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OZET

SU KAYNAKLARINDAN YAG GIDERIMI iCiN KiL POLIMER KOMPOZIT
ABSORBANLARIN SENTEZI

Su kaynaklari, sucul yasam icin biiyiilk bir tehdit olan yaglarla siirekli olarak
kirlenmektedir. Bu nedenle, dokiilen yaglar etkili bir temizleme yontemi kullanilarak
sudan uzaklastirilmalidir. Polimer esasli kdpiikler, hafif, yiiksek gozenekli ve esnek

yapilart nedeniyle yag emici malzeme olarak siklikla kullanilmaktadir.

Bu tezde, LDPE-organosepiyolit kompozit kopiikler yag emici malzemeler olarak
sentezlenmistir. Bu amacla, Eskisehir sepiyoliti degisen reaksiyon kosullar1 altinda
trimetoksi(oktadesil)silan, (3-glisidiloksipropil)trimetoksisilan ve (3-
aminopropil)trietoksisilan ile organik modifikasyondan once saflastirilmis ve asitle
muamele edilmistir. Sentezlenen sepiyolit numuneleri yag absorpsiyon testlerine tabi
tutulmus, ve BET, TGA ve FT-IR analizleri ile karakterize edilmistir. En oleofilik
sepiyolit, kompozit malzeme sentezi i¢in dolgu maddesi olarak secilmistir. Agirlikea,
%S5, %10 ve %20 organosepiyolit igeren LDPE-organosepiyolit kompozit pelletleri
eriyik karistirma ile ¢ift vidali ekstriider kullanilarak iiretilmis ve sonra plaka formuna
getirilmistir. Plakalar, y1gin kopiirtme ile koptirtme ajani olarak CO, kullanilarak 45, 70
ve 110 bar doyma basinglarinda kopiirtiilmiistiir. Sentezlenen kopiiklerin absorpsiyon
kapasitesi zeytinyagi, atik zeytinyagi, motorin ve benzin i¢in belirlenmistir. Yeniden
kullanilabilirlik 6zelligi de ayrica arastirilmigtir. Kopiik morfolojileri SEM ile analiz

edilmistir.

Sonuglara gore, asitle muamele edilmis sepiolit, muamele edilmemis sepiolite gore daha
verimli bir sekilde silillenmistir. (3-glisidiloksipropil) trimetoksisilan ile modifiye
edilmis sepiolit, kompozit kopiikler i¢in dolgu maddesi olarak secilmistir. En yiiksek
yag emme kapasitesi (3,38 g/g) ve hacim genlesme orani (7,43), 70 barda doymus
agirlikca % 10 organosepiyolit iceren kopiik ile elde edilmistir. Sonug¢ olarak,
sentezlenmis LDPE-organosepiyolit kompozit kopiikler, su ortamindan yagi verimli bir

sekilde uzaklastirabilir.
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ABSTRACT

THE SYNTHESIS OF CLAY-POLYMER COMPOSITE ABSORBENTS FOR
OIL REMOVAL FROM AQUEOUS SOURCES

Aqueous sources are continuously polluted with oils which is a greatly threat to aquatic
life. Therefore, spilled oils must be removed from water using an efficient cleaning
method. Polymer based foams are frequently used as oil absorbent materials due to their

lightweight, highly porous and flexible structure.

