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Abstract

Due to the increased concern of risks of oil spills in the Arctic marine environment, the search for alternative, a
sustainable oil spill response technology has intensified. Especially, development of cost-effective, reusable and
environmentally friendly sorbents from renewable resources have gained significant interest. The objective of this
thesis was to study bio-based sorbents obtained from nanocellulose materials, i.e. aerogels, and address their oil
absorption capacity and performance under Arctic marine conditions. Laboratory conditions were designed to
simulate the conditions of Oulu and Tromse ports. In general, nanocellulose based aerogels display high mechanical
strength, high surface area, are cost-effective and safe to handle compared to many synthetic materials.

In this thesis, hydrophobized cellulose nanofibril acrogels produced from recycled fibre waste were used to absorb
diesel and hydraulic oil. The nanofibrils were obtained using a simple and environmentally friendly nanofibrilllation
treatment after which aerogels were fabricated using freeze-drying process in the presence of two silylation agents.
The Arctic weather conditions were simulated using a climate chamber. The weather conditions simulated were
temperature, shaking and no-shaking frequency (to represent ocean waves), ice and no-ice condition and water
salinity of 1% (Oulu port) and 3.5% (Tromse port).

The nanofibrilllation and hydrophobic silylation of waste cellulose fibres resulted in nanofibrillar aerogels, which
had an ultralow density (0.01 g/cm?®) and high porosity (99.15%) after freeze-drying and heating. The cellulose
nanofibril aerogels showed higher oil (diesel and hydraulic) absorption performance in both 1% and 3.5% salinity
than the commercial material. The diesel oil absorption by the nanofibril aerogel was higher in 1% salinity whiles
the hydraulic oil absorption was better in 3.5% salinity. In particular, the nanofibril aerogels had diesel oil absorption
capacity of 59.9 g/g (1% salinity) and hydraulic oil absorption capacity of 43.4 g/g (3.5% salinity), which is much
higher to those of commercial absorbent materials, i.e. polypropylene, with diesel oil absorption capacity of 15.6
g/g in 1% salinity and hydraulic oil absorption capacity of 12.4 g/g in 3.5% salinity.

The shaking and icy conditions affected oil absorption with the nanofibril aerogels more than the commercial
material. Overall, oil absorption was higher under shaking conditions compared to the no-shaking. The presence of
ice decreased the absorption capacity of nanofibril aerogels and the commercial material. Generally, oil absorption
capacity of the nanofibril aerogels was higher than that of the commercial material in all the conditions. The above
advantages make nanofibril aerogels promising absorbents for removing oil spills from ports (Oulu and Tromsg).

KEYWORDS: aerogels, oil spill response, Arctic, marine pollution, cellulose absorbents, nanocellulose, absorption
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ABBREVIATIONS AND DEFINITIONS

BC
CNC
CNF
CNT
HDTMS
MTMS
NGO
NOx

NS
OSR

RC
RGO
SACs

SH
SOx

Bacterial Cellulose

Cellulose nanocrystals
Cellulose Nanofibril

Carbon Nanotube
Hexadecyltrimethoxysilane
Methyltrimethoxysilene
Non-Governmental Organization
Nitrogen Oxides

No-Shaking

Oil Spill Response
Regenerated cellulose
Reduced Graphene Oxide
Special Areas of Conservation

Shaking
Sulphur Oxides



1 INTRODUCTION

The world at its growing population consumes about 14 million m* of oil per day or 162
m?® per second. In view of this, many oil companies are now exploiting new areas of oil
and gas deposits and also considering Arctic as a potential unexploited oil and gas source.
(Muizis 2013) Quick changes in climate is prominent to the evacuation and diminishing
of Arctic ice and this gives access to increasing commercial activities in the Arctic
marine environment (see Glossary) (Glickson et al. 2014). At the same time, oil spills
have generally been recognised serious concerns by industries, non-governmental
organisations (NGOs) and governments due to their impact on the environment and
human health (Aljammal and Juzsakova 2016). Oil spill in the Arctic is a risk, presenting
itself as hazard to Arctic nations and their neighbours (Glickson et al. 2014).

Oil spill is an accidental release of hydrocarbons into the marine environment, which
forms a slick on the water surface, and has certain physical and chemical properties and
can undergo several natural transformational processes: spreading, emulsification,
dispersion, evaporation, dissolution, oxidation, biodegradation, and sedimentation. Oil
spilled on water disperses on water, submerges and accumulates into the sediments by

wind and currents. (Daling and Str@m 1999; Doshi et al. 2018)

It is important to note that ports and harbours are known to facilitate maritime
transportation of essential goods and services; therefore, all ports and harbours in North
America, Europe, Asia etc., are at risk of oil spill pollution (Hossain 2018). Oil spill
remains a key pollutant from port activities. The causes of oil spills at the ports are from
operations such as loading and bunkering, transport of oil in tankers, accidental or illegal
discharges of tank washings and oil contaminated ballast water. Most of the oil discharges
are done deliberately and this requires much attention. Over 80% of reported spills happen
at ports but majority of them are small. These spills are not only a concern of ports with
oil terminals and commercial traffic but also small ports and marinas can contribute to

the amount of oil that enters the marine environment to cause pollution. (SACs 2001)

In the Arctic, oil spill response is difficult due to the challenging weather and the
environmental condition. The information of many processes such as physical
phenomena (ice cover, marine weather, and coastal processes) are significant to structure
the environmental framework for the marine ecosystem (EPPR 2017). The Arctic is a

polar region at the Northernmost part of Earth, of which the Baltic and the Norwegian
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Seas are found in the European Union (EU) (Walday and Kroglund 2002). There are many
shipping activities that takes place on the Baltic and Norwegian Sea, and the possibility
of oil pollution due to these harbour activities are high (HELCOM 2018). Oulu port and
Tromse port are found along the Baltic and Norwegian sea (Port of Oulu 2019; Port of
Tromse 2019). The Baltic Sea alone transports over 160 million tons of oil every year
(HELCOM 2018). When considering effective and safe oil spill response (OSR) strategy
in the two ports, parameters such as air and water temperature, wind velocity and hours
of daylight are very important to consider (EPPR 2017). The Arctic region is very
vulnerable due to the slowness of biochemical processes and these have an effect on oil
spill response. The water shows weak mineralization (50-200 mg/L) and mostly
neutralization reactions of pH 7, which explains the poor ability of microbes to digest

the hydrocarbons. Moreover, the cold weather slows oil evaporation. (Muizis 2013)

In the Baltic and Norwegian Sea, salinity of water differs contingently on depth and
location which also affect the behavior of spilled oil. Water salinity at the port of Oulu is
about 10 ppt whiles that of the Norwegian Sea is about 35 ppt. (Loeng and Drinkwater
2007; Lampela 2011). On the Baltic Sea where Oulu port exists, there is an ice cover, a
water temperature of 0 °C in the winter and 16-19°C in the summer, and unevenness of
wind fields, which have an effect on harbour activities (HELCOM 2018). On the other
hand, on Norwegian Sea where Tromse port exists, there is no ice cover and the water

temperature is usually 0 °C in the winter (Loeng and Drinkwater 2007).

There are numerous countermeasures and OSR tools for the removal of oil in the Arctic.
These methods include in situ burning, mechanical method, chemical methods, thermal
methods, bioremediation and absorption method (Ortea et al. 2006; Lampela 2011;
Ghaly and Dave 2011; Angelova et al. 2011; ART 2015). All these methods can be used
either together or separately. Absorbents are usually used at the final stages of oil spill
recovery and can be used for removal of small spill volumes. Nevertheless, absorbents
can be cost-effective and environmentally friendly response method especially with the

spills happening near coastal areas. (Sabir 2015; Aljammal and Juzsakova 2016).

Absorbent materials are grouped into classes such as synthetic polymer sorbents, natural
organic absorbents, and inorganic absorbents. The synthetic sorbents include
polypropylene materials, the inorganic sorbents are made of fine-grained and natural
inorganic material, whiles the natural based absorbents are made up of plant residues such
as sugarcane bagasse, rice straw, cotton etc. (Ghaly and Dave 2011; Sabir 2015;

Aljammal and Juzsakova 2016). The synthetic materials are mostly used commercial
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absorbents for oil spill clean-up. They have a disadvantage of disintegrating slowly
compared with the natural absorbents. (Teas et al. 2001) In contrast, natural absorbents
are more environmentally friendly OSR alternatives. Other benefits include their
recyclability, high oil recovery capacity (usually 3-50 times their own weight), smaller
density than that of inorganic and synthetic absorbents, easy disposal and outstanding
biodegradability. (Annunciado et al. 2005; Wahi et al. 2013; Laitinen et al. 2017)
Notwithstanding these advantages, a lot of natural sorbents have disadvantages of poor
buoyancy, poor oil selectivity as a result of water uptake of these characteristically
hydrophilic materials (Laitinen et al. 2017). To successfully collect oil spills from water,
the absorbents should have a high sorption capacity, poresity, excellent oil-water
selectivity, and a quick oil sorption rate. Furthermore, the material would be beneficial if
the absorbent is low cost, recyclable and produces less secondary pollution. (Wabhi et al.

2013)

Recently, there have been several types of research into cellulose nanofibril aerogels,
which are natural sorbent materials for oil removal. These porous and ultralow density
cellulose aerogels are built on cellulose nanofibrils (CNFs) with good mechanical
characteristics, low density, environmentally friendly, natural biodegradability, high
porosity and renewability, which makes them potential to be used as oil absorbents.
(Korhonen et al. 2011; Cervin et al. 2012; Zhang et al. 2014; Mulyadi et al. 2016; Zhou
et al. 2016; Zanini et al. 2017; Liu et al. 2017) CNF aerogels contain abundant hydroxyl
groups that make them display amphiphilicity, i.e. they have a poor inherent performance
of absorbing oil and hydrophobic compounds and there is the need to enhance the
hydrophobicity of these aerogels to have good affinity towards oils (Sai et al. 2013; Jiang
and Hsieh 2014; Wang et al. 2014).

The aim of this study was to address shoreline oil spill clean-up. A comparative analysis
was performed under simulated Tromse port (Norwegian sea) and Oulu port (Baltic sea)
environmental conditions (ice-infested, no-ice, saline water (1 and 3.5%), cold weather
and waves). In this study, hydrophobized CNF aerogels were used for the clean-up in a
simulated Arctic marine condition in the laboratory. The simple but environmentally
friendly nanofibrilllation treatment, followed by freeze-drying combined with two
silylation treatments were used for the fabrication of the hydrophobic CNF aerogels. To
the best of knowledge, this was the first time when a silylated and nanostructured aerogel
have been used to remove oil (diesel and hydraulic) in a simulated Arctic condition. The

prepared CNF aerogel exhibited ultrahigh oil (diesel and hydraulic) absorption capacity
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under both 1 and 3.5% salinity which was notably better than that of a commercial
material (polypropylene). Interestingly, the diesel oil absorption capacity was higher in

1% salinity while hydraulic oil absorption was higher in 3.5% with the CNF aerogel.

1.1 Objectives of the study

The objectives of this study were:

e Organising an installation in the laboratory, which simulates winter environmental
(sea and ambient) conditions of the Arctic sea harbour.

e Study bio-based sorbents obtained from nanocellulose materials, i.e. aerogels, and
address their oil absorption capacity and performance under Arctic marine
conditions.

e Compare the performance of CNF aerogels to existing commercial absorbents.

1.2 Outline of the study

The thesis outline is structured in three (3) steps as shown in Figure 1, by first working
with the literature review of the study (theoretical background) and building background
studies before the experiments. The theory includes oil pollutions at Arctic harbours, the
effect of Arctic marine conditions to oil spill and response technologies. This is followed
by the experimental part which consist of materials and methodology (fabrication of CNF
aerogels and experimental setup), results and discussion (prepared CNF aerogel, oil
absorption rates, study limitations and recommendation for future studies), and finally a

conclusion.
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RESEARCH QUESTIONS:
1. How to simulate winter sea conditions in the Laboratory?
2. How do Cellulose-based absorbents work in simulated cold conditions?

3. How do Cellulose based absorbents differ from existing commercial products?

Results (Research findings)

Discussion & Conclusion

Figure 1. Outline of thesis
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2 POLLUTION AT ARCTIC HARBOURS AND COASTAL
AREAS: A CASE OF OIL SPILLS

2.1 Sources of marine contamination at harbours

Harbours (ports) serve as channels for international trade by the accommodation of liner
shipping and cruising. Ports are known for activities such as loading and unloading
cargoes, storage of goods, warehousing, packaging and accessing of inland transportation.
(Hossain, 2018; Pettit and Beresford 2009) With regards to the environment, ports can be
associated with a number of effects: emissions due to port activities and operations,
maritime traffic, and intermodal traffic linking the port vicinity (Lam and Notteboom
2014). Table 1 shows some of the key pollutant sources at the Arctic harbours.
Contamination sources such as greenhouse gases (NOx, SOx and CO3) emission are
obtained from ship operations and energy use, ballast water discharge when the ship is
unloaded or loaded, sewage disposal from toilets, urinal, and WC scuppers, and dust
originate from cargo operations and, hazardous cargo is also obtained from dangerous
materials covered by IMDG (International Maritime Dangerous Goods) code. (OECD
2011; Lam and Notteboom 2014; Hossain 2018). In this study, the main focus will be on

oil spills and their impact on the marine environment.

