sulphide on catalytic converter.

• In coal, sulphur appears mostly as �akes of iron pyrites (F eS2), and ranges from 0.1 - 4%.

• Natural gas, initially when extracted for the well may have 40% (H 2S), but before distribution is subject
to chemical processing so as to be sulphur free.

The sources of SOX can classi�ed in two general categories:

1. Natural sources

2. Anthropogenic sources

2.2.1. NATURAL SOURCES
Natural sources are considered all the sources that are not caused by human activity. Even though separation
in this sense is not always easy or obvious, it helps a lot to consider it. Examples are erupting volcanoes and
forest or green area �res, which among the other elements, release SO 2. Hot springs are another natural
source of SOX and sulphuric gasses in general [41]. However, the natural sources are not considered to be a
major concern as they are part of natural equilibrium. The natural sources of sulphur are outweighed by the
anthropogenic [42].

2.2.2. ANTHROPOGENIC SOURCES
Anthropogenic pollution is inextricably linked with man kind evolution, both in terms of growth of
population, in energy consumption and technological development. Man made sources are negatively
contributing to the air quality [42]. SO X emissions are regulated on a mass based percentage of the fuel,
because sulphur is a fuel based atom. Almost all the anthropogenic sulphur contribution in the atmosphere
originates from fossil fuel combustion. Depending on the fuel (crude/distillates) the amounts may vary.
Sulphur dioxide is formed according to the reaction:

C H3 ¡ SH Å 3O2 ¡¡! SO2 Å CO2 Å 2H2O (2.1)

Oxidisation of SO 2 to sulphur trioxide (SO 3) takes place during the combustion process and in the exhaust
channels. Sulphur trioxide, is a highly hygroscopic molecule and a reaction with water (from the �ue gasses)
will lead to the formation of sulphuric acid (H 2SO4) [43]. At temperatures higher than 800°C and in the
presence of vanadium of iron oxides, chemical conversion will increase [42]. Fuel oil with elevated vanadium
concentration can convert 20% -30% of sulphur to SO 3 [40].

When released into the ambient, SO 2 reacts photochemically with oxygen in proportion 1-2% %/ hour under
the presence of ultraviolet radiation (UVR) and will form SO 3. The following reaction will take place:

2SO2 Å O2
UVR

¡¡¡¡¡¡! 2SO3 (2.2)

SO3 Å H2O Å ¡¡! H2SO4 (2.3)
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The newly formed SO 3 will instantly absorb moisture to create H 2SO4 in the form of microscopic drops
(aerosol). An increase of the conversion of the order of 15% is observed in presence of high humidity or fog
[42].

Figure 2.1: SOX emissions (in Gg) by sector in the period 1990-2017 [1].

Anthropogenic sources, in turn can be classi�ed into two major categories a) mobile and b) stationary
sources. In the stationary anthropogenic source, the principal sources of sulphur are industrial activities (e.g.
metallurgical plant and re�ning processes) and services of general interest (e.g. power plants burning coal or
fuel combustion mainly for electricity production). In the member countries of the European Environment
Agency (EEA-33), even though the immobile SO X emissions have been reduced for more than 75% since
1990, they still contribute to more than the half SO X emissions (Figure 2.1) [2]. European industrial sector
is reported to be less sulphur emission intensive and economic crisis seems to be another reason for that
reduction due to lower economic activity that are the result of lower demands in industrial goods and energy
[44].

Mobile sources of pollution can be characterised as sources that produce their own energy required to move
from the one place to the other. Cars, are the most representative subject of road sources. Non-road sources
include ships, aeroplanes, that can move in different levels (sea, land, sky) and use different combustion
processes and fuels. In developed countries diesel vehicles are the main mobile sources of pollution. The
improvement of technology and new stricter legislation forces toward an improvement in fuel quality and
application of emission mitigation equipment (SCR, scrubbers) to alleviate the harmful pollutants. In the
EEA, between 1990 and 2016, the transport sector signi�cantly reduced emissions of several pollutants,
among them SO X (63% reduction). In areas with large ports there is also signi�cant contribution from ships.