In this thesis, LDPE-organosepiolite composite foams were synthesized as oil absorbent
materials. For this purpose, Eskisehir sepiolite was purified and acid treated prior to
organic modification using trimethoxy(octadecyl)silane, (3-
glycidyloxypropyl)trimethoxysilane and (3-aminopropyl)triethoxysilane under varying
reaction conditions. The synthesized sepiolite samples were subjected to oil absorption
tests and characterized with BET, TGA and FT-IR analysis. The most oleophilic
sepiolite was selected as filler for composite material synthesize. LDPE-organosepiolite
composite pellets containing 5%, 10 % and 20% (w.) organosepiolite were produced by
melt mixing using a twin screw extruder and then formed into sheets. The sheets were
foamed by batch foaming using CO, as foaming agent at saturation pressures of 45, 70
and 110 bar. The absorption capacites of synthesized foams were determined for olive
oil, waste olive oil, diesel and gasoline. The reusability feature was also investigated.
Foam morphologies were analyzed with SEM. According to the results, acid-treated
sepiolite  was more efficiently silylated than untreated sepiolite. (3-
glycidyloxypropyl)trimethoxysilane modified sepiolite was selected as the filler for
composite foams. The highest oil absorption capacity (3.38 g/g) and volume expansion
ratio (7.43) was obtained with the foam containing 10 % (w.) organosepiolite saturated
at 70 bar. Consequently, synthesized LDPE-organosepiolite composite foams can

remove oil from aqueous media efficiently.
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1. INTRODUCTION

Among natural resources, water is the most fundamental requirement for all living
things to continue their vital activities. Water is an irreplaceable natural resource needed
in all areas of life such as agriculture, energy production, industry, daily household
activities, etc. The availability of adequate and uncontaminated water is essential to food
and energy production, industrial development as well as the future of humanity and

other lives [1].

Continuous increase in world population and rapid development of technology leads to
increase in water usage areas and amounts. This situation reduces the water quality
continuously and indicates that the need for clean water will gradually increase [2].
Some of the major reasons of water pollution are discharges of untreated industrial and
municipal wastewaters [3], sea based activities, usage of toxic chemicals in agriculture,

garbage thrown into the water, etc [2].
1.1. Overview of Oil Spill Occurrences to Aqueous Sources

There are a wide variety of oils in the water environment, such as crude oil, refined
products (light and heavy fuels), machine oils, edible oils (vegetable and animal oils),
etc [4]. These various types of oils can reach water resources in many miscellaneous
ways. In general, petroleum pass to the water environment from exploration, production,
transportation and consumption related spills, natural oil leakages, operational oily
waste discharges left by ships and tankers, oil refineries and other untreated industrial
wastewaters and even wars [5]. Edible oils enter the aquatic environment by discharging

untreated urban wastewater into seas [6].

Today, petroleum is a crucial important energy source. Worldwide, oil transportation is
usually carried out by sea. However, oil transport by sea carries a high risk of oil spills
caused by tanker accidents [7]. To date, numerous large (more than 700 tonnes),
medium (between 7 and 700 tonnes) and small (less than 7 tonnes) scale oil spills have
occurred worldwide as a result of tanker accidents. As shown in the Figure 1.1 and
Figure 1.2, between 1970 and 2018, approximately 5.86 million tonnes of oil entered to
the water environment. Between 1970 and 1979, 245 large scale and 543 medium scale

oil spills occurred and approximately 3,195,000 tons of oil were spilled into sea. The



number of tanker accidents and the quantity of spilled oil have decreased continuously
with each passing decade. Between 2010 and 2018, only 17 large scale and 42 medium

scale oil spills occurred, and approximately 163,000 tons of oil spilled into the sea [8].
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Figure 1.1. The number of medium and large oil spills caused by tanker accidents
around the world per decade from 1970 to 2018 [8].
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Figure 1.2. The quantity of all oil spills caused by tanker accidents around the world
per decade from 1970 to 2018 [8].

Although there is a noticeable reduction in the number and quantity of oil spills, there is
always a risk that the accidents will occur at any time. More recently, three large scale
oil spills occurred in China, the East China Sea and the Persian Gulf, and three medium



scale oil spills in the Gulf of Guinea, Europe and Africa in 2018. The oil spill occurred
in the East China Sea, 116,000 tonnes of oil passed into the sea. This has been the

largest oil spill due to the tanker accident in the last 24 years [8].