Table 1 Sources of contaminants at the harbours (adapted from Hossain 2018)

Contaminant sources Within the Port At Sea Shore land
area areas
Exhaust (NOx and SOx)
CO; emissions
Ballast water handling
Oil spill

Sewage disposal

Dust

Handling of hazardous cargo

B | =severe
Bl | = Medium impact
I | =None
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There are many ways that oil can enter the marine environment. These include oil spills
from natural seeps from the bottom of the ocean and anthropogenic sources including
leaks and human activities such as accidental incidents, operational incidents and illegal
discharges from shipping activities as well as tanker accidents leading to a large oil spill
(HELCOM 2009; OECD 2011; HELCOM 2018). Over 80% of oil spill incidents occur
within ports and harbour areas but most of the spills are small and are due to normal
operations such as loading and unloading, discharging and bunkering. Moreover, many
small spills are difficult to observe and regulate. Other contributions ensue from the
transportation of oil in tankers, which includes illegal discharges of tank washings and
oil-contaminated ballast waters. Nevertheless, the problem of oil pollution is not only a
worry for harbours with oil terminal or related commercial activities but rather small
harbours also contribute to the marine oil pollution. (Suchanek 1993; SACs 2001;
HELCOM 2018)

Contamination of the marine environment at the harbour affects the invertebrate
population and the species that form the marine ecosystem. They are subjected to stress
from both severe and chronic oil toxicity and it results in mortalities. (Suchanek 1993) A
Report by HELCOM (2018) shows that a small amount of oil on the sea can contaminate
the plumage of waterbirds by reducing their buoyancy and thermal insulation. In this same
report, oil spills were monitored by focusing on the busiest shipping routes using aerial
surveillance in the core indicator (Operational oil spill from ships) evaluation. The results
show that the operational oil spills from ships were below threshold value on most of the
Baltic Sea area. Figure 2 shows a decline in oil spillage in the Baltic Sea though there is
increase in shipping activities. This finding suggests that measures taken to reduce oil

spills have been successful.

300 6,000
696 m*

800 4,000

100 2,000

600 0
500 1391 m? 1988 1985 2002 2009 2016

Flight hours

400 a7 m* Assessment periot
300 '
200 2
100 6 m’
0

1988 1990 1992  199% 1996 1998 2000 2002 200 2006 2008 2010 2012 2014 2016
Figure 2. Oil spill detection by Baltic Sea countries between 1988 and 2016. The size of
the circles specifies the amount of spilled oil in cubic meters. On the y-axis is the number
of observed illegal oil spills. (HELCOM 2018)

Number of observations
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2.2 Harbour conditions: cases of the Norwegian and Baltic Seas

The Arctic Ocean is divided into different regions. In this study, focus is on the EU part
of the Arctic Ocean where Norwegian and Baltic Sea are located. The European part of
the ocean as shown in Figure 3 is about 8% of the total area of the Arctic Ocean and this
is about 25% of the total volume of the ocean due to the depth. (Walday and Kroglund
2002) The area of the ocean exists between the Scandinavia, Greenland, Novaya Zemlya
and the North Pole, Baltic Sea, Norwegian Sea, Icelandic Sea, and the Greenland Sea.
According to statistics, the surface area of the European part of the Sea is about
surface temperature varies around -1.6 -14°C and its salinity is about 30-35.4%. (OSPAR
2000; Walday and Kroglund 2002; Word 2014)

Arctic Ocean
Physiography
0 300 km

«  capital cities

—— country boreers
lakes and rivers
main surface
walar currents

=== EEA sea borders

Elevation
i etresh
3000
= [2 000
‘! "1 000
500
300
o, M,
300
500
00
1000
2000
3000
4000

Figure 3. Arctic Ocean physiography (depth distribution and main currents, seas and
rivers in the European part) (EEA 2009).

The Baltic Sea is considered as one of the largest water areas in the world, which contains
more salt compared to freshwater but not like seawater and it is located between the
continental and maritime climate in a transition zone (Meier 2006; HELCOM 2018). The
Baltic Sea has a drainage area 4 times larger than its surface area, which is about 420 000

km? and one-third of the sea is shallower than 30 meters. Every winter, there is an inflow
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of marine water in the Baltic Sea during the winter storms. The water inflow has a higher
salinity and it also increases oxygen content in the water. (HELCOM 2018) The Northern
part of the Baltic Sea is the Bothnian Bay, which is typically brackish water. On the
coast of the Bothnian Bay is where Port of Oulu is located, and it remains the largest Port
on the Bothnian Bay. The Port of Oulu is also a home for a larger number of species (Port
of Oulu 2019). The salinity of the water is different at various depths of the sea and this
is because water density increases with salinity. The sea exists in a temperate climate
zone and in the northern part of the sea; it has longer winter consisting of stronger frost,
whilst the southern part has moist and mild winters. The degree of ice cover has decreased
in the Baltic Sea in recent years, which is illustrated in Figure 4. In the winter, the

temperature of the water is about 0°C and 16-19°C in the summer. (HELCOM 2018)

Maximal extent of sea ice

450,000
&D0, 000
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Figure 4. Development of ice cover in the Baltic Sea. The graph above represents the
maximum degree of sea ice in the winter for over 300 years, whilst the black line gives
30 years average. The lower part of the graph indicates cumulatively number of ice days
per winter (HELCOM 2018)

The Baltic Sea has a high unevenness of wind fields at various sub-basins, complex depth
profile and ice cover, which affects the behaviour of waves on the sea. The waves have a
significant effect on coastal and offshore activities such as harbour operations, shipping,

offshore platforms, human safety, and coastal infrastructure. The wave variations on the
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Baltic Sea is strongly due to anthropogenic climate change. (Groll et al. 2017) 160 million
tons of oil is transported in the Baltic Sea every year. The sea contains several species
and areas such as fish spawning and feeding, birds, and mammals rest areas. (HELCOM
2018) Furthermore, Baltic Sea has a salinity of 10% of average ocean water salinity, low
mean temperature and ice cover all over the northern Baltic Sea annually. The ice in the
Baltic Sea is solid because of low salinity and there are no brine channels. In this case,
oil sticks on the ice block weakly making easier to remove with lower energy. Low water
salinity in Baltic may sometimes cause heavier oils to sink, and this effect makes response
procedures difficult. In the Baltic Sea, temperature can be -20 to -30 °C during the winter
and in the winter; there is darkness, which makes oil spill response challenging. (Lampela
2011)

Other sea of interest in this study is the Norwegian Sea. Topographically, the Norwegian
Sea occupies an area of 1.1 million km? with a volume exceeding 2 million km? and has
an average depth of 1 800-2 000 m. The sea has two separate basins (Norwegian and
Lofoten basin), both with 3 000 to 4 000 m depth and a maximum depth 4 020 m and a
salinity of 35 ppt. Furthermore, it has a levelled sea bottom with 100 m and 400 m depth
and represents 49% volume of the Nordic Seas. (OSPAR 2000; Loeng and Drinkwater
2007; ICES 2008) Sand and clay deposits occupy the bottom substratum on the shelf but
clay is usually found in the deeper section of the Sea (ICES 2008). Along the Norwegian
Sea i1s the Tromse Port. The port is the largest transport hub in Arctic Norway and a
preferred port for fishing in Arctic waters (Port of Tromse 2019). The Norwegian Sea is
a changeover region for warm and saline water from the Atlantic to the Arctic Ocean
(Blindheim 2004 as quoted in Torgersen and Huse 2005). The Norwegian is usually warm
and has a salinity of 35 ppt. In addition, its circulation patterns and hydrographic
conditions are affected by large-scale atmospheric patterns, which are reflected by North
Atlantic Oscillation. (Hurrell 1995) There is no ice cover in the Norwegian Sea and this
is due to the presence of warmth of the Atlantic waters and its ecosystem structure is

affected by topography (Loeng and Drinkwater 2007).

In this study, experiments are conducted using the marine conditions of Oulu Port and
Tromse Port, which are located along both Baltic and Norwegian Seas. Experiments will
be done to determine how oil spill removal by cellulose nanofibril absorbents is affected

by both sea conditions.
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3 EFFECTS OF ARCTIC MARINE CONDITIONS ON OIL
SPILL RESPONSE

3.1 Overview of Arctic marine conditions

The Arctic Ocean covers a very large area under a very challenging condition with high
seasonal and geographical variations in light, temperature and ice cover. The Arctic
Ocean interchanges between cold and warm stages and the period of length of the states
may vary. (Walday and Kroglund 2002) The temperature difference between summer and
winter is small and the ocean is always at freezing point throughout the year (Word 2014;
HELCOM 2018). When ocean mixing occurs, water temperature is higher than 0°C
within the year round. For example, in some parts of the Arctic Ocean (Kara and the East
Siberian Sea), water salinity is less than 20 ppt within the year and drops to 10 ppt during
the summer. For the Arctic Ocean, salinity profile is the most significant perpetual

stratification feature. (Word 2014)

However, changes in velocity and surface wind stress in the ocean replicates large scale
of atmospheric pressure fields and characteristics of sea-ice concentration energy. The
Arctic Ocean is also dominated by sandy and soft bottom substrate (fine grains, mud,
clay, and sand) in its outer shelves and deep basins whiles gravel and courser remain
predominant substrate on the shore areas and inner shelf. There are also harder substrates
and rocky areas, which are notably important but are less common. (Word 2014) A
portion of the Arctic is covered with ice year-round and its adjoining waters are covered
with ice seasonally with changeable open water with the daylight of 24 hours (Lampela
2011; Word 2014; HELCOM 2018). During the summer, an area of 4 to 7 million km? in
the northern part of the Arctic is covered with ice and about 14 to 15 million km? is
covered in the winter. In the Arctic, snow melting changes the temperature and salinity
of shoreline areas. (Word 2014) However, such nature of the Arctic environment makes
spill response difficult and create problems for responders (Lampela 2011; Muizis 2013).
This section discusses some of the conditions, challenges, and effects of Arctic conditions

to response technique.

In the winter, OSR becomes difficult in icy conditions. The sea is covered by ice and the
temperature in the Baltic Sea can sometimes be recorded as -20 and -30 °C. This usually
affects response operations, methods, and equipment used for recovery. Conditions such

as darkness in the winter and remoteness also have an effect on response operations. Qil
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viscosity is increasing due to coldness, therefore, oils which had low viscosity and can be
easily collected at high temperatures, becomes challenging, thereby making it
problematic to be collected. The chilly weather is also making oils sticky, and contributes
to the formation of oil lumps. (Lampela 2011; Muizis 2013) Consequently, there is also
potential gelling of some crude oil types which have their pour points at 0 °C or below
(Dickins 2017). Furthermore, winter conditions also have effects on oils buoyancy, and
some oils loose their buoyancy especially in brackish water, with is low-salinity. In some
cases, drifting ice put pressure on response tools and they may need to withstand ice
pressure (Lampela 2011; Scholz et al. 2012). Under ice condition, cold temperature and
reduction in wave energies will cause the oil to weather slowly and this extends the period
of action for some types of countermeasures. In addition, when the ambient temperature
reaches pour point, oil ceases from spreading and occupy less area. (Buist et al. 2008;

Lampela 2011; Dickins 2017)
3.2 Effect of ice on oil spill response

Oil spill response (OSR) in the Arctic can be challenging, but also have potential positive
factors in OSR operations (Dickins 2017). The Arctic conditions add extra environmental
and logistical challenge but, in some cases, work to the advantage of responders. Firstly,
the most apparent challenge is the presence of ice. Ice in its various forms can make it
difficult to detect oil spill, encounter, contain and recovery of oil slicks with booms,
skimmers, absorbents and other forms of vessel-oriented activities. Ice can also
sometimes serve as a natural inhibition, preventing oil from spreading. On other hand, if
the oil transports under the ice and are trapped on the blocks, OSR becomes more
problematic. Oil under ice slows weathering and reduces waves. Evaporation, dissolution,
and biodegradation are also very low in icy condition. Whereas the ice provides natural
containment that offers an important advantage, oil slicks spread and drift fast in open
water to cause impact before the introduction of response but in icy condition, the ice can
contain the oil spills and offer time to mount for response. (Dickins et al. 2008; Lampela
2011; Scholz et al. 2012; Muizis 2013; Dickins 2017) More about the weathering process
of oils is discussed in Section 3.4 in this study. Figure 5 shows fate and behaviour of oil
in icy conditions. The natural variation of first-year ice thickness in combination with
deformation features such as ridging and rubble offer naturally made pools, which contain

the spilled oil beneath the ice cover inside a small area.
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Figure 5. Fate and behaviour of oil spilled in ice “’Oil and ice interaction’’ (Bobra and
Fingas 1986)