An increase in the global SO 2 emissions (stationary and mobile) from 4 million tonnes (mt) to 150 mt was
observed for the period 1860 - 1990. The USA and Europe had a gradually increasing trend until 1970 where
SOX emissions reached their peak. After that time they measures were taken to reduce them. Globally, SO X

contribute around 24 mt/year in the atmospheric pollution. National Emission Ceilings Directive (NECD)
and the Gothenburg Protocol under the Convention on Long-range Transboundary Air Pollution (CLRTAP)
set emission ceilings to European countries for the ambient air pollution [2]. All the EU-28 countries have
reduced their SO X emissions below the level of NECD and UNECE/CLRTAP Gothenburg protocol [45], a 91%
decrease in SOX emission. In 2016, the total emissions in EEA were almost 4.7 mt, which was decrease in the
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Figure 2.2: Emission trends of the air pollutant SO X [2].

order of 82% compared to the values of 1990 (Figure 2.2).

To comply with the legislation set by national and international organisations the following measures were
taken:

• Fuel Switching: The last years has been a trend in all sectors (energy production, industry and
domestic) to switch from high sulphur fuels (solid or liquid) to low/zero sulphur fuels (e.g. natural
gas).

• Abatement equipment: In sectors that use fuels with high content of sulphur, �ue gas desulphurisation
equipment needs to be installed.

• Improvements in energy ef�ciency: Improvement in energy ef�ciency has an outcome in reducing
energy demand and thus a reduction of sulphur emissions.

• Sulphur content of fuel: Emission legislation is a signi�cant step that leads the way toward sulphur
reduction.

Application of legislation is of paramount importance to mitigate and if possible to eliminate the negative
effects of sulphur oxides. Their impact the last centuries is severe and it is not affecting only human beings,
but also the environment in the broader sense.
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2.3. I MPACT OF SULPHUR OXIDES ON THE ENVIRONMENT

Inorganic sulphide particles, sulphuric acid and other sulphates are typically measured to be between 5 -
20% of the total amount of particles in an urban area [41]. The most disreputable and disastrous group of
atmospheric pollutants are associated with the sulphur element. The impact of SO 2 can be more intense
if they are combined with other pollutants, especially particulate matter, as the reaction speed depends on
relative humidity, the amount of sunlight intensity and air temperature, and the presence of other chemical
compounds (hydrocarbons and NO 2) [41]. In the stratosphere, SO 2 oxidises to sulphuric acid, which with the
soot particles from aircraft exhaust promote heterogeneous chemical reaction cycles that destroy ozone (O 3)
[46]. Sulphur oxides are associated with signi�cant effects in the chemistry of the atmosphere, problems to
human health, �ora, fauna, civil structures and probably are also contributing to climate change [41].

2.3.1. I MPACT ON HUMANS
Researches have shown that SO2 is soluble and is easily absorbed in the upper respiratory tract. In humans,
lower perception limit for taste and smell is 0.3 ppmv and 0.5 ppmv respectively [38]. In concentration higher
than 1 ppm, partial bronchoconstriction is noted which causes variations in the breathing and the pulse
frequency. When concentration is above 5 ppm it causes breathing problems such as spasmodic reactions,
while in concentration higher than 10 ppm it irritates the eyes, the nasal cavity (causing nosebleed) and
the throat (cough) [38]. The ability of SO 2 to irritate the eyes increases three to four times when conditions
favour the formation of sulphuric acid. In the presence of particulates, SO 2 can penetrate deep into the
lungs and cause severe health problems. The elderly, children and individuals with asthma and bronchitis
are more sensitive compared to the rest of the population [38]. Long lasting exposure of human beings in low
SO2 concentrations can cause death [38, 41, 46].