The Sea of Marmara, Istanbul and Canakkale Strait are important oil transport routes
that serve as a bridge between the continents of Europe and Asia. Every day a large
number of loaded tankers passing through these areas are at risk of oil spill accidents.
To date, many tanker accidents have occurred in the Sea of Marmara. Between 1960
and 2010, quantities of oil ranging from 10 tons to 95,000 tons were poured into the Sea
of Marmara, due to various tanker accidents. The cleaning operations of the spilled oil
took months or even years depending on the quantity and quality of the oil, the

efficiency of the equipment used, the sea and weather conditions [9].

Other significant occurrence of oil spills is submarine petroleum and natural gas
reservoirs that leak out of the ground of sea. According to GESAMP technical report
(2007), the rate of total natural leakages into aqueous sources ranged from 0.2 to 2

million tons per year all over the world [5].

Oil spills in water sources are environmental disasters that cause great damages to
marine life, fishing and marine industry, some social and economic activities. Due to
causing the chemical toxicity in the aquatic environment, oil spills may result in
poisoning or death of fish, seabirds, marine mammals and other aquatic creatures
depending on the quantity and quality of the oil spills [10]. Fishing and mariculture are
one of the most affected industries from oil spills [11]. Besides that, tourism sector
negatively affects from oil spills due to oil contaminated inshore waters and shorelines.
Moreover, if the spilt oil cannot be recovered, it causes great economic losses [12].

Microbial degradation rate of oil in nature is very low. Therefore, if an oil leak is not
immediately intervened, this oil undergoes a series of weathering processes until it is
degraded and maintains its presence in the water for a long time [6]. Since most oils
have relatively lower density than sea water, the leaked oil floats on the surface of the
water and spreads quickly depending on sea conditions and wind [13]. After an oil spill

occurs, the weathering process briefly takes place as follows:

e The volatile components that have low boiling points in the oil, evaporate within the
first 24 hours.



e Soon after the spill, the water-soluble components in the oil begin to dissolve and

create toxic effects for water ecosystems.
e Oil-water emulsions are formed when water droplets penetrate the oil layer.
e Small oil droplets disperse and spread in water environment.
e For the spreading oil droplets, biodegradation proceeds very slowly.

e Oil components with higher density than water, sink to the sea bottom and forms tar

globs at low temperatures [14].

As the weathering processes progress, it becomes increasingly hard to remove oil. For
this reason, the oil spilled area must be cleaned using a suitable cleaning method
without wasting time and the spilled oil must be recovered as high as possible [15].

1.2. Techniques of Oil Removal from Aqueous Sources

Today, there are many techniques used to clean oil from agueous sources. Some of them
can only remove oil from water without recovery, while others can both remove oil
from water and recover it. While some of these methods may be used alone, the use of
several techniques together can provide higher cleaning rates and effectiveness. The
most commonly used methods, namely, booms, skimmers, dispersants, in-situ burning,

bioremediation and oil sorbents are described as follows.
1.2.1. Booms

Booms, also called as floating barriers restrict spilled oil in a certain area to prevent
spreading over the water surface and concentrate the oil to ease recovery. They are
available in various types, sizes, lengths and materials to offer solutions for different
conditions. The common types of booms are curtain, fence, shore sealing and fire-
resistant booms. An ideal boom must be buoyant and durable to the sea and weather
conditions [13,16]. Booms can be used for all types of oil. However, there are some
disadvantages of this technique. Booms are expensive and complex equipment. They
require extensive labour with large equipment and require a great number of employees
[9,13].