Oil spilled on ice or under the sea ice does not move alone but move along with ice drift.
An experiment conducted by Buist et al. (2008) shows that oil required a current of 5
cm/s to move along under-surface of ice with smooth fresh ice to 15-30 cm/s under sea
ice condition. Winter under-ice currents are not enough to transfer spilled oil from its
original contact point together with ice undersurface. In fiord zones or in front of main
deltas (Colville, Lena rivers and Mackenzie) where tidal currents are very stronger,
currents are stronger to move oil but under-ice roughness can even restrict movement
even in such a situation (Scholz et al. 2012). In addition, an oil spill in open drift ice
moves in a different direction and at a different rate and this comes as a result of wind

and currents (Buist et al. 2008).
3.3 Qil types and their properties

Marine oil spills consist of refined petroleum products (gasoline, diesel, etc.), heavier
fuels (bunker fuels), crude oil, hydraulic oil and other waste oils (Ghaly and Dave 2011).
The severity of the effects of oil spills is dependent on the magnitude of the oil and its
properties (Holakoo 2001). Physical and chemical properties of oils have effects on the
weathering processes. They lead to the transformation of oil states, .i.e., will make it
difficult to recover the oil. (Daling and Strdm 1999) Oil is a complex mixture of
hydrocarbons of different chemicals composition (e.g. toluene, benzene, naphthalene,
methane, etc.). It is a flammable liquid with a specific smell and colour, which is

extracted underground from sedimentary rocks. Oil is unable to dissolve in water but
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soluble in alcohol and ethers. Generally, oils have a series of ranging viscosities with
colour variations usually black and yellow and this is dependent on the composition of
hydrocarbons. Oils are typically used as an energy source and a raw material for the
chemical industry. (Muizis 2013) There are many compounds with different composition
and properties present in oils and that makes them a very hazardous and problematic

contaminant.

Chemical characteristics of an oil comprise of molecular weight, melting point,
partition coefficient, solubility, flammability limits and explosively limit. The
chemical properties vary depending on the type of oil. (ATSDR 1995; Ghaly and Dave
2011) Furthermore, the chemical composition of o0il is dominated by hydrocarbons and it
may include nitrogen, sulphur, oxygen and some metals (Olah and Molnar 2003, p. 45;
Ghaly and Dave 2011). In addition, hydrocarbons have been categorised by the [IUPAC
by nomenclature. Nevertheless, crude oils are estimated to have 200-300 different

compounds and out of that, 50-90% of the composition is hydrocarbons. They include

e Alkanes, which have low toxicity, biodegradable and exist in oil as gas form,
liquids, and solids. They are the smallest form of hydrocarbons, which consist of
saturated carbon and hydrogen atoms.

e C(ycloalkanes are of carbon-hydrogen structures that form a ring, have 6 carbon
atoms in a ring structure, and are poor biodegradable; yet very stable.

e Aromatic hydrocarbons containing an aromatic ring structure. (Manning and

Thompson 1995, p. 8; Ghaly and Dave 2011)

There are four groups of fossil oils and they have different compounds such as saturated,
unsaturated, aromatic and polar compounds. Averagely, crude oil has a composition of
30% paraffin or alkanes, 50% naphthenes or cycloalkanes. Aromatic compounds are
volatile compounds (benzene, toluene, and xylene), bicyclic compounds (naphthalene),
tricyclic compounds (anthracene, phenanthrene) and polycyclic compounds (pyrene) and
they have 15% composition in crude oil. In addition, oils contains typical 5% of nitrogen,
sulphur, and oxygen. (Manning and Thompson 1995, p. 9) Oil may also contain nickel
and vanadium (Muizis 2013).

The behaviour of oil released into marine environment is not only affected by chemical
composition chemical composition but also by physical properties as well. The important
physical characteristics of oil comprise of specific gravity, density, viscosity, flash point,

colour, surface tension, and adhesion. The colour (dark brown or black) of oil can change
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from yellow and green to red. (Holakoo 2001) The densities of crude oil mostly range
from 0.70-0.99 g/ cm® while that of seawater is 1.03g/ cm?. Therefore, the oil will float
on seawater. Evaporation of lighter oil substances increases the specific gravity of oil,
which may cause heavier oil fractions to sink and to form tar balls that may be able to

interact with rocks and heavy sediments at the bottom of the water. (NASEM 2016)

The capability of an oil spill to spread quickly on the marine environment depends on its
surface tension, viscosity, and specific gravity. The lower the surface tension of the oil,
the higher is the rate of oil spreading, even in the absence of wind or currents. The surface
tension of oils has a relation with temperature, thus the warmer the water, the faster the
spread of oil, whereas the colder the water, the spreading is slower. (Ghaly and Dave

2011)

The viscosity of oils is determined by its large content of polar molecules (resin and
asphaltenes), therefore the lower the components such as solutes and polar molecules the
lower the viscosity. Oils with higher viscosity have a lower tendency of spreading out.
(Ghaly and Dave 2011; NASEM 2016) In addition, temperature also influences on oil
viscosity. The lower the temperature, the higher the viscosity of oil and this makes oil
variations with temperature quite large. (NASEM 2016) When the temperature is
increased from 10 to 50 °C, oil density reduces from 0.880 to 0.855 kg dm? and viscosity
from 5 000 to 200 cSt and this reduces oil resistance to flow (Nordvik et al. 1996). In
addition, consequences in evaporation increase the viscosity of oils (See Table 2 for oil

viscosity after weathering)
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Table 2. Comparison of viscosity of crude oils after weathering (adapted from Fingas
2015, p. 559)

Viscosity  Viscosity Mass Vi:;;);l.ty Mass
Type of Before  After Initial percentage Additional percentage
Crude oil Oil Weathering (%) loss in . (%) loss in
. Weathering .
Release (mPa-s) weathering (mPa-s) weathering)
Light (Scotia
light) 1 2 25 5 64
Medium
(West Texas 9 16 10 112 35
Intermediate)
Heavy
(Sockeye 820 8,700 10 475 19
Sour)
Diluted
Bitumen
(Cold Lake 270 6,300 15 50,000 30
Blend)
Bitumen 260,000 300,000 1 400,000 2

Although adhesion or ‘‘stickiness’’ is a property that is not measured during industrial
standard analysis. It has been noted as a problem at several spills. The stickiness of oil on
surfaces can greatly impede clean-up of oil. (Jokuty et al. 1995; NASEM 2016) Another
property, thus flash point relates to the temperature at which liquid or oil produces
vapours for ignition by flame. Flashpoints for oils are wide-ranging whiles most fluids
are flammable if their flash point is less than 60°C. Several fresh oils have many volatiles
components and are flammable for a long period after spillage. This will depend on how
highly volatile components will disappear by evaporation. Heavy oils are not flammable.

(NASEM 2016)

3.4 Marine Arctic weathering of oil slicks

As soon as oil gets into contact with the marine environment, it becomes subject to several
natural processes and these processes changes oil character and influence oil spill
response operations (NRC 2003; Serstrom et al. 2010; Dickins 2017). Weathering
depends on physical and chemical properties of oil, the amount of oil spilled, the surface

area of oil exposed, wave, current, ice, weather and the location of the oil on either the
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water or underwater (NRC 2003; ITOPF 2011; Scholz et al. 2012; Mapelli et al. 2017).
Weathering processes in the Arctic include spreading and movement, evaporation,
oxidation, dispersion, biodegradation, emulsification, dissolution and photo-oxidation

(NRC 2003; ITOPF 2011; Scholz et al. 2012).

Spreading process is the horizontal expansion of oil spilled on water due to the force of
gravity, inertia, surface tension and viscosity. Spreading is a significant process in the
initial stages of oil spilled on Arctic water. Spreading increases the surface area of an oil
slick and enhances mass transfer through evaporation and dissolution. (Njobuenwu and
Abowei 2008) Oil begins to spread when oil is spilled and the rate of speed it takes to
spread is dependent on the volume spilled and viscosity, which also depends on the
composition of oil and temperature. For the oil to spread more quickly, the oil must have
a low viscosity. A high oil viscosity will make the oil-spreading period longer and this is
the case for the Arctic environment. Oil spills in the Arctic tends to have high viscosity
due to low temperatures and this is because viscosity is inversely proportional to
temperature. During the early spreading process, oils spread as coherent slick,
nonetheless, they begin to break up rapidly. (NRC 2003; ITOPF 2011) Spreading is
different in both ice and open water conditions. In the Arctic, the spread of oil is reduced
by water temperature, snow, and ice, whiles the resulting oil slicks are much thicker than
open waters. Usually, an oil can spread as ice begins to melt in late winter but is
encapsulated and prevented from spreading when ice solidifies in the early winter. Figure
6 shows oils change in colour from black or dark brown to iridescent and silver sheen at

the slick edge as they spread and reduce in thickness. (Board et al. 2014)

However, in open water, the pattern at which the wind blows affect the oil and it forms
narrow bands, which is parallel to the direction of the wind. Therefore, the properties of
oil become less significant when determining slick movement. Turbulence, waves, tidal
streams and currents affect the spread of oil. When the combination of the forces is very

low, the faster the spreading process. (ITOPF 2011; Dickins 2017)
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Figure 6. Thin films formed on medium and light oil as it spread in an appearance of a
rainbow and silver sheen (adapted from ITOPF 2011)

Evaporation process is the transfer of light and medium weight oil components to vapour
(Scholz et al. 2012). The process is very important in oil spillage, especially considering
mass balance (NRC 2003). The evaporation rate is dependent on temperatures and wind
speed. The lower the boiling point of the oil, the higher is its evaporation. For example,
oil components with 200°C boiling point evaporate early (24 hours) under temperate
condition (above -3°C but below 18°C). (ITOPF 2011) Evaporation of spilled oil is more
slowly in sub-freezing temperatures and snow-covered spills. This is a special case for
the Arctic environment. Several experiments have confirmed that oil spilled in packed ice
will evaporate slowly compared to spills on open waters. This is primarily due to the oil
thickness in pack ice. Furthermore, when oils are encapsulated in an ice sheet, they do
not evaporate during the months of winter. Evaporation is slow under the Arctic
environment due to cold water and low temperatures. (Scholz et al. 2012) The larger the
surface area of oil (spreading) the faster lighter oil components will evaporate. Rough sea
and warm temperatures also have an increasing effect on evaporation. According to
research, refined kerosene and gasoline evaporate wholly in a short period, whereas light
crudes loose over 50-75% of its original volume and medium oils loose about 40% of
volume. In contrast, heavy oils tend to loose less than 10% of volume on its first day of

the spill. (NRC 2003; ITOPF 2011)
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Emulsification process is the process where water droplets are mixed with the spilled
oil. This process forms highly viscous mixtures that have slow weathering tendency and
are difficult to be burned, dispersed and physically recover (Scholz et al. 2012). Spilled
oil in the sea takes up water and form water-in- oil emulsions, often called ‘‘chocolate
mousse’” (NRC 2003; Scholz et al. 2012). Emulsions form most readily for oils which,
when spilled, have a combined Nickel/ Vanadium concentration greater than 15 ppm or
0.5% of asphaltenes content. These compounds and the state of the sea (wind speed of 3-
5 ms™!) defines the rate of emulsions formation. (Fingas et al. 2001; ITOPF 2011) The
mixing of oil and water is driven by waves and wind (Scholz et al. 2012). Since
emulsification is driven by wind-wave action, weathering processes are less dominant in
ice condition, except under a condition where moving ice floes add surface turbulence.
The wind-wave action is restrained by the ice availability thereby affecting
emulsification. (Scholz et al. 2012) Therefore, emulsification is less dominant and slower
process in the Arctic marine environment. Oils with high viscosity have slower
emulsification than more fluid oils. Other compounds such as asphaltenes are able to
precipitate from the oil and coat droplet of water, thereby increasing the stability of
emulsions. The density of emulsion is almost close to that of seawater as the addition of
water increases. However, steady emulations contain about 70-80% of water and are often
semi-solid, and they are highly persistent and will remain emulsified definitely.
Unbalanced emulsions may separate into water and oil when they are heated by sunlight

under calm sea condition. (ITOPF 2011)

Dispersion process is the process where breaking waves forces oil droplets into the water
column and this can make portions of the droplet small enough to persist in the water
surface (Scholz et al. 2012). The dispersion rate is mainly reliant on the nature of oil and
the state of the sea, mostly happening quickly with low viscous oil in the midst of waves
action (ITOPF 2011). Dispersion in the Arctic marine environment is unlikely to happen
in the freeze-up ice condition. Larger ice floes temporarily disperse oil into water columns
around their edges and in most cases, larger oil droplets formed becomes too large to be
dispersed permanently. This will then rise up to be deposited under the ice flows,
therefore, oil dispersion becomes unlikely to happen in an Arctic environment. (Scholz et
al. 2012) Waves and turbulence cause almost all the slick breaking into droplets with
different sizes and mixes with the upper layer of the water column. The increase in surface
area of oil enhances dispersion, whereas, the application of dispersant speeds up natural

processes. (ITOPF 2011; Scholz et al. 2012)
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Dissolution process is the process by which soluble water compounds in a surface oil
slick dissolve into water columns below (Scholz et al. 2012). Oil spilled dissolution
depends on the composition of the oil, spreading process, temperature of the water,
turbulence and the extent of dispersion (ITOPF 2011). In the Arctic environment, the
water is colder and icy conditions are dominant, however, dissolution rates are lower in
cold climate regions than warmer ones (Scholz et al. 2012). For example, when oil is
captured by ice, quite a small portion of the water-soluble components of the oil diffuses
down to the bottom of the ice sheet, but at the bottom of the ice, concentration is very low
(Faksness et al. 2011). Since oil spreading and dispersion is hindered by ice, low water
temperature, and other Arctic conditions, dissolution will be affected as well. Chemical
stabilization oil components in water are dependent on dissolution (NRC 2003).
However, heavy crude components are not soluble in water except aromatic hydrocarbons
(benzene and toluene) which are slightly soluble but are volatile and ripped off by
evaporation (10 to 1000 times) (NRC 2003; ITOPF 2011; Scholz et al. 2012). Dissolution
of hydrocarbons does not make any significant contribution to oil removal from sea
surface because of concentration hydrocarbons that will dissolve in seawater (ITOPF

2011).