Several incidents of atmospheric pollution, that have been recorded in big cities around the world, were the
result of elevated level of SO 2 in combination with favourable conditions for sulphuric acid formation. All
these incidents had a common characteristic that was respiratory problems. Many patients were hospitalised
and some died. It is worth noting some hazardous events occurred in Donora 1948 and London [41].

2.3.2. I MPACT ON FAUNA
There is a lack of bibliography concerning the impact of SO X on fauna. The impacts of SO 2 on animals,
for short-term periodic exposure, are similar to humans. Although, animals seem to be less sensitive than
humans. However, in densely populated areas animals lifespan is shorter compered to them who live in areas
without industrial activity or sparsely populated areas [41]. One of the main impacts of the SO X emissions
is acid deposition (acid rain or snow). Acid deposition has increased the acidity of many lakes making them
unable to support �sh life, destroying the aquatic ecosystems [38]. Also, some plants thrive on higher acidity,
it reduces the biodiversity and with this the animals that can live in a certain area.

2.3.3. I MPACT ON FLORA
The early history of pollution from SO 2 is linked with the damage on vegetation and can be acute (direct)
or chronic. The damages can be created either by the extensive exposure on low concentration of SO 2 or in
short exposure on higher concentration [38]. The sensitivity of vegetation to SO 2 may vary. Some trees and
shrubs start to change their colour to yellow due to short exposure at SO 2 concentrations between 0.3 to 0.5
ppmv. Exposure in lower concentration but for longer periods may cause the leaves to fall and severe damage
to some seeds. It is also possible that the growth of plants will be delayed even with a low concentration of
sulphur in the atmosphere [41]. The major effects on green plants are the loss of chlorophyll (chlorosis) and
the tissue collapse of many of the leaf cells (plasmolysis). Frequently, in areas with minerals roasting activity,
where sulphur concentration is high, vegetation is completely destroyed [38]. There are also other studies
that are concentrated on the combined effects of acid deposition (half of these deposition are sulphur based)
and ozone on plants [47].

The main question that arises is if there are suf�cient methods to reduce sulphur oxide emissions so as to
eliminate their negative effects and gradually bring the atmospheric conditions back to pre-industrial levels.
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2.4. M ETHODS USED FOR SULPHUR EMISSION REDUCTION

The two major strategies for the pollution control from SO X are:

1. the usage of sulphur free or low sulphur fuels and

2. the removal of SO X from the exhausts gasses.

Each one of the above approaches, provides many methods that have been investigated. Based on the work
of Cooper and Alley [38], the most well-known processes will be described brie�y in the following subsections.

2.4.1. FUEL DESULPHURISATION
Crude oil's content on sulphur ranges between 1% - 3%, which means it is mostly acidic. Generally
consumers prefer to use clean fuels, with low sulphur content. Therefore, a lot of re�neries have installed
hydrodesulphurization (HDS) units following the catalytic reaction:

R¡ SÅ H2 ¡¡! H2SÅ R (2.4)

where R, is the organic-functional group.

Up to 1975, H 2S from the desulphurisation unit was normally mixed with the gas fuels of the re�neries and
SO2 was produced from the combustion. Thus, there was just a redistribution of the source and not overall
SOX reduction in the atmosphere. To deal with this issue, sulphur recovery methods were created that use
the Claus process [38]. According to this process, part of H 2S is combusted to SO2 (equation 2.5). Then, both
compounds are combined with a catalyst for simultaneous oxidisation (equation 2.6). The reactions that
take place are:

H2SÅ
3

2
O2 ¡¡! H2O Å SO2 (2.5)

2H2SÅ SO2 ¡¡! 2H2O Å 3S (2.6)

The elemental sulphur is separated as a by-product and the amount of H 2S and SO2 emissions from the
re�nery is signi�cantly reduced [38].

2.4.2. EXHAUST GAS AFTER TREATMENT
Depending on the SO 2 concentration, the removal techniques can be divided:

1. High concentration techniques , an example of this process is smelting of sulphur-containing minerals
(around 10% sulphur), where a current of high SO 2 concentration is produced . In the presence of
catalyst (Vanadium, Va) oxidation of SO 2 to gas SO3 takes place and then absorption of SO 3 in water to
form H 2SO4 [38].