1.2.2. Skimmers

Skimmers are mechanical devices that can be used together with booms to remove the
oil slick from the surface of water. Skimmers don’t modify the chemical properties of
oil, thus the recovered oil can be reused after further treatment. There are various
skimmers produced from oleophilic or non-oleophilic materials. The efficiency of
skimmers depends on weather and sea conditions, the viscosity of the oil and pump
capacity of the skimmer. Skimmers are expensive and complex devices and collecting

oil requires extensive labour [13,17].
1.2.3. Dispersants

Dispersants are chemicals obtained by dissolving the surfactants in one or several
solvents. They are applied by spraying to the oily area. Dispersants are soap-like
molecules [18], that consist of two parts, hydrophilic and oleophilic. The hydrophilic
part of the dispersants adheres to water and the oleophilic part adheres to the oil [9].
Thus, they allow the oil to be mixed into the water in small droplets and this accelerates
the microbial degradation. However, most dispersants have a toxic effect in the aquatic
environment, damaging human health and aquatic life. In addition, since the spilled oil

is removed from the environment by degradation, oil recovery is not possible [13].
1.2.4. In-situ burning

In the in-situ burning technique, oil layer present on water surface is removed by
burning with the help of an igniter. In order to achieve effective combustion, the oil
layer thickness must be at least 2-3 mm to prevent heat lost to the sea [18]. This method
can be effective when applied just after the spill in calm weather conditions. As a result,
large amounts of fume are produced. The composition of the fume is dependent upon oil
type. However, major components can be listed as carbon monoxide, carbon dioxide,
sulfur dioxide, nitrogen oxides and volatile organics. The residue from burned oil may
create toxic effect on water environment. Moreover, oil cannot be recovered by this
method [13].



1.2.5. Bioremediation

Oil removal by bioremediation method is based on biodegradation of oil through
hydrocarbon-degrader microorganisms like bacteria and fungi. The technique may be
applied either by introducing nutrients into the medium to allow growth of
microorganisms already present in the water environment or by introducing new
microorganisms into the medium to increase the rate of degradation process [18]. The
efficiency of the technique depends on adequate amount of nutrients, dissolved oxygen
and temperature conditions in the environment [13]. This technique is generally
preferred, if weathering process has advanced [9]. Also, with this technique, it is not
possible to recover oil.

1.2.6. Oil sorbents

In this technique, the sorbent is applied to the oily area and waited for sorption of oil.
After the oil sorption is completed, the used sorbent is removed from the site and if the
material is suitable for multiple uses, it is squeezed under a certain pressure to recover
the sorbed oil and can be used repeatedly [18]. Unlike other methods, it is possible for

an ideal oil sorbent to remove and recover overall oil from the water [19].

Oil sorbents are hydrophobic and oleophilic materials that remove oil from water
environment by way of adsorption and/or absorption mechanism. Adsorption involves
only adherence of oil molecules to the surface of the sorbent material called as
adsorbent. On the other hand, absorption is based on diffusion of oil into the voids in the
structure of the sorbent material called as absorbent [20]. The term of sorption
encompass both of adsorption and absorption [21]. There are a number of features that

characterize an ideal oil absorbent as follows:

e Hydrophobicity and oleophilicity are the most significant requirements for an oil
absorbent. The material that used to absorb oil from the aquatic medium must have a
high affinity to oil (oleophilicity), and be able to repel water (hydrophobicity) [22].
Otherwise, an absorbent that is not sufficiently hydrophobic may also absorb water
besides oil [23].

e The material of an oil absorbent must have high surface area [24]. The increment in

surface area improves absorption capacity of the material. [23].



e The structure of the material should have high porosity. The porous structure eases

penetration of oil into the structure of the absorbent [24].

e Buoyancy is an another important property that affect absorption performance of the
material [23]. An absorbent must remain afloat to effectively remove oil slicks on
the surface of water.

e The absorbent material must be able to retain the absorbed oil as long as possible.
e It should be durable to sea and weather conditions [22].