Photo-oxidation process is a process that converts aromatic compounds in crude oil to
polar species. This process increases the amount of crude oil component susceptible to
biodegradation. (Dutta and Harayama 2000) This process is stimulated by sunlight,
whiles hydrocarbons are exposed to oxygen leading to the formulation of soluble products
or tars (NRC 2003). Photo-oxidation is dependant spectrum and strength of incident light,
optical properties of the water surface as modified by hydrocarbons and other
components, hydrocarbon optical properties, and photo-quencher and activator
compounds (ITOPF 2011). The Arctic region has a wide range of daylight hours
depending on the season, therefore, photo-oxidation is much better in the summer than
winter season which has less daylight (Board et al. 2014). The process occurs during the
whole period of the spill but is less significant on dissipation compared to other
weathering processes; however, the breakdown of oil films under intense sunlight is under
0.1% per day. During the oxidation process, viscous oils with very thick layers and water-
in-oil emulsions oxidize to insistent residues than degrading. They then form higher
molecular compounds by creating a protective surface area and they are seen as tarballs
stranding on shorelines. These tarballs consist outer crests of oxidized oil and sediment

particles that surrounds soft and minimum weathered interior. (ITOPF 2011)



30

Biodegradation process is the process by which naturally occurring bacterial and micro-
organisms eat hydrocarbons to use them as a food source (Scholz et al. 2012).
Biodegradation process can only happen in water and oil interface. Microorganisms are
found in seawater and are capable of metabolizing oil compounds, thus the dissolution of
materials chemically. The microorganisms in the seawater include; yeast, bacteria, fungi,
unicellular algae, protozoa and moulds. (ITOPF 2011; Scholz et al. 2012). These
organisms use the oil as carbon and energy source as they breakdown and produce carbon
and water as compounds after biodegradation (Margesin and Schinner 2001; Prince and
Clark 2004; ITOPF 2011). Each microorganism has its own work of degradation to do,
thus degrade specific hydrocarbon group, however, a wide range of microorganisms
coming together for continues degradation to achieve successful breakdown. Not all
compounds are able to breakdown and as a result, change the oil colour to black. (ITOPF
2011) Nutrients availability, temperature, and oxygen availability promote
biodegradability while microbial population growth is also dependent on composition,
state, and oil concentration. Dispersion increases the rate of degradation by the increase
of surface area for better microbial attacks but oil dispersion is less in the Arctic marine
environment due to ice and cold condition of water, less wind, current and waves. This
eventually affects the rate of degradation since the surface area increase will be minimal.
(ITOPF 2011; Lee et al. 2011). In the Arctic and highly saline environments (sea ice bine
channels), there are natural indigenous microbial organisms that exist (Scholz et al. 2012).
Studies have been conducted on biodegradation of crude oil under Arctic condition using
indigenous microbe and the results show that biodegradation was significant in all the
treatments even at -1 °C (McFarlin et al. 2011a; 2011b). Another research conducted
showed also significant oil biodegradation (Hazen et al. 2010; Lee et al. 2011; Niu et al.

2014). Biodegradation is, therefore, possible in the Arctic marine environment.
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4 OIL SPILL RESPONSE TECHNOLOGIES:
APPLICATION OF SORBENTS

4.1 Overview of primary and secondary oil spill response technologies

Oil spill response technologies can be divided into five categories. Out of these methods,
three of them are primary and two of them are secondary methods. The secondary OSR
methods consist of physical and biological methods whiles the primary methods include
mechanical, thermal and chemical countermeasures. The primary OSR methods are used
as first-hand clean-up response before the secondary methods are applied. Thermal
method is frequently applied as in situ burning since 1960 to burn oil where the spill has
occurred. Dispersants are also widely used as chemical methods and another alternative
to the mechanical methods in the Arctic. The mechanical OSR technology uses mainly
floating to recover oil. Booms and skimmers are typically applied for mechanical OSR.
These methods have been used since 1950 and they have been widely accepted across the
Arctic environment. (Lampela 2011; Ghaly and Dave 2011; ITOPF 2014) Secondary
OSR methods consist of physical methods such as sorbents and biological methods.
Biological OSR methods are rarely used in the Arctic environment. However, biological
OSR is mostly applied for the removal of stranded oil. (Ghaly and Dave 2011; Brakstad
et al. 2015; Li et al. 2016) This study focuses on physical OSR methods, especially the
application of sorbents. The focus will be on various absorbent materials and forms and
their application in oil spill clean up at habours. Sorbents are used to clean traces of spilled
oil on land and water. Usually, the choice of absorbents in the clean-up process is

dependent on factors including; sorbent availability, cost and its safety.

4.2 Application of sorbents

The intensity and location of oil spill determine the clean-up method that need to be
applied. Sorbents are usually employed as the final cleanup of oil spill leftovers at
offshore and are mostly good for minor oil spills. (Fingas 2011) Sorbent materials serve
as a suitable resource for OSR, which recovers oil in a way that is difficult for other
technologies (ITOPF 2012a). The performance of sorbent is dependent on the sorbent
type and its properties (Potter 2008). Furthermore, sorbents are used in moderation to
reduce secondary problems associated with contamination, retrieval, storage and disposal

(ITOPF 2012a). They also have a high oil recovery efficiency (Bayat et al. 2005). Some
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sorbents are also modified with oleophilic and hydrophobic agents to improve their

capacity to absorb oil (Adebajo et al. 2003).

Presently, over 200 sorbents materials are produced and are in use as absorbents for oil
absorption (Eyu et al. 2014). However, for a material to be used as absorbents, it should
be able to absorb the oil preferentially to that of water and should be both oleophilic and
hydrophobic (Aljammal and Juzsakova 2016; Laitinen et al. 2017; Liu et al. 2017;
Mahfoudhi and Boufi 2017). Absorbents are not suitable for use in the open sea and
cannot typically function well with highly viscous oil (heavy oils, weathered and
emulsified oils). However, some absorbents have been designed for such viscous oils.

(Ghaly and Dave 2011; ITOPF 2012a; Aljammal and Juzsakova 2016)

Oil sorption can happen in two ways, namely by absorption and adsorption. In the
adsorption process, the oil is favourably engrossed to the surface of the material while the
absorbent integrates the oil or absorbents allows the oil to penetrate into the open spaces
in the material. (Sayed et al. 2004; Kyzas and Kostoglou 2014; Aljammal and Juzsakova
2016). For a successful absorption process, the oil must be able to wet the sorbent
material, and this will happen if the surface tension of the liquid is smaller than the critical
surface tension of the solid. This means that the critical surface tension of the absorbent
should be below that of water and beyond oil. For example, seawater has a surface tension
of about 60-65 mN/m and that of oil varies but is mostly in the region of 20 mN/m.
(ITOPF 2012a)

According to Fingas (2011), synthetic sorbents are typically reusable but regeneration
costs can be high compared to the price of a newly made sorbent. Natural and synthetic
materials have critical surface tension values. Inorganic materials, which do not have the
required critical surface tension value can be modify with surface treatments, including
as heating, to produce the desired condition. For instance, sorbent foams and loose fibres
can have their oleophilic characteristic improved when they have been wetted or primed
with oil initially. (ITOPF 2012a; Liu et al. 2017) Sorbents ability to retain oil contributes
to the effectiveness and performance (Mahfoudhi and Boufi 2017).
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4.2.1 Forms of absorbents

Absorbent materials can be categorized into four forms in accordance with their
composition and intended use. They include:

e bulk sorbents (loose materials, in a form of particulate);

e enclosed sorbents (in a mesh as booms or pillow);

e continues sorbents (as mats, sheets, booms or rolls);

e fibre sorbents (loose fibres joined to form snares or sweeps)

(ITOPF 2012a; Federici et al. 2014).

Sorbent booms are loose materials, which are usually enclosed in fabrics, mesh or nets to
form booms. They are easy to deploy, control and easier to recover. In some situations,
sorbent booms are used to collect thin oil films whiles their usage ought to be strongly
controlled. (ITOPF 2014) In addition, sorbent booms can degrade within hours due to
environmental factors such as wave action or abrasion on rocks. The strength of sorbent
booms, in particular, enclosed loose materials, is based on the durability of the retaining
net material, which can break open in opposing environmental condition. They are usually
produced using organic and inorganic natural materials. Sorbent in bulk are loose sorbents
and are deployed for small spills due to difficulty in controlling and retrieval, therefore,
their use is limited in the marine environment. Continuous sorbents are made up of
cylindrical and flat booms with a greater homogeneity. The cylindrical sorbents have a
lower surface area with less oil penetration whiles the flat sorbents have a high surface
area to volume ratio. They are usually manufactured from synthetic materials such as
polypropylene and woven. While the other forms are effective in a wide range of oils,
loose fibre sorbent is less efficient in recovery of more weathered and high viscosity oils.
However, bundles of loose sorbent fibers are required to guarantee the recovery of these
oils through a combination of adhesion and cohesion. Usually, strips of polypropylene

are used to produce and attached together to form snares (pom poms). (ITOPF 2012a)

4.2.2 Characteristics of absorbents

On a whole, absorbents characteristics must be well thought out when selecting an
absorbent for oil spill clean-ups, in addition, the oil types must also be considered when
choosing the material. Absorbent ability to take up more oil and it being effective is
affected by factors including buoyancy, saturation, oil retention, strength and durability,

sorbent fermentation in water and cost. (Teas et al. 2011; TOPF 2012b; Aljammal and
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Juzsakova 2016) For absorbents to be effective on floating oils, they need to have high

buoyancy and continue to submerge even when it is saturated with water (Liu et al. 2017).

Materials such as straw and sawdust have initially a good buoyancy but when they are

saturated with water, they start to sink (ITOPF 2012a). The critical parameters to consider

for selecting the absorbents are (Teas et al. 2001; Rotar et al. 2014; Aljammal and
Juzsakova 2016):

4.2.3

Rate of absorption: Absorption is faster when the oil is lighter (e.g. are diesel,
gasoline, and benzenes.

Absorption capacity: The amount of pollutant that is absorbed onto the absorbent
per mass of absorbent

Rate of adsorption: Rate of adsorption depends on the type of oil. The thicker
the oil, the more it adheres to the adsorbent surface.

Oil retention: Oil weight causes sorbents structure to drop and deform. In this
case, when the sorbent is elevated out of the water, the oil that is trapped in the
pores can be released. With lighter and less viscous oils, oil is lost easier through
the pores.

Ease of application: Application of sorbents both in a manual and in mechanical.
For example, clay and vermiculite can cause dusting in windy condition.

Kinetic model: Kinetic model describes the absorption process and measures the
diffusion of adsorbate in the pores (Teas et al. 2001; Rotar et al. 2014; Aljammal
and Juzsakova 2016)

Limitations of absorbents

Absorbents have limitations in terms of oil clean-up. The following are some limitations

of absorbents;

Environmental conditions (wind, wave, and current) affect absorbent ability to
retain oil.

They are less effective with highly viscous oils.

Cost of regeneration is often higher than the cost of newly produced absorbents
Long stay in water affect the composition and efficiency of some absorbents. This
causes problems with recovery and storage of oil.