2. Low or middle concentration technique (SO2 concentration < 2000 ppm or 0.2%). In this scenario, �ue
gas desulphurisation is carried out. In turn, this technique can be divided in two main methods, the
throwaway method and regenerative method. In the throwaway method, sulphur is removed from the
exhaust fumes. The most common processes of the throwaway method are: limestone scrubbing, lime
scrubbing, dual alkali system, lime-spray drying and dry scrubbing. In the regenerative method the
retrieved sulphur can be used again in the process. The regenerative method is more expensive than
the throwaway method and is chosen when there are space limitation and limited product disposal
options. The most know process is called Wellman Lord (W-L process). Other known methods are:
MgO process, Citrate scrubbing process and Westvaco process [38].
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2.5. M ARITIME SULPHUR OXIDE EMISSIONS

In the 21 st century, impact on the environment is a crucial issue. The pollution control measures taken the
last years contribute to the reduction of global SO X emissions from all sources. Although, the progress made
from the maritime industry hasn't proceeded in the same pace as in the other sectors and could diminish all
the progress made from the inland activities [48]. There is a growing awareness of the increasing contribution
made on air quality by the national and international shipping sector. In the last few decades, the maritime
industry bloomed reaching its climax in May 20 th , 2008 when the Baltic Dry Index hit a record of 11,793 [49].
The increase in the global-scale trade had as an outcome the number of vessels to increase, which in turn
increased the SOX impact on the coastal areas [50]. Besides primary inland pollution, special attention is
placed on the pollution from vessels as they account 5 - 8% globally [51].

Figure 2.3: Estimation of SO X emission from the maritime sector compared to land-based activities for 25 EU countries [3]. This
estimation refer only to ships in the international trade and do not include inland shipping and harbours.

Sulphur oxide emissions from vessels were not high compared to other sectors. Ships transport large
quantities of necessary goods across the world, they are the most sustainable and energy ef�cient means of
transportation compared to all the others (aviation, railway, road trucks) [52, 53]. However, SO X emissions
from international shipping exceeds road transportation [54]. The maritime industry is now considered to
be one of the main contributors of SO X emissions in the transport sector, especially in regions with intense
vessel traf�c. If no measures were taken, then according to an estimation of European Commission in 2005
(see Figure 2.3), the combined SOX ship emissions for 25 EU member countries would be higher than the
land-based [3]. The prediction of International Council on Clean Transportation (ICCT) for 2050 is that SO X

emissions will rise more than 18% [3]. These predictions were done before 2005 and do not include the IMO
regulations. The purpose was to show the trends if no measures were taken.

Figure 2.4a displays that for the EEA countries, an essential reduction is observed the last decades.Athough,
maritime impact is still signi�cant. In 2016 (Figure 2.4b), the share of the international shipping in EEA was
11%.

2.5.1. SOURCES AND IMPACT OF SULPHUR OXIDES
Vessel's emissions are anthropogenic mobile emission sources. All the power required on ships for propulsion
and other functions is generated though the main and auxiliary engines. These prime movers are in most of
the cases diesel engines as they offer some signi�cant advantages such as being insensitive to fuel quality, are
reliable and ef�cient. A disadvantage is that exhaust gasses from marine diesel engines are the main source
of emissions from vessels and have a signi�cant contribution to air pollution. This drawback of diesel engine
is also the major threat to their future use in marine propulsion [56].

Sulphur oxide emissions from vessels are the result burning of sulphur compounds in the marine fuel used
on board. Stapersma [56] states that SO X emissions are directly linked to the fuel sulphur content. The fuel
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(a) Overall SOX emission from the transport sector in the EEA
countries for the time period 1990 - 2016 [55]

(b) SOX emission from the transport sector in the
EEA countries in 2016 [55]

Figure 2.4: sulphur oxide emissions from the transport sector in the EEA.

used on vessels can be categorised in grades, based on the properties described in ISO 8217. Generally, lower
fuel grades (e.g. lower quality fuels) have a higher fuel sulphur content. These low quality fuels are the left
over waste for the re�ning process after all other useful components have been removed. The maritime
sector consumes mostly low grade fuels such as heavy fuel oil (HFO) and marine diesel oil (MDO), due to a
lower fuel price.