In literature, it has been observed that the studies mainly focus on three material groups
as oil sorbent i.e. natural organics, synthetic organics and natural inorganics. A broad
array of natural organic sorbents have been reported include cotton [25-28], corncobs
[29], baggase, rice hull [12], walnut shell [30], kapok [31], milkweed floos, kenaf [28],
raw luffa [32], sawdust [33], etc. These materials are cheap and readily available [13].
However, the absorbents constructed from natural organics initially have high
buoyancy, but they can not remain afloat as time progress and ultimately sink [22].
Thus, after their use the collection of natural organics from water is a labor-intensive
process [13]. Moreover, the absorbents are constructed from natural organic materials
shows low oil absorption efficiency [34]. The examples of synthetic organic sorbents
reported in the literature can be listed as polyethylene film [35], polypropylene foam
[36], polyurethane foam [37], butyl rubber [38], polyvinyl chloride [25],
polyacrylonitrile [39], waste tire powder [40], etc. The main disadvantage of synthetic
organics is that they are non-biodegradable materials [13]. Some of the reported
synthetic organic sorbents can be listed as sepiolite [41,42], bentonite [43], vermiculite

[4], expanded perlite [44], activated carbon [45], exfoliated graphite [46], etc.
1.3. Clay Minerals

Clay minerals are classified mainly as natural and synthetic clay minerals. Natural clay
deposits that are stacked silicates containing some impurities, are gradually produced by
the effect of weathering processes. On the contrary, synthetic ones are pure materials

that are obtained in a short time [47].



Clays are a member of phyllosilicates also known as layered silicates. Each layer is
composed of tetrahedral and octahedral sheets. Tetrahedral sheets comprise of
tetrahedrons containing one silicon or aluminium connected with four oxygen atoms.
Octahedral sheets comprise of octahedrons containing one aluminium, magnesium or
iron atom connected with six O atoms or hydroxyls [48] Generally, the structure of
clays is formed from 1:1, 2:1 or 2:1:1 type clay mineral layer. 1:1 (two sheet
phyllosilicates) type layer consist of linking of one tetrahedral and one octahedral sheet
(Figure 1.3a). In 2:1 (three sheet phyllosilicates) type layer, an octahedral sheet is
placed between two tetrahedral sheets (Figure 1.3b) [49]. Apart from these two types,
2:1:1 (four sheet phyllosilicates) type layer shows extremely different compositions
[47].

a) 1:1 type layer b) 2:1 type layer

Figure 1.3. (a) 1:1 and (b) 2:1 type clay mineral layers [48]

Clays may be categorized into seven groups as (i) kaolinite and serpentine, (ii) micas,
(iii) vermiculite, (iv) smectites, (v) pyrophyllite and talc, (vi) chlorites and (vii)

palygorskite and sepiolite [49].
1.3.1. Overview of sepiolite

Sepiolite is a fibrous clay found in the palygorskite and sepiolite group of clay minerals
[49]. Sepiolite is generally formed by hydrothermal alteration or precipitated in
environment. The deposits of sepiolite is guessed as 8000 million tonnes in worldwide.
Spain has the largest sepiolite reserves over 3800 million tonnes [50]. The other
sepiolite deposits are mostly existed in the Turkey, South Africa, Argentina, United
States, China, etc. Turkey has rich sepiolite deposits especially found in Western and

Central regions of Anatolian [51].



1.3.1.1. Chemical structure of sepiolite

Sepiolite is a modulated fibrous phyllosilicate. The theorical half unit-cell formula of
sepiolite is Si12030Mgs(OH)4(OH2)4.8H20. The crystal structure is constituted by the
alternation of 2:1 type layers and tunnels that extend throughout the fibers. Each layer is
composed from a magnesium oxide-hydroxide octahedral sheet between two silica
tetrahedral sheets (Figure 1.4) [52].

(a) (b)
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Figure 1.4. (a) The crystal structure of sepiolite with atoms and molecules [53] (b)
fibrous structure of sepiolite [54], (c) the crystal structure of sepiolite with the
tetrahedral and the octahedral sheets [54].