One largest limitation is their collection from water surface, which is always

difficult. (ITOPF 2012a; Aljammal and Juzsakova 2016).
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4.3 Classification of absorbents

4.3.1 Absorbent materials

Sorbent materials can be derived from renewable resources, which are often cost-effective
and can potentially be reused (Ghaly and Dave 2011; ITOPF 2012a; Aljammal and
Juzsakova 2016; Laitinen et al. 2017; Liu et al. 2017; Mahfoudhi and Boufi 2017). Solid
sorbent materials serve as absorbents to absorb liquid through diffusion by a similar
procedure to capillary action. The material combines with the liquid (oil), get swollen so
that there is no leakage out, even under severe pressure. The absorbents are typically
prepared from synthetic polymers to obtain high surface area to facilitate absorption.
(Adebajo et al. 2003; ITOPF 2012a) Figure 7 shows some of the most frequent used
absorbents used for oil absorption. For the purpose of this study, bio-based absorbents

will be explored, especially the focus is on cellulose based absorbents.
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Figure 7. Most frequently used absorbent materials for absorption. (Adapted from
Mahfoudhi and Boufi 2017).
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Generally, several important factors such as porosity, hydrophobicity, appropriate pore
spaces and surface area of the absorbent are considered in the separation process. The
surface area of absorbent is very important and essential for the efficient removal of oil
from water. (Aljammal and Juzsakova 2016; Laitinen et al. 2017; Liu et al. 2017)
Furthermore, materials with high carbon or oxygen content have a good recovery
efficiency of oil from water. Nevertheless, not all materials meet all prerequisites for
selectivity, rate of sorption, capacity rate and recycling rate. Absorbent materials used for
absorption include materials such as sawdust, peat, bark, paper-pulp, bagasse, cork,
feathers from chicken, straw, human hair and wool, vermiculite and pumice,
polypropylene, polystyrene, polyester foam and etc. (Teas et al. 2001; Ghaly and Dave
2011; ITOPF 2012a; Aljammal and Juzsakova 2016; Liu et al. 2017). They can be
categorized into groups such as; organic and agro-based products, synthetic materials and
inorganic materials as shown in Table 3. (Deschamps et al. 2003; Lim and Huang 2006;
Aljammal and Juzsakova 2016) The very recent advances in absorption process have also
brought into existence nanotubes and nanoparticle absorbents for oil absorption (Gu et al.

2014).

Table 3. Absorbent material and their advantages, and drawbacks (Adapted from
Aljammal and Juzsakova, 2016).

Raw material Advantages Disadvantages

Natural organic

Agricultural  sources and | Environmentally friendly. Low sorption capacity.
residues such as lignin; | Biodegradable. Hydrophilic in nature.
activated  carbons after | Non-toxic. Can have high water
pyrolysis. Not corrosive. absorption, resulting in loss
Natural fibre material such as | Low cost. of sorbent buoyancy.

cotton fibres and corn stalk, | Able to be recycled.
bagasse pith and nonwoven | Easy to dispose.

wool.

Synthetic Polymer

Synthetic polymers such as | Widely used because of their | They are non-biodegradable.
polyethylene, butyl rubber, | hydrophobic and oleophilic | They are not naturally
polyurethane and | characteristics. occurring as mineral

polypropylene. Some types are reusable. products.
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solvent clay and diatomite,
vermiculite exfoliated

graphite, sepiolite and zeolites.

Raw material Advantages Disadvantages
Inorganic minerals
Perlite, graphite, vermiculites, | Very high oil absorption | Very sensible to fouling.

capacity.
The sorbent can also be

regenerated.

Susceptible to aging process.
High water absorption.
Low buoyancy, making it

difficult to recycle.

Nanotube and Nanoparticles

CNTs, Co-polymer made of
improved carbon nanotubes
(MWCNT), Granulated NaA
zeolite nanoparticles improved

with

Exceptional one-
dimensional structure.
Large surface area.
Oleophilic and hydrophobic

in nature.

Poor solubility and process
ability rate restricts their
application.

They may pose a risk for the

environment.

hexadecyltrimethylammonium
bromide and Magnetic carbon

nanotube sponges (Me-CNT

sponge).

Natural organic sorbents are carbon-based materials obtained from abundant and
affordable biomass from plants or residues from animals (Ruiz et al. 2011). Bio-based
absorbents are of low cost, easy to obtain and are of renewable sources. These materials
can be formed into various forms of absorbents (sheets, booms, pads, and filter and fibre
assemblies). Their oil sorption capacity is typically 3-50 times their own weight and they
have less density compared to inorganic and synthetic absorbents. (Ruiz et al. 2011;
Laitinen et al. 2017) Recently cellulose which is the man structural constituent of many
of plants materials has been under special consideration for oil clean-up (Aljammal and

Juzsakova 2016).

Synthetic polymer oil sorbent such as polyurethane foam, nonporous polystyrene fibres,
polypropylene nonwoven web, and macroporous rubber gels and polypropylene fibres
are commercial sorbent types used in oil spill clean-up. They have oleophilic and
hydrophobic properties. (Lin et al 2010; Karana et al. 2011; Laitinen et al. 2017) They
are not biodegradable which makes them not friendly to the environment. The most
commercially used synthetic materials are polypropylene and polyurethanes. Synthetic

materials have their absorbing capacity to be 70 to100 times their own weight. This is due
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to their oleophilic and hydrophobic properties. These materials are also available in
sheets, rolls or booms and can also be applied to water surface as powders. (Choi and

Cloud 1992; Teas et al. 2001; Deschamps et al. 2003; USEPA 2010)

Inorganic oil sorbents such as clay, charcoal, and zeolite, fly ash, silica nanoparticles,
amorphous silica, and silica aerogels are typically termed as ‘‘sinking sorbents’’. They
are fine-grained and highly dense materials. (Babel and Kurniawan 2010; Aljammal and
Juzsakova 2016; Laitinen et al. 2017) . Furthermore, these natural materials are cheaper,
abundant for use and supply. Several studies have shown that inorganic sorbents can be
modified to enhance their oil sorption capacity. (Bandura et al. 2015; Laitinen et al. 2017)
Ghaly and Dave (2011) reported that inorganic sorbents absorbing capacities are 4-20
times their own weight. In addition, these materials are more attractive than synthetic
materials because of their availability, even though, they are poor in oil-water selectivity

(ITOPF 2012a).

Carbon nanotubes (CNT’s) have gained attention due to their excellent absorption
capacity. CNTs are very good absorbents with high hydrophobicity. (Gui et al. 2013) A
recent report by Gu et al. (2014) shows that CNT absorbents have a good ability to absorb
oil from water. In addition, the absorbents are able to retain oil after retrieval and can be
reused. Carbon materials have excellent absorption capabilities, high selectivity, highly
recyclable and can be modified to absorb oil and then prevents water absolutely.
Furthermore, carbon-based absorbents have high surface area, low in density,
extraordinary mechanical characteristics, good chemical stability, environmentally

friendly and huge pore volume. (Aljammal and Juzsakova 2016)

4.3.2 Cellulose-based materials

Cellulose is the most abundant biopolymer, which can be found in plants. It provides plant
rigidity or firmness. In addition, it is a raw material used, e.g. in a form of paper and
board, wood and textile fibres (cotton or flux). (Klemm et al. 1998) Cellulose exists in a
form of semi-crystalline polymer, comprising of both crystalline and amorphous phases.
It is a linear polymer and contains three hydroxyl groups in its structure. Furthermore,
due to strong hydrogen bonds between its chains, it does not dissolve in water and other
solvents. (O’Connell et al. 2008) The shape of cellulose is a ribbon-like that allows it to
bend (Klemm et al. 2005; O’Connell et al. 2008).
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Cellulose is obtained from wood, plants, microbes, and animals. They include seed fibre
(cotton), wood fibres (both soft and hard kinds of wood), bast fibres (flax, jute, ramie,
and hemp), grasses (bagasse, bamboo), algae (Valonica ventricosa) and bacteria
(Acetobacter xylinum). (Hokkanen et al. 2016) The percentages of cellulose in the raw
materials differ from each other as shown in Table 4. The most common raw materials

for commercial cellulose production are wood and cotton (Klemm et al. 2005).

Generally, most plants cell walls are made up of cellulose. Wood and lignocellulosic
materials are known for their mechanical properties, especially they have high
mechanical strength and can undergo large dimensional changes because of shrinking
and swelling (Dumitriu 1996, p. 87). Currently, there are significant interests towards
cellulose nanomaterials including nanocrystals, nanofibrils, and microfibres (Sirdé and
Plackett 2010). Cellulose-based materials can be used as economical absorbents but their
performance is varying depending on the form of cellulose. Pure cellulose has a surface
area of 1.64 m%/g, pore volume of 0.00839 cm?®/g and pore diameter of 20.41 nm. (Séiban
et al. 2006; Gurung et al. 2014)

Table 4 Percentages of cellulose in cellulose raw materials (Adapted from Klemm et al.

1998).

Cellulose raw material Percentages (% wt) of cellulose

wood 40-50
leaf fibres and sisal fibres 55-73
bast fibres and flax 70-75
hemp 75-80
jute 60-65
ramie and Kapok 70-75
kenaf 47-57
canes and bamboo 40-55
cottonseed hairs (purest source) 90-99
rice 43-49
cereal straw 48

wheat 49-54
rye 50-54
bagasse 33-45

oat 44-53
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Typically, the absorption capacity of cellulose can be improved by chemical
modifications. Some of these chemicals include organic and mineral acids, bases, organic
compounds, and oxidizing agents. (Sir6 and Plackett 2010; Klemm et al. 2011; Moon et
al. 2011; Dufresne 2013) Chemical modification of cellulose is possible due to large
number of hydroxyl groups. The modification methods can be grouped into two main
streams i.e. monomer-grafting and direct modification. Monomer grafting attach wide
range of specific groups to the cellulose backbone whiles direct modification attach
functional groups to hydroxyl groups of cellulose backbone through base solutions,
organic and mineral acids, organic compounds, and oxidizing agents. (O’Connell et al.

2008; Ngah and Hanafiah 2008)

4.4 Aerogel as oil absorbents

Aerogels are nanoscale mesoporous solid materials produced by replacing the liquid in
the gel with air. They are quick to absorb large amount of oil and they can still float on
water. This is because of large surface area, high porosity and low density of aerogels.

(Nakagaito et al. 2013)

Cellulose aerogels have additional advantage of naturally occurring cellulose including,
abundant sources, biodegradability, recyclability rate and simplicity to surface
modification) as an advantage. Due to this, they are considered as one of the most
attractive green sorbent materials. (Innerlohinger et al. 2006; Cai et al. 2008; Gavillon
and Budtova 2008). The cellulose aerogels can be categorised as those derived from
cellulose and its derivatives, those based on regenerated cellulose (RC), and
nanocellulose-based aerogels (Tan et al. 2001; Cai et al. 2012; Nguyen et al. 2014; Wan
et al. 2015).

Cellulose aerogels are typically fabricated by freeze-drying method, in which, gelation
(solidification by freezing) is a very important process. During solidification by freezing,
a three-dimensional cellulose network is formed. The gelation formation can be classified
into physical and chemical cross-linking mechanism. The physical cross-linking is used
in the case of RC aerogels and nanocellulose aerogels. (Nguyen et al. 2013; Jiang and
Hsieh 2014) The chemical gelation mechanism needs additional cross-linking agent
(paper-strengthening resin) to be added to induce the formation of cross-linked cellulose

network (Feng et al. 2015; Meng et al. 2015).
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RC based aerogels are manufactured through dissolving the cellulose into a required
solvent, regeneration of cellulose by exchanging of solvent by nonsolvent, and then
drying the attained aerogels. During these process steps, the used sorbent can be harmful
and the process is time-consuming. (Jin et al. 2004; Gavillon and Budtova 2008) The oil-
sorption performance of aerogel is largely dependent on density and viscosity of the oil,
capillary effect, van der Waal forces, hydrophobic relations amongst oil and absorbents
and aerogels morphological parameters including surface wettability, total pore volume
and its structure. Typically, oils with low viscosity penetrate in the porous network of the
aerogels more easily, and, therefore, higher absorption capacity is achieved. (Choi and

Cloud 1992; Gui et al. 2011; Meng et al. 2015; Wang et al. 2013)

Cellulose aerogels have different kinds of pore structures and the pore structure greatly
depends on drying process used. Typically, freezing and supercritical drying process are
used. For example, supercritical carbon dioxide drying successfully avoids the three-
dimensional porous structure from collapsing and results in acrogels with low density and
a higher surface area. Highly porous aerogels have high oil-absorption capacity. (Tan et

al. 2001; Fischer et al. 2006; Sehaqui et al. 2011; Kobayashi et al. 2014)

One notable disadvantage of supercritical drying is its cost, which limits its industrial-
scale usage (Liu et al. 2017). The freeze-drying technique is safer, more economical and
environmentally friendly, which can replace the traditional supercritical drying

(Fumagalli et al. 2013; Jiang and Hsieh 2014).