Formation of SO X in the exhaust gasses is caused by the oxidation of the elemental sulphur in the fuel into
sulphur monoxide (SO), SO 2 and SO3 during the combustion process. When referring to SO X emissions in
diesel engine exhaust gasses, this mostly consists SO2 and a small amount of SO 3 [56]. Typically, the amount
of SO3 is 5% of the amount of SO X [57].

Figure 2.5: Shares of global SOX emissions and transport work (payload; km ¢ton ) in 2015 classi�ed in terms of size categories of ships
(measured gross tonnage, GT) [4]

The fuel consumption of the vessel is affected by its sailing speed. Recently, the average operational speeds
have been reduced [58]. This in response to the high fuel prices which represent the main element of the
operational cost and the low freight markets [59]. Vessel operators, operate their vessels between 15% to
40% of their total power. This strategy saves energy through the hull resistance to speed relation, but it
increases the speci�c fuel consumption of the engine [60]. At a lower load the mechanical ef�ciency and
the thermodynamic cycle ef�ciency may be lower. Sulphur oxides is directly related to the speci�c fuel
consumption. Therefore, the speci�c fuel consumption is about 10% higher at low load, resulting in a
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speci�c increase of SO X emissions with the same percentage [61].

Considering the size, vessels equal to or greater than 80000 GT constitute the 6.8% of all the IMO registered
vessels but they contribute 33% to shipping emissions and they carry around 44% of all maritime cargo (see
Figure 2.5). Vessels smaller than 10000 GT compose around 88% of the global �eet but their contribution
on the total SO X emissions is the least [4]. They have the lowest average travel distance and the smaller
engines (low power engines). Container ships, cargo carriers and tanker's emit about 87% of all maritime
SOX emissions [4].

2.5.2. AREAS FACING THE GREATEST PROBLEM FROM SULPHUR OXIDES POLLUTION
Colvile et al. [46], claim that shipping on its own cannot cause excessive SO X concentrations in the
atmosphere without the contribution of land based sources. In sensitive areas, close to harbours the presence
of shipping-related emissions ampli�es the inland SO X sources and makes the situation unfavourable [62].
Measures demonstrated that in the ports of the USA, ship manoeuvring is responsible for 10% of SO 2 [63]. In
the North Sea and the English Channel, at a distance of 50 nautical miles from the coast, it has been estimated
that around 90% of the total SO 2 emissions come from ships [57]. Ship emissions close to land affect soils,
rivers and lakes in those areas [64].

Figure 2.6: Geographical distribution of SO X emissions from shipping in the year 2015 [4]

Johansson et al. [4], based on real data collected from vessels and the route that they follow, created a model
about the major pollutants from ships. The results of this research are that the areas facing the greatest
problem of SO X emissions from international shipping are the Eastern and Southern China Seas, the seas
in south-eastern and southern Asia, the Red Sea, the Mediterranean, the North Atlantic near the European
coast, the Gulf of Mexico and the Caribbean Sea, and along the western coast of North America . In another,
more detailed geographical analysis measured within a circle of 10 km, Johansson et al. [4], concluded that
the highest SOX emission densities are in ascending order from Rotterdam, Los Angeles, Shanghai, Antwerp,
Hong Kong and Singapore. Figure 2.6 presents the global distribution of the SO X emissions. The effects of
the legislation introduced in the ECA's are visible even if these areas have a high ship traf�c.
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2.5.3. LEGISLATION AND EMISSION CONTROL OF SULPHUR OXIDES FROM SHIPS

Figure 2.7: MARPOL Annex IV SOX emission limits globally and in the ECA's [5].