In the structure of sepiolite, the silica tetrahedrons are extended continuously like other
ideal 2:1 types of phyllosilicates. But, apical oxygen atom of the tetrahedrons turns
down every six units. This inversion causes discontinuity of octahedral sheets that

differs sepiolite from other ideal 2:1 type of phyllosilicates, therefore it is called as a



modulated phyllosilicate. The discontinuity results in formation of rectangular shaped
tunnel voids within the crystal structure. Structural channels are often generated by
breaking of the octahedral sheets and extend parallel to fibre axis. The fibrous
morphology and the cavities in the structure leads to high porosity and surface area
which provide sepiolite a high capacity for sorption of voluminous organic molecules
[47,51,55].

Water is present in sepiolite structure in adsorbed, zeolitic and coordinated state.
Adsorbed water also known as hydroscopic water is present on the sepiolite surface and
its quantity depends on the ambient humidity. Zeolitic water is found in the mineral
channels [56]. Coordinated water molecules present on the edges of octahedral sheets to
complete the octahedral coordination of Mg*? cations [57]. Coordinated waters are also
connected to the zeolitic water molecules with hydrogen bond [58]. Also, hydroxyl
groups (-OH) are found at the center of the 2:1 layers of sepiolite and they leave from
structure as structural water [59].

Theoretically, octahedral sheets of sepiolite consist Mg?* as octahedral cations.
However, it may be possible to partially replace of Mg?* octahedral cations with AI**
and/or Fe3* during the formation of the mineral. This replacement causes the formation
of negative charges and framework defects. Besides that, tetrahedral Si** cations may be
replaced with AI¥*. Therefore, a significant amount of exchangeable cations are found in

the channels of sepiolite fibers to compensate for these charge imbalances [50].

On the surface of the tetrahedral sheets of sepiolite, there is a large concentration of
silanol groups (-SiOH) present only in 2:1 type of clay minerals [60]. These groups are
naturally formed as a consequence of broken Si-O-Si bonds due to the discontinuity of
octahedral sheets of sepiolite. The broken Si-O-Si bonds receive either H* or -OH group
to neutralize their residual charge to form silanol groups [21]. These groups provide
notable hydrophilic nature to the sepiolite [61]. Moreover, the silanol groups are capable
to make covalent bond with some chemical reagents such as silanes. This feature can be

used for organic modification of sepiolite surface [47].
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1.3.1.2. Applications of sepiolite

Sepiolite is a special clay as due to its fibrous morphology, high surface area and active
groups on its surface [50]. Therefore, sepiolite has been used in a broad range of
industrial applications including wastewater treatment, oil spill clean-up, filler for
polymers composites, industrial and floor absorbents, agricultural carrier,

pharmaceuticals, moisture control, cosmetics, paints and coatings, pet litters, etc. [51].
1.4. Polymer composites

Polymer composites consist of at least a polymer as matrix phase and an inorganic
material such as clay, carbon nanotube, metals and metal oxides, etc., as filler phase
[62,63]. Polymers have many superior properties such as processability, light weight
and flexibility, and this makes polymers useful in broad range applications. But they
have low mechanical properties. Inorganic fillers are generally rigid and thermally
stable materials. Composite technology offers to polymeric materials improved
mechanical properties without alter their intrinsic features by combining the advantages

of these two different materials [61,64].

The mechanical properties of the eventual composite material are highly depended on
interface interactions between inorganic and organic phases, and the quality of
dispersion of inorganic material in organic matrix phase [62]. Here, the term “interface”
refers to a two-dimensional boundary between inorganic component and the organic
polymer matrix. The high degree of interactions at interface leads to the formation of
chemically or mechanically altered three-dimensional region which is called as
“interphase” [65].

The particle size and aspect ratio of the used inorganic filler are other important factors
which also effect the mechanical properties of the composite material. Nano size
inorganic particles have higher surface area than micro size inorganic particles. Due to
high aspect ratio, using nanoparticles significantly enhances the interfacial area which
enables for higher interaction between the inorganic particles and the organic polymer
matrix [61].