4.4.1 Nanocellulose-based aerogels oil absorbents

Nanocellulose based oil sorbents have been recently established to overcome the
challenges of RC aerogels. Nanocellulose are referred to as novel cellulosic materials
with typical lateral dimension ranging from 2-6 nm. (Klemm et al. 2011; Dufresne 2013)
Nanocellulose, a new class of bio-based absorbent is lightweight, has strong mechanical
strength, high specific surface area, is environmentally friendly and can easily be
modified (possibility of surface modification). Aerogel based nanocellulose as absorbents
has high absorption capacities and a very good binding attraction compared to other
counterparts at the macroscale. Furthermore, at the nanoscale, there is the emergence of
additional criteria due to its small size, specific surface expansion and the dominance of

interfacial phenomena. (Zhou et al. 2011; Mahfoudhi and Boufi 2017)
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Based on cellulose sources, functions and its preparations, nanocellulose can be grouped
into three categories, namely; Cellulose Nanocrystals (CNC), Cellulose Nanofibrils
(CNF) and Bacterial cellulose (BC) (Sir6 and Plackett 2010; Klemm et al. 2011).
Characteristics of these three kinds of Nanocellulose are stated in Table 5. By comparing
nanocellulose to RC, nanocellulose exhibits the structure of cellulose (I), having greater
strength or stiffness and larger specific surface area. In addition, the resultant aerogels of
nanocellulose shows higher mechanical strength than RC aerogels after freeze-drying.

(Jin et al. 2004; Gavillon and Budtova 2008)

CNFs consists of long, flexible and entangled network of cellulose nanofibres with a
diameter of 2-60 nm and a length of several micrometres (Klemm et al. 2011; Dufresne
2013). CNFs comprises of individual and aggregated nanofibrils, which are made of
alternating crystalline and amorphous cellulose areas and therefore, the unique
morphology gives CNF-based aerogels greater flexibility and an ordered porous structure

over RC aerogels (Lindstrom and Winter 1988, as quoted in Liu et al. 2017).

““Nanocrystalline cellulose (CNC) comprise rod-like cellulose crystals of a width and
length (5-70 nm) and between 100 nm and several microns’’ (Liu et al. 2017). CNC has
a greater degree of crystalline and shortfall in aspect ratio, compared to CNF and BC,
which have a three-dimensional cellulose nanofibres network. Furthermore, the aerogels
from CNC has poor mechanical properties compared to CNF and BC and CNC are usually

not employed as oil sorbent materials. (Liu et al. 2017)

Currently, cellulose aerogels (cellulosic sponges or foams) based on cellulose nanofibrils
(CNFs), which are highly porous and ultralow in density have come of interest. CNFs can
be renewed, have good mechanical properties, low density, high porosity, natural
biodegradability and environmental friendliness (Sai et al. 2013; Gupta and Tai 2016;
Laitinen et al. 2017). All these characteristics increase the potentials CNF aerogels for
being used as oil and chemical sorbents (Laitinen et al. 2017). Laitinen et al. (2017) used
a straight forward process to develop low cost, ultralight, porous, hydrophobic and
recyclable cellulose nanofibril aerogels, which is obtained from recycled waste fibres.
The CNF aerogels obtained excellent oil-water selectivity and high absorption capacity
of oil (marine diesel oil, kerosene, gasoline, motor oil, castor oil, and linseed oil) and with
other organic solvents such as dimethyl sulfoxide, chloroform, n-hexane, toluene,
acetone, and ethanol. After the absorption process, oil was recovered mechanically by

squeezing and the superabsorbent aerogel could be used again more than 30 sequences.
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The CNF aerogel displayed excellent absorption capacity (142.9 g/ g of diesel oil)
compared to polypropylene-based material (8.1-24.6 g/ g of diesel).

Table 5. Characteristics of CNF, BC and CNC kind of nanocellulose (Adapted from Liu
et al., 2017)

Nano- Sources method Cheml.cz.ll Structure |Crystallinity | Yield [ Cost
cellulose Composition
Wood, .
sugar Mechanical
beet, prre:fsilrllrifland Contains Entangled
CNF potato e, residues of ¢ low high | low
chemical or i network-like
tuber, hemicellulose
enzyme
hflmp’ treatment
ax
Wood,
flax .
cotton, h :;;glldsis : .
hemp, yfromya No amount of | Rigid and high low [ high
CNC z?;:;t different hemicellulose rod-like
mulbe ’ cellulose
barksrry source
ramie
Bacterial | Bacterial Pure N ellulose | Ribbon-
cellulose synthesis without shaped
’ Y hemicellulose, fibrils high low | high
BC and (Acetobacter| . . e
microbial [ species) lignin, and | (width = 25-
cellulose pectin 100 nm)

Another CNF aerogel oil absorption capacity (88 to 228 g/ g) has been reported by Wang
et al. (2016). The oil recovery method, recyclability of absorbent, and cost using CNF
aerogels are much cheaper than those of carbon-based absorbents. One challenge of CNF

aerogels are their development at low cost and remaining efficient. (Laitinen et al. 2017).

CNF based aerogels are typically produced using freeze-drying process (Korhonen et al.
2011). Korhonen et al. (2011) prepared hydrophobic nanocellulose aerogels by freeze-
drying of CNF hydrogels to test it reusability property. The highly porous and low-density
aerogels showed high water-repellent characteristics. The oil did not drain out of from the
aerogel when it was withdrawn from the water and the aerogel remained floated on the
water surface. The absorption capacity of CNF aerogel did not reduce. The CNF aerogel
showed good reuse character after 10 times absorption of organic solvent, drying, and re-
absorption cycles. Xiao et al. (2015) also prepared hydrophobic aerogel by chemical

vapour deposition. The aerogel absorbed oil 52 times its own weight.
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CNFs can be mixed with other polymers to formulate hybrid aerogels, which can be used
as oil sorbents. They show super-hydrophobic and super-oleophilic characteristics and an
excellent absorption capacity for different oils. The hybrid aerogel have also very good
mechanical and elastic toughness, therefore, making them potential for oil spill clean-up.

(Zheng et al. 2014)

4.4.2 Bacterial cellulose aerogels as absorbents

Bacterial cellulose (BC) are made up of nanofibrils. They are obtained from certain types
of bacterial (acetic acid bacterial), which involve enzymatic polymerization of glucose
via bottom-up approach. BC aerogels have high degree of crystallinity, polymerization,
mechanical stability and water retention properties with reference to CNF. (Klemm et al.
2011) Oil sorption capacity of BC aerogels can be brilliant by the preparation of hybrid
structure which contains graphene (Wang et al. 2014). Graphene aerogels have
demonstrated good absorption abilities and reuse characteristics due of its low density,
higher aspect ratio, excellent elasticity and strong mechanical characteristics (Bi et al.
2012; Nguyen et al. 2012; Zhao et al. 2012). By incorporating graphene oxide (GO) into
BC suspension produced ultralight and highly porous BC/ reduced GO (rGO) hybrid
aerogels by drying-freezing process and thermal reduction in H>. Comparing pure BC
aerogels (amphiphilic), BC/ rGO aerogels organic solvents selectivity and absorption

capacity for the organic liquids were very high (135-150 g/g). (Wang et al. 2014)

4.4.3 Carbon aerogels as absorbents

Carbon aerogels are oil sorbent materials that have excellent absorption abilities, intrinsic
hydrophobic and oleophilic nature and both thermal and chemical stability. Pyrolyzing
resorcinol formaldehyde organic aerogels in an inert atmosphere form a cross-linked
carbon structure, which produces carbon aerogels. (Pekala 1989; Wu and Fu 2008) These
aerogels have a high density (100-800 g/cm?) (Fu et al. 2003; Wu et al. 2004). On the
other hand, carbonization of biomass materials is simple, inexpensive and no chemicals
involved in its preparing process. In addition, carbon aerogels are eco-friendly and
sustainable. Nanostructured carbon aerogels resulting from nanocellulose meet the
expectations of a higher specific surface area, high porosity and greater mechanical

property. Carbon aerogels originates from CNF and BC. (Liu et al. 2017)
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5 MATERIALS AND METHODS
5.1 Materials

Material used for the CNF production was recycled box board, which was obtained from
board-container collections. The pulp was initially pulped without chemicals by using
Kenwood KMO020 pulper, United Kingdom. Consistency of pulp was 15%, temperature
of 45°C, rotor speed of 2 ms™ and a pulping time of 10 mins. The pulp was washed and

screened after pulping using Somerville screen. (Laitinen et al. 2017)

The washed pulp was fibrillated with a Masuko super masscolloider grinder MKCAG6-2J
(Japan) to obtain board nanofibrils. For this purpose, the fibrous board material was
diluted with water to a 1.5% consistency. The grinding discs of the Masuko grinder were
first carefully brought into close contact, which was verified by the low friction sound.
Then, the treated cellulose was passed twice through the grinder using the zero grinding
discs gap, after which the discs were adjusted to negative gap values. The board pulp was
passed through the grinder a total of 14 times, using negative gap values of 3 times -20
pum, one-time -40 um, one-time -50 pum, one-time -60 um, 3 times -80 pm and 5 times -

90 um to obtain different board nanofibers (i.e. CNF suspension).

Methyltrimethoxysilene (98%, MTMS) was obtained from Evonik Industries, Germany,
and Hexadecyltrimethoxysilane (>85%, HDTMS) acquired from Sigma-Aldrich,
Germany. In addition, light-weight marine diesel oil was acquired from Neste, Finland
and Mobil DTE™ 20 Series hydraulic oil from a local supermarket. All the chemicals
were used without any purification. A 4 connect nylon black 12/ 25 mm diameter 10 m
Sleeving material was obtained from Motonet, Finland. A commercial oil absorbing
material (polypropylene) from inside oil-absorbing boom was obtained from local rescue

service.

5.2 Fabrication of hydrophobic cellulose nanofiber aerogels

Firstly, CNF suspension was diluted with deionised water to a consistency of 1.5%. Ultra-
Turrax system was set to 8000 rpm for 30s and used to homogenise the suspension.
Furthermore, pH was adjusted to 4 by using a 0.5 M HCI solution. Secondly, silane
solutions (20 wt %) used for the hydrophobization of CNF were prepared separately.
MTMS and HDTMS were diluted in ethanol and after the dilution, the silane solutions

were mixed with a magnetic stirrer for 10 mins. Then 25 wt% of the prepared saline
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solutions were added to CNF suspension at a ratio of 50/50% and suspension was stirred

with a magnetic stirrer for 2 h at room temperature (Figure 8a).

The silylated CNF suspensions were put into a plastic tube (volume of 15 ml), and then
frozen in a liquid nitrogen at a temperature of -196°C before they were transferred into a
vacuum chamber of freeze-drying device (Scanvac cool safe 55-15 Pro, Denmark) for
one week (168 h) (Figure 8b and c¢). The cooling chamber temperature was set to -54 °C
to acquire hydrophobized CNF aerogels (Laitinen et al. 2017). Right after the drying-
freezing, aerogels were transferred into an oven to ensure curing at a temperature of

100°C for one day (24 h). The prepared CNF aerogels are presented in Figure 8d.

CNF aerogel
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Figure 8. A) [ustration of CNF uépension stirred on a magnetic stirrer. B) CNF
suspension frozen in a liquid nitrogen. C) Freeze-drying to obtain hydrophobized CNF
aerogels. D) Prepared CNF aerogels.



48

5.3 Sorption of oils using aerogels

WEISStechnik environmental simulator (climate chamber) was used to create artificial
Arctic environment conditions to simulate marine environment in Oulu and Tromse ports
by setting the temperature in the climate chamber to 0°C and humidity to 5%. A shaking
machine (IKA, KS 260 basic) was used to create a shaking effect. Figure 9 shows the

experimental set-up used for the study.

i h L
Climate |
: ‘chamber

Figure 9. Experimental setup in the WEISStechnik environmental simulator

The oil absorption experiments were carried out using two different types of oils, thus
diesel and hydraulic oils. Table 6 shows the properties of the two oils. In addition,
norosilicate glass beakers (600 mL) were used as an oil-water container, ice cubes made
of 1% salinity were used to simulate ice condition, 3 pieces ice cubes (5.3 cm per one)
was added into a beaker using shaking frequency of 100 rev/min. A constant specified

amount of oil (10 g) was added to the 600 mL beaker containing 390 mL of water and
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then placed on the shaker apparatus (IKA, KS 260 basic). A weighted sorbent wrapped
with a sleeving net material was added to the system and shaken for 1 to 60 mins.
However, no-shaking condition and no-ice condition were also considered for some

experiments. The experimental procedure involved the following stages:

e Setting the desired temperature of the climate chamber (0 °C) for all the
experiments.

e 390 g of water and 10 g of oil was added in the beaker.

e The beaker was placed on the shaker inside the climate chamber.

e Ice cubes (3 pcs) were added to the solution if required.

e The shaking machine was turned on if required.

e The absorbent with sleeving protection was placed into the beaker containing oil
and water.

e The sorption was continued for 1, 2, 3, 5, 10, 30 and 60 mins.

e The oil-soaked absorbent was removed to the measuring cup and weighted

Table 6. Specification of oil samples used in the experiments (properties and units).