Shipping is by nature an international activity and thus it is of vital importance that regulations on issues
such as air pollution to be a subject of global decisions. All these motivated the regulating power of the
shipping industry, the International Maritime Organisation (IMO), to issue some restricted legislation for the
SOX emissions from vessels to improve the air quality and protect the environment. Regulations concerning
SOX emission came into force on 2005, under Annex VI, Chapter 3 (Requirements for control of emissions
from ships) and especially Regulation 14 of the International Convention for the Prevention of Pollution from
Ships (also known as the MARPOL Convention) which include also PM emission. So far there is no explicit
regulation concerning PM emissions. Ever since, the new regulations are tightening SO X limit [65]. The
Emission Control Areas (ECA), which have more stringent regulations. The SO X limits introduced by IMO
during the years in the ECA's and throughout the world are presented in Figure 2.7. All vessels, regardless of
their contraction date are subject to these rules [57].

Since January 1st 2020 the global SOX emission limit went down from 3.5% to 0.5% w/w. The ECA's has
more stringent limit of 0.1% w/w since 2015 [5]. Compliance with the new limit can be achieved by limiting
the maximum fuel sulphur content. Fuel oil suppliers already provide the market with fuels that can meet
the more stringent limits of 0.1% for clients that operate their vessels in the already-established ECA's [66].
Re�neries can offer low sulphur blend fuel oils by blending heavy fuel oil with fuel oils with very low sulphur
content to achieve the required value. Additives may also be added to improve other properties. The fuel oil
blends which are suitable to meet the ECA sulphur limit, can also meet the 2020 limit.But, these blends are
more expensive than heavy fuel oil. Vessels can also switch to alternative fuels such as lique�ed natural gas
(LNG), bio-fuels and marine gas oil (MGO), that are low enough or zero in sulphur [67].

An alternative method to reduce the sulphur emissions from vessels is to install an exhaust gas cleaning
systems. Scrubbers are the most applied exhaust gas cleaning system on vessels. The waste streams should
not discharged in the ports, harbours and estuaries unless the it can be proved by the ship that these streams
have no adverse impact in the ecosystem [68].

The last years many companies around the world are trying to invent new technologies so as to carry out the
desulphurisation of the fuel on board. Hielscher and Technoveritas that are using the Ultrasound-assisted
oxidative desulphurisation (UAOD) that is an established method that accelerates the oxidation reaction
[69, 70]. Green Framework has developed a system named De-Sul. This system extracts sulphur from HFO
through a pre-treatment by forcing sulphur molecules to stick to the heavier and thicker particles of HFO
and then �lter them out [71]. The above mentioned companies and others that specialise in the �eld of
desulphurisation claim that can achieve the global sulphur gap that IMO imposed. Although, none of them
has yet received the accreditation required to be installed on board and to be considered an equivalent
method to reduce SO X emissions.
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2.5.4. THE SIGNIFICANCE OF THE 2020 SULPHUR CAP FOR THE NEXT YEARS
Since January 2020, the global limit of SO X emissions has been reduced to 0.5% w/w and both large and
small vessels should comply with the new regulations. The new limit will have a signi�cant health and
environmental bene�ts, especially for the populations living close to ports, coastal regions and areas that are
close to major shipping routes.

Figure 2.8: Annual shipping inventories of SOX under the delay scenario (left) and under the scenario of being applied on 2020 (right)
[6]

Figure 2.9: Annual shipping inventories [6]

Limiting SO X emissions from ships will progressively partially reverse the negative effects that this pollutant
has caused all these years. The areas that will mostly bene�t are the coastal communities and them close to
high marine traf�c. For total recovery all the anthropogenic sectors that produce SO X have to annihilate their
emissions. Some damages already created will be smoothed out in the long run [46]. Anti-pollution measures
will improve air quality and result in a cleaner environment. In 2016, Finland, submitted to IMO a study,
addressing the impacts of SO X emissions from ships on the human health. According to this study, if no
action is taken to reduce the SO X from vessels by 2020, then in the time period 2020-2025 more than 570,000
people would die from the air pollution maritime sector [66]. Figure 2.8 shows the geospatially distribution
of the SOX for the year 2020 for the case that the regulation is applied in 2020 and for the case that it would
be postponed to 2025. Figure 2.9 provides the difference between these two predictions. In the SECA's
there is no signi�cant difference in the SOX emissions between the two scenarios. These areas have already
applied more stringent regulation since 2015 and their sulphur cap is lower than the global maximum of 2020.

Sulphur emission reduction will aggravate global warming [62, 72]. Lindstad et al. [61] showed that SO X

reduction will contribute to global warming, as it reduces the cooling effect of SO X in the atmosphere. The
reduction of SO X by 2020 will increase in the percentage of CO 2 emissions per kWh.
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M ARITIME SULPHUR OXIDES EMISSION

REDUCTION TECHNOLOGIES

"É melhor prevenir do que remediar"
Translation: "It is better to prevent than to mend"

Portuguese proverb

3.1. I NTRODUCTION

I MO legislation applied since January 1 st 2020, forces ship owners and ship operators to drastically reduce
vessel'sSOX emissions worldwide. In ECA's the rules are tighter. Sulphur emission depend on fuel sulphur

content. Compliance with the regulations has put ship owners in a dilemma, to select new engines such as
LNG, to switch to low sulphur fuels or install emission after treatment equipment [73]. Lique�ed natural gas
requires not only new engines, but also a complete fuel supply and storage system. In an existing vessel,
the option to substitute the engine with a new type (LNG) is not �nancially viable. The solutions that can
be implemented are either combustion a low sulphur fuel or employ a scrubber on board, that washes out
the exhaust gasses. Using low sulphur fuels means minor adaptions to the existing engine and fuels supply
system, but the price of low sulphur fuels is higher than heavy fuel oil.

Application of an exhaust gas cleaning system, i.e. scrubbers, is a possible alternative to low sulphur fuels
to reduce the total emission of SOX and considerably reduces emissions of other polluting particles [57].
According to the IMO regulation ships can continue to use HFO, if they install a scrubber to desulphurise
the exhaust gasses [74]. Scrubbers are large devices and when they are retro�tted on a vessel, space has to
be designed for fast and easy installation [75]. Two main types of scrubbers can be used on vessels: a wet
or a dry scrubber. In the wet scrubbing technology, SOX is dissolved in the water and removed from the
exhaust gasses. The alkalinity of the wash water neutralises the SOX emissions. While in the dry scrubbing
technology, SOX is absorbed by the dry chemical compound. The scrubber technology and the advantages
and disadvantages that it offers will be discussed in this chapter.

17
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3.2. WET SCRUBBERS
Wet scrubbers can use seawater as the cleaning medium (open loop) or fresh water with NaOH (closed
loop). There are also closed loop scrubbers operating with seawater and NaOH . Normally they have the
same layout whether the system is open loop, closed loop or hybrid. Most of the times, they consist of a
venturi scrubber, a tower scrubber and a demister.

Figure 3.1: Venturi scrubber (left) and tower scrubber (right) [7]

VENTURI SCRUBBER

Figure 3.1 shows a venturi scrubber which may be used as the �rst stage of a scrubbing system [76]. Although,
not all scrubbers have a venturi. The water injected in the venturi is dispersed (water atomisation) and
mixed with the exhaust gas because of the high exhaust gas velocity. Turbulent conditions prevail in this part
and the kinetic energy of the exhaust gasses is the diving force of the mixing process [7, 75]. The removal
ef�ciency of SOX is not high due to the limited time and space that the SOX emissions have for absorption
in water. In maritime applications, it serves two main purposes: cooling the exhaust gasses before entering
the tower scrubber and removing a considerable part of particulate matter [76]. The lower gas temperature
results in a lower gas volume �ow and thus longer duration in the tower scrubber. The lower temperature
also increases the absorption capability of the scrubbing liquid.