Oil sample
Property Unit
Diesel Hydraulic oil (Mobil DTE 25)
Density kg/dm? 0.826 0.876
Kinematic
_ m%/s 44.2
viscosity at 40 °C
Kinematic
m?/s 1.8
viscosity at 50 °C
Flash point, °C 63.5
Pour point, °C -27

Two water salinity conditions, i.e. 1 and 3.5% salinity levels were used in the
experiments. The 1% salinity represented Baltic Sea water of 10 ppt salinity, the 3.5%
represented Norwegian Sea water of 35 ppt salinity, and both were used to simulate in
different experiments with diesel or hydraulic oil. When the experiment requires shaking
condition, the shaker is switched on to simulate shaking condition. Table 7 and 8 shows

the designed experimental plan.
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Table 7. The experimental plan for 1% salinity condition oil absorption

Shaking | No shaking | Ice cubes |No ice cubes Oil Aerogel
X X
X X
Cellulose-based
X X
X X Marine
X X diesel oil
X X Ref (Boom
X X plugs)
X X
X X
X X
Cellulose-based
X X
X X
Hydraulic oil
X X
X X Ref (Boom
X X plugs)
X X
Table 8. The experimental plan for 3.5% salinity oil absorption
Shaking | No-shaking | No ice cubes Oil Aerogel
X X
Cellulose-based
X X
Marine diesel oil
X X
Ref (Boom plugs)
X X
X X
Cellulose-based
X X
Hydraulic oil
X X
Ref (Boom plugs)
X X
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5.4 Absorption capacities

5.4.1 Diesel oil absorption using CNF aerogels and commercial reference

Pre-weighed CNF aerogels and polypropylene material (plug) boom together were placed
into diesel oil for 1, 2, 3, 5 10 and 30 mins, respectively. Full absorption was obtained
after 1-2 minutes in all conditions (Shaking, no-shaking, ice, no-ice, 1 and 3.5% salinity).
The mass of the absorbed oil per unit mass of dry absorbent (g) was used to determine
the oil sorption capacity (Laitinen et al. 2017). Overall, 72 experiments were conducted
for marine diesel oil, with 6 replicated measurements for CNF aerogels and reference

materials.

5.4.2 Hydraulic oil absorption using CNF aerogels and commercial material

In absorption test for the hydraulic oil, CNF aerogels and commercial polypropylene
material (plug) boom were weighed into a beaker. A high quality and durable nylon
protected was used to cover the absorbents. Pre-weighed CNF aerogels and
polypropylene material (plug) boom together with the sleeving material were put into
hydraulic oil-water solution for 1, 2, 3, 5 10, 30 and 60 mins, respectively. Complete
absorption was obtained for both CNF aerogels and polypropylene after 60 mins. Over
84 experiments were conducted for hydraulic oil, with 7 replicated measurements for

CNF aerogels and reference materials.
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6 RESULTS AND DISCUSSION

6.1 Hydrophobicized cellulose nanofiber aerogels

In the experiments, silylation agents (MTMS and HDTMS) were added before drying-
freezing to cross-link (i.e. MTMS) the CNF aerogel to attain a porous structure of CNF
aerogel. Thermal post-treatment was used to cure the hydrophobicized cellulose material.
The pH of the reaction medium was reduced to 4 to promote hydrolysis of alkoxysilanes

and minimise self-condensation (Zhang et al. 2015, Laitinen et al. 2017).

Density and porosity of the manufactured CNF aerogels is a function of CNF suspension
consistency. CNF aerogels had a density of approximately 0.01 g/cm? at a consistency of
0.75% while the density of polypropylene was 0.0521 g/cm?®. The porosity of CNF
aerogels was 99.15% at 0.75% consistency, while that for polypropylene reference
absorption material was 94.26%. Hydrophobic modification by using cross-linking agents
forms a continuous sheet-like coating and the porous structure was well maintained in the

CNF aerogels. (Laitinen et al. 2017)

Large amounts of hydrophilic hydroxyl groups in unsilylated CNF make freeze-dried,
unmodified CNF aerogels unsuitable for oil absorption. A hydrophilic aerogel easily
breaks down in water, and the water enters the aerogel to destroys the hydrogen bonds
that exist between the CNFs. This causes the collapse of 3D-structure of the CNF
aerogels. The silylated aerogels were instead confirmed to be hydrophobic after visual
observation, because water droplet rolled off from the surface of the silylated CNF

aerogels at an increased descending angle. In addition, water uptake was low.

CNF aerogels had notably higher absorption capacity for both diesel and hydraulic oil in
all conditions as shown in Figure 10 and 11. The CNF aerogels had 3-5 times better oil
(diesel and hydraulic) absorption compared to polypropylene material in both 1 and 3.5%
salinity water. However, this is lower than the absorption capacities of the previous
studies (references), presumably due to higher consistency of aerogel. Polypropylene
material absorbed some amount of water during oil absorption. Moreover, the commercial
reference material in contact with hydraulic oil and fresh ice cubes got frozen, while CNF

didn’t show this behaviour.
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6.2 Qil absorption

6.2.1 Low salinity (brackish) environment (10 ppt)

In the experiments, the absorption of hydraulic oil required more time to obtain fully
saturated absorbents than diesel oil as shown in Figure 10. The absorbents were fully
saturated with diesel oil 1-3 mins whiles the hydraulic oil required 30-60 mins to obtain
fully saturated absorbents. This might have been due to the physical and chemical
properties of both oils. Generally, oil absorption is faster with lighter oil products
(Aljammal and Juzsakova 2016).

Using commercial material under shaking or no-shaking with icy or no-ice condition, full
absorption was obtained in 30 and 60 mins for hydraulic oil. For CNF aerogels, absorption
was typically complete between 30-60 mins without shaking. Under shaking and no ice

condition, less time was required to obtain almost full absorption for hydraulic oil.
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Figure 10. A) Fully saturated commercial material with diesel oil after 1-3 mins B) CNF
aerogels full with diesel oil after 1-3 mins C) Hydraulic oil in commercial materials, not
full at 1-30 mins D) Hydraulic oil in both materials, full in 30-60 mins.
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Figure 11 represents the average values of oil absorption capacities for diesel and
hydraulic oil in 1% salinity. These experiments were conducted in icy and no-ice
conditions with a pairwise combination of shaking and no-shaking conditions (Table 7).
The CNF aerogels obtained a higher absorption capacity of 59.90 g/g for diesel oil and
34.56 g/ g for hydraulic oil. The commercial material obtained diesel oil absorption of
15.62 g/ g and 13.96 g/ g for hydraulic oil. The highest diesel oil absorption was under
no-shaking (no-ice) conditions in 1% salinity for both materials. Therefore, diesel oil is

absorbed better under no-shaking condition in 1% salinity.
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Figure 11. Comparison of absorption of diesel and hydraulic oil in 1 % salinity. SH means
shaking condition and NS means a no-shaking condition

Marine diesel oil has a notably higher absorption capacity than hydraulic oil in 1% salinity
for both CNF aerogels and reference material. The lower absorption capacity of hydraulic
oil was due to its higher viscosity. The higher absorption capacity of the diesel oil could
have been due to its lower viscosity. In low salinity (1%), the diesel oil became more
hydrophobic due to the electrostatic interaction and the low salinity effect. Because of
this, the oil absorption force of the absorbents was then enlarged, and caused increase in

absorption capacity of the diesel oil. (Zou et al. 2015; Alaa El-Din et al. 2018).
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6.2.2 High saline environment (35 ppt)

The sorbents were fully saturated with diesel oil in 1-3 mins whiles hydraulic oil required
30-60 mins to obtain fully saturated absorbents (Figure 10). This might have been due to
the physical and the chemical properties of both oils. Generally, oil absorption is faster
with lighter oil products (Aljammal and Juzsakova 2016).

Figure 12 shows absorption capacities for CNF aerogels and commercial materials in
3.5% salinity. These experiments were conducted in no-ice condition with a pairwise
combination of shaking and no-shaking conditions (Table 8). Generally, CNF aerogels
had higher absorption capacities for both oils compared to the commercial reference
material. Shaking condition showed high oil absorption capacity compared to no-shaking
condition. Therefore, hydraulic oil is absorbed better under shaking condition in 3.5%

salinity.

In all the conditions the experiments were conducted, hydraulic oil showed a notably
higher absorption capacity than the diesel oil in 3.5% salinity. The reason might have
been due to the high viscosity of the hydraulic oil. In high salinity (3.5%), the hydraulic
oil became more hydrophobic due to electrostatic interaction and high salinity effect. This
enlarged the absorption force of the absorbents, and thus increased the hydraulic oil

absorption. (Zou et al. 2015 and Alaa El-Din et al. 2018)
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Figure 12. Comparison of absorption of diesel and hydraulic oil in 3.5% salinity. SH
means shaking condition and NS means a no-shaking condition.
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6.2.3 Comparison of the behaviour of hydraulic and diesel oils in different salinity

Figure 13 shows the behaviour of hydraulic oil in 1 and 3.5% salinity. In this comparison,
hydraulic oil absorption (no-ice condition) with a pairwise combination of shaking and
no-shaking conditions was considered in 1 and 3.5% salinity (Figure 11 and 12). From
Figure 13, hydraulic oil had a notably higher absorption capacity in 3.5% salinity
compared to 1% salinity. Generally, the highest absorption capacity for the CNF aerogel
and commercial material were under shaking condition. This confirms that hydraulic oil

absorption capacity is higher under shaking condition in 3.5 salinity.
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Figure 13. Effect of salinity on the hydraulic oil absorption. SH means shaking condition
and NS means a no-shaking condition.

Figure 14 presents a dramatic effect of water salinity on diesel oil absorption. In this
comparison, diesel oil absorption (no-ice condition) with a pairwise combination of
shaking and no-shaking conditions was considered in 1 and 3.5% salinity (Figure 11 and
12). From Figure 14, it is evident that diesel oil recovery in 1% salinity was better than
in 3.5 % salinity. No-shaking condition had the highest diesel oil absorption for both
sorbent materials. This confirms what has already been stated that diesel oil has high

absorption in no-shaking condition.

As Figures 13 and 14 have indicated, the salinity of the water had a major impact on the

oil type removed. The lower the oil viscosity, the better the capacity in low salinity water
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and the higher the oil viscosity, the excellent the absorption capacity in high salinity

water.
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Figure 14. Effect of salinity on the diesel oil absorption. SH means shaking condition and
NS means a no-shaking condition.

6.2.4 Effect of hydrodynamic conditions

Figures 15 and 16 presents the effect of shaking on the absorption capacity for oils (diesel
and hydraulic) in 1 and 3.5% salinity. A shaking frequency of 100 rpm was constantly
used in the experiments. To know the actual effect of shaking on the absorption capacity
of oil, shaking in no-ice condition was considered (Tables 7 and 8). Generally, the shaking
produced higher irregular fluctuations on the absorption capacity for the CNF aerogels.
The fluctuations were high for the CNF aerogels in diesel oil absorption (1% salinity)
(Figure 15) and CNF aerogels hydraulic oil absorption (1 and 3.5% salinity) (Figure 16).
However, the shaking did not have effect on the maximum quantity of oil removed for
both oils (diesel and hydraulic). The commercial materials in both salinities were less
affected by the shaking condition for both oils’ absorption capacity. In addition, the
continues process of shaking caused the hydraulic oil to foam after 60 mins (not shown

on the graph).

The reasons for the increasing and decreasing trends in absorption capacity was due to
the oil type. Especially, the hydraulic oil drifted away from the sorbents (CNF aerogels

and commercial material) towards the walls of the beaker (not shown on the graph). The
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oil particles moved faster at 100 rpm and this caused less oil contact time with the
absorbent, and, therefore, affected absorption capacity of the CNF aerogels. Some sources
have confirmed that high shaking frequencies (72 rpm and above) affect the oil contact
time and absorption capacity of absorbent materials (Zou et al. 2015; Abdelwahab et al.
2017).
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Figure 15. Effect of shaking on diesel oil absorption.
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Figure 16. Effect of shaking on hydraulic oil absorption capacity.
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In contrast, low shaking frequency (60 rpm and below) do not have effect on the
maximum oil absorption capacity but rather decreases the required removal time (Zekri
2005). In addition, the huge shaking effect for the CNF aerogels could have been caused
by their light weight. Overall, oil absorption capacity obtained under shaking condition

for CNF aerogels in both salinities (Figures 15 and 16) were high.

The effect of no-shaking condition on diesel and hydraulic oil absorption are illustrated
in Figures 17 and 18 under both 1 and 3.5% salinity. To know the actual effect of no-
shaking on the absorption capacity of oil, no-shaking in no-ice condition was considered
(Tables 7 and 8). Generally, oils (diesel and hydraulic) absorption capacity for CNF
aerogels were largely affected under no-shaking condition (Figures 17 and 18) in both 1
and 3.5 % salinities. There was low effect on the commercial materials absorption. The
hydraulic oil absorption for the CNF aerogels encountered the highest instability of oil
absorption capacity in 1 and 3.5% salinity (Figure 18). The variations in absorption
capacities were due to the lack of absorbent movement. This resulted in unsaturated pores
within the CNF aerogels and commercial materials (not shown in the graph). Overall, oil
absorption capacity obtained under no-shaking condition for CNF aerogels in both

salinities (Figures 17 and 18) were low.