TOWER SCRUBBER

The second stage of the marine scrubber is the tower scrubber (Figure 3.1). For the open and closed loop
system, the exhaust gas temperature leaving the scrubber tower is 10°C - 15°C higher than the seawater
temperature [8]. To increase the removal ef�ciency, the tower is �lled with packed bed that increase the
water - gas contact area and reduces the gas velocity in the scrubber [7]. The packed bed can be structured
or dumped. Structured packing is more ef�cient than dumped because it has higher speci�c area. Due to
more complicated manufacturing procedure, the structured packing is more expensive than dumped [76].
Another factor affecting the ef�ciency of the scrubber is the alkalinity of water. Ülpre et al. [77] claim that
water alkalinity of 1300 ¹ mole/L can remove SOX ef�ciently. If the value is higher then it can remove more
SOX , but for values lower than 1000 ¹ mole/L it becomes inef�cient [77].

DEMISTER

The demister is placed in the process after the tower scrubber. Its function is to remove the moisture from
the exhaust stream, reducing this way the water consumption which is important especially for the closed
loop system. A non appropriate demister design may lead to clogging and soot emissions which in turn can
create high back pressure in the exhaust. The problem can be solved by a combination of practices: a new
demister design; demister cleaning system (nozzles); and the application of venturi before the tower [8].
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3.2.1. OPEN LOOP SCRUBBERS

Figure 3.2: Schematic description of an open loop scrubber [8]

The simplest scrubbing system is the open loop scrubber (Figure 3.2), that uses seawater as scrubbing
liquid [78]. No other consumable is required for the operation [53]. In the open loop system, seawater is
pumped on-board, it is sprayed in the scrubber where it washes out (captures SOX ) the exhaust gasses
and then is discharged back to the sea. During this procedure H 2SO4 is formed as the SOX come into
contact with water particles [77]. Flow rates of seawater in the scrubber are approximately 45 m 3/ MW h
[57, 79]. The scrubbed water is drained at the bottom of scrubber and prior discharging it to the sea, it passes
through a water treatment system to remove the sludge. The water treatment system are normally cyclonic
separators or �uctuation systems [75]. The sludge, which generally consists of particulate fuel impurities
and carbon particles, is stored in the sludge tank. The absorbed SOX is not collected but is discharged in
the sea. Seawater's alkalinity is used to buffer the SOX gasses acidity [80]. The alkalinity of seawater is due
to bicarbonates ( HCO¡

3 ) and carbonates ( CO¡ 2
3 ). The discharged water is acidic but this is mitigated by the

alkalinity of seawater in the vicinity of the discharge nozzle which dilutes it an brings the pH back to ambient
levels [77]. If the initial buffering capacity is consumed the pH of the wash water can take a value of 3 [80]

The produced SOX from the combustion of fuels are dissolved and removed by the scrubbing water. Initially
SO2 is dissolved in water and produces sulphurous acid (H 2SO3). This is then ionised to bi-sulphate (HSO 3)
and HSO3 is ionised to sulphate (SO ¡ 2

3 ). In the presence of oxygen in seawater SO ¡ 2
3 is oxidised to sulphate

(SO¡ 2
4 ) [57, 75]. The complete chemical procedure is given below:

SO2 Å H2O ¡¡! H2SO3 (3.1)

H2SO3 ¡¡! H Å Å HSO¡
3 (3.2)

HSO¡
3 ¡¡! H Å Å SO¡ 2

3 (3.3)

SO¡ 2
3 Å

1

2
O2 ¡¡! SO¡ 2

4 (3.4)

Similarly, SO3 in presence of water will form H 2SO4, which reacts with water to form hydrogen sulphate
(HSO¡

4 ). Then HSO¡
4 and water will form SO ¡ 2

4 [57, 75]. Analytically the reactions are the following:

SO3 Å H2O ¡¡! H2SO4 (3.5)

H2SO4 Å H2O ¡¡! HSO¡
4 Å H3OÅ (3.6)
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