Moreover, there has not been enough research published on shaking and no-shaking effect

under Arctic conditions and therefore, more studies are required to confirm the results.
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Figure 17. Effect of no-shaking on diesel oil absorption capacity.
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Figure 18. Effect of no-shaking on hydraulic oil absorption capacity.

6.2.5 Effect of ice on oil absorption

The effect of ice on the absorption capacity was experimentally investigated. Figures 19
and 20 shows that the presence of ice caused irregular increasing and decreasing
absorption capacity. The effect was higher on the CNF aerogels capacity compared to the
commercial reference materials. To know the actual effect of icy condition, no-shaking
(with ice) model was considered in 1% salinity (Table 7). As shown in Figure 11, the
CNF aerogels had lower diesel oil absorption in the icy condition (54.29 g/g) compared
to no-ice condition (59.90 g/g) (Figure 11). The commercial material also had lower diesel
oil absorption in icy condition (13.96 g/g) compared to no-ice condition (15.62 g/g)
(Figure 11). This was same with hydraulic oil, where the CNF aerogels absorption
capacity in icy condition (28.46 g/g) was lower compared to no-ice condition (32.42 g/g)
Figure (11). Figure 21a and b illustrates that oils (diesel and hydraulic) and both
absorbents were trapped by the ice cubes. In addition, the ice cubes acted as boom by
holding the oil to be absorbed from spreading. This have been confirmed by some
researchers as being a hindrance to oil removal capacity (Dickins et al. 2008; Lampela

2011; Scholz et al. 2012; Muizis 2013; Dickins 2017).
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Figure 20. Effect of ice on hydraulic oil and absorbents absorption.
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O L e
Figure 21. Effect of ice on oil and absorbents absorption.

6.2.6 Effect of temperature on oil absorption

The result of temperature at 0°C on the oils (hydraulic and diesel), and absorption capacity
of CNF aerogels and commercial material were investigated. The coldness of the water
reduced evaporation of the oils (diesel and hydraulic). The cold water made the hydraulic
oil sticky (increased viscosity) and thick, and this caused the commercial material to be
trapped on the ice cubes (not shown). Therefore, more energy would be required to absorb
the oil. This has been already been confirmed by Lampela 2011 and Muizis 2013. In
addition, the 0 °C temperature also reduced the random motion of the oil particles due to
the increase in the viscosity of the oils. This could have made the oil penetration into the
pores of absorbent difficult and might have caused decrease in oil absorption capacity.

This has also been confirmed by Abdelwahab et al. 2017.
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6.3 Limitations of the study

Despite the encouraging results obtained from the experiment, some challenges were also

faced during the experiments. They include:

The oils around the beaker wall were difficult to be absorbed especially under
shaking condition.

The shape of “‘mini booms” CNF aerogels (elongated shape) prevented them from
absorbing oils close to the beaker wall.

The low flexibility and fragile nature of cellulose sponges made it difficult to
handle especially when inserting inside the sleeving material.

Lack of space in the beaker resulted in non-movement of ice cubes

6.4 Recommendations for further research

To improve on the current study, the following changes are recommended;

Nanocellulose aerogels should be prepared to have a circular shape that can cover
a larger area of the surrounding oil slick.

The use of a large conduit to provide enough space for oil and absorbent
movement.

We recommend the size of ice should be reduced by 1.5 cm in future studies to
facilitate free flow of oil and absorbent.

The time allocated for these experiments was not enough, therefore, a day should
be enough for each experiment to enhance the weathering of oils and its effect on
oil absorption.

The use of different temperatures to see their effect on shaking condition and
maximum absorption capacity.

The use of different kinds of oils to determine the behaviour of CNF aerogels.
Further developments of CNF aerogels are recommended to withstand
hydrodynamic (wave) conditions.

There are no designed and well-functioning models on how cellulose nanofibril
aerogels can be of help to responders in connection of accidental oil releases in
Arctic condition. Therefore, future models should be developed for such purpose.
Further research work on this study should be conducted to optimise cellulose

nanofibril aerogels beyond the Arctic region for oil spill response. The research
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should be a pragmatic option that will deal with, for example, other marine

conditions and environments.
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7 SUMMARY AND CONCLUSIONS

Oil spills have generally been recognised as serious concerns by industries, NGOs and
governments due to their impact on the environment and human health. Oil spill in the
Arctic is a risk, presenting itself hazard to the Arctic marine environment and coastal
regions. Oil spill remains a key pollutant from Arctic port activities causing various forms
of pollution within the port, at sea and shore land areas. The aim of this thesis was to
address shoreline oil spill clean-up at Arctic harbours (Oulu and Tromse). The focus was
on the application of sorbents (cellulose nanofibril aerogels (CNFs) oil sorbent) in the oil
spill clean-up. Sorbents serve as a suitable resource for oil spill response, which recovers
oil in a way that is difficult for other technologies. Nanofibril aerogel oil sorbents have
high recovery and removal efficiency and ultrahigh absorption capacity. They are widely
available, cost-effective and safe, renewable, good mechanical properties, low density,
high porosity, natural biodegradability and environmentally friendly. Nanofibril aerogel
are obtained from renewable resources and its environmentally friendly manufacturing

process makes it a very good alternative for oil removal in the Arctic marine environment.

In this thesis an ultralow density (0.01 g/cm®), high porous (99.15%), reusable, cost-
effective nanofibril aerogel was produced from recycled fibre. A simple but
environmentally friendly nanofibrilllation treatment, which involved drying-freezing and,
the combination of two silylation agents were used for the fabrication of the cellulose
nanofibril aerogel oil sorbents (CNFs). An experiment was performed by simulating
winter sea conditions in the laboratory. A climate chamber served as an artificial Arctic
environment simulator. The Arctic conditions (ice, salinity (1 and 3.5%), shaking and no-

shaking and temperature), all together created winter sea conditions in the experiment.

For the first time, CNF aerogels have been used to absorb oil in a simulated Arctic marine
condition. Coating the material with silylated agents made it more hydrophobic and
oleophilic. The CNF aerogel showed higher oil absorption capacity in both 1 and 3.5%
salinity water over the commercial (polypropylene) absorbent. The CNF aerogel showed
stronger affinities to both diesel and hydraulic oil. The prepared CNF aerogels had a low

density and a higher porosity compared to the commercial materials.

It was found that in 1 and 3.5% salinity, both shaking, and no-shaking conditions caused
high fluctuations in the oil (diesel and hydraulic) absorption capacity for the CNF aerogel
compared to those of commercial absorbent (polypropylene). The shaking condition

reduced the oil contact time with CNF aerogels but this did not influence maximum
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absorption capacity. No-shaking condition reduced oil absorption within the pores of the
CNF aerogel and affected maximum oil absorption capacity. The low density and weight
contributed to the high shaking condition effect on the CNF aerogels. Icy condition
decreased absorption capacity for both oil with CNF aerogel and commercial material.

Ice effect was high on the CNF aerogels compared to the commercial materials.

The diesel oil had higher absorption in 1% salinity water whiles hydraulic oil absorption
was high in 3.5% salinity water. The absorption rate of diesel oil was faster compared to
the hydraulic oil under all conditions. The cold temperature affected oil evaporation, and

made the hydraulic oil sticky and thick.
The following conclusions can be drawn from the results obtained from the present study

e In general, the success of removing (maximum percentage of oil) depends on the
combined effect of shaking and no-shaking conditions, surface properties, oil
type, slick thickness, temperature, ice and salinity. All the above affect oil
absorption capacity.

e It is possible to clean oil spills with our prepared hydrophobicized cellulose
nanofibril aerogels. This could be one of the most promising absorbents for oil
spill removal in the Arctic.

e CNF aerogels have demonstrated that high oil absorption capacity can be obtained
in Arctic marine condition than those of the commercial reference materials.

e Oil removal for low density oil (diesel) are better in low salinity water. In contrast,
high density oil (hydraulic) are better absorbed in high salinity water.

e The higher the oils viscosity, the lower its absorption in brackish water, and the

lower the oils viscosity, the lower its absorption in a high salinity water.

Finally, this study concluded that superabsorbent CNF aerogels are a sustainable solution

for oil spill response in Arctic marine conditions.
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APPENDIX:

APPENDIX 1. GLOSSARY
Ballast water: The water carried in ship ballast tanks to improve the ships stability, trim
and balance.

Biodegradability: The ability of organic substances to be broken down into simpler

substances by enzymes from microorganisms.

Biodegradable: A substance that is capable of being decomposed by bacterial or living

organisms.

Bioremediation: This is typically the use of microorganisms to breakdown

environmental pollutants.

Brackish water: This is a water that saltier salt than fresh water but not as abundant as

seawater.

Buoyancy: This is the tendency of a substance to float when they are submerged in a

liquid.

Capillary effect: This is the ability of a liquid to rise through a tube.
Cross-linking: This is the bonding of one polymer chain to another polymer chain.
Crystalline: A solid substance or material having the structure of a crystal.

Electrostatic interaction: They are also called van der Waals interaction. The attractive

interaction between objects that have electric charges.

Emission: A release of a substance into the air. They can be harmful or not harmful.
Explosive limit: The maximum concentration of a gas, which will burn in the air.
Fermentation: This is the anaerobic breakdown of compounds by enzymes

Fiord zone: This is a narrow inlet of a sea, which is bordered by steep cliffs.

Flammability limit: This is the upper and lower limits of a vaporised fuel at a fixed

temperature and pressure, which can cause an explosion.

Flammable liquids: They are liquids with flash point at 37.8°C or lower than 93.3°C.
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Gelation: The action of the process of freezing
Hazardous cargo: They are known as dangerous goods or hazardous goods.
Hydrocarbons: They are compound that consist of carbon and hydrogen.

Hydrophobicity: This is the physical property of a molecule, which is obviously fend off

from a mass of water.

Hydrophobic materials: They are materials or surfaces, which resists water, and they
are usually nonpolar materials. The atoms within the substance or molecule do not

produce a static electric field.
Ice cover: This is the ice that cover the sea area or surface.
Marine environment: An environment that care for marine life, e.g. sea, ocean etc.

Maritime traffic: It shows the real time vessels information, location of ships and sea

movements through sea.

Mechanical strength: This include the yield strength, tensile strength and fatigue

strength of a substance. The material able to resist cracks and deformation.
Melting point: This is the temperature at which a substance changes from solid to liquid.

Mineralization: This is a biological process in which organic materials are concerted to

inorganic substances by microorganisms with the soil.
Molecular weight: The mass of a molecule or a substance.
Morphology: This is the study of shapes and the structural arrangement of substance.

Neutral reaction: This is when a strong acid and a strong base reacts in a solution and a

pH of 7 is obtained.
Oil retention: This is the ability of a material to retaining oil.

Partition coefficient: This refers to the concentrations of two immiscible liquids at an

equilibrium.
Pollutant: A substance that causes pollution, e.g. oil

Pollution: This is the introduction by man, directly and indirectly of substances into
maritime areas, which result in hazard to cause health, harm living organisms and marine

ecosystem.
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Polymerization: This is the chemical reaction at which two or more molecules come

together to form large ones that will have the same structure.
Porosity: This is the measure of the void spaces in a material.
Porous substance: This is a material that contains pores or voids.
Pyrolyzing: Decomposition through heating to a high temperature.

Reaction rate: The speed at which reactants are converted into products or the

concentration change per unit time.

Recyclability: The ability of a waste material to be able to be captured and converted into

new item.
Ribbon-like shape: A shape in a form of a ribbon.
Salinity: The measure of the dissolved amount of salt in seawater.

Semi-crystalline polymer: They are polymers that have high ordered molecular structure

with a fast meting point. These materials have excellent chemical resistance.

Solubility: Solubility is a chemical property, which measures the ability of a solute to
dissolve in a solvent. The resulting solution is called known as saturation. Solubility of
oil measures the amount of oil that dissolves in water. The more polar the compound the
more soluble it becomes in water. Polarity of a compound is the separation of electric
charge that leads to a molecule. The chemical groups in the compound have an electric
dipole moment, with negative charge at one end and positive charge at one end. The
solubility of oil in water is low and is an important factor to consider after oil spill

accidents.

Surface tension: This is the force of attraction that is exerted upon the surface of a

molecule.

Temperate climate condition: A climate condition without extremes of temperature and

precipitation.

Topographically: This relate to the word topography.i.e. the physical appearance of

natural features of land or sea area

Ultralight: Extremely light in mass and weight.
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Van der Waal forces: The force of attraction or intermolecular forces that exist between

molecules.

Viscosity: The state of being thick or sticky. The viscosity of oil is the resistance of the

oil to flow.

Water column: This is the vertical section of water that extends from the sea surface to

the bottom of the sea.