In the case of clay-polymer composites, they cannot be successfully synthesized by the

incorporation of natural clay minerals and most of polymer matrices [64,66]. Natural
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clay minerals tend to agglomerate due to their high surface area [67] and the strong van
der Waals forces between their particles [62]. The formation of agglomerates adversely
affects the dispersion of the clay and interphase properties by limitation of interphase
area and interaction between the clay and polymer matrix [67]. Moreover, clays in raw
form are inherently hydrophilic and they are not compatible with hydrophobic
polymers. However, they can be incorporated into some hydrophilic polymers namely,
poly(ethylene glycol), ,poly(vinyl alcohol) and poly(ethylene oxide) [68,69]. The
intrinsic hydrophilicity of natural clay minerals hinders the dispersion of the clay layers
within the polymer, which results in poor interfacial interactions between the clay and
the polymer. This incompatibility also enhances the formation of clay agglomerates.
Both insufficient dispersion of the clay in the polymeric matrix and poor interfacial
interaction between the composite components causes generation of more
heterogeneous composite material. All of these factors cause noticeable reduction in the
eventual mechanical properties of the composite [62,67,70]. Therefore, it is crucial to
generate strong repulsion between the clay particles to prevent their agglomeration and
increase compatibility between clay particles and polymer matrix to improve interfacial
interaction. In such cases, one of the most common method is the surface modification
of clays using chemical reagents that improve the interfacial interaction and the
dispersion of clay in hydrophobic polymer matrices [61,68,70,71].

With all factors in mind, fibrous clays may have processing advantages for synthesizing
clay-polymer composites. They disaggregate more easily than typical plate shaped clays
due to poor interactions arising from the relatively smaller contact area between fibers.
As a fibrous clay mineral, sepiolite may be a good candidate as inorganic filler material
to produce clay-polymer composite due to its high specific surface area and small aspect
ratio [55,72]. When the proper surface treatment method is applied, sepiolite can be

used as an inorganic filler in various hydrophobic polymer matrices [73].
1.5. Surface Modification Methods of Clay Minerals

The modification of clay surfaces is frequently used method for synthesizing
hydrophilic clay-hydrophobic polymer composites. Surface modification attaches the

hydrophobic characteristic to the hydrophilic clay surfaces.
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The level of interaction between the organic and inorganic component ranges from
durable chemical bonds to poor friction forces. Therefore, the characteristic of the

interface interactions is crucial in stability of the composite material [74].

The hydrophobic groups can be attached to the clay surface either by chemical or
physical modification methods. In the case of chemical modification methods, coupling
agents and grafted polymers are generally used as modifier. The surface modification by
chemical methods based on chemical interactions between modifiers and clay surfaces.
Silane coupling agents are commonly used as coupling agent whose functional groups
react with the silanol groups on the clay surfaces. In the case of physical methods,
surfactants are generally used as modifier. The physical modification methods based on
physical interactions between modifiers and clay surfaces. Quaternary alkyl ammonium
salts and amines are commonly used as surfactants whose polar groups are adsorbed
onto the clay surface through electrostatic interactions. Chemical modification methods
provide much strong interaction between the modifiers and clay surfaces than physical

modification methods due to the formation of durable covalent bonds [55,61].

Sepiolite in natural form is hydrophilic and it is not compatible with hydrophobic
polymers. Therefore, modification of the hydrophilic surface of sepiolite is essential to
improve the compatibility of this mineral with hydrophobic polymers. As mentioned
earlier, sepiolite consists significant amount of silanol groups at the edges of its
tetrahedral sheets and exchangeable cations in its channels. The silanol groups and
exchangeable cations present in the structure of sepiolite can be used in order to modify
the hydrophilic surface of the mineral [75]. In literature, many studies have been
reported related to the organic modification of the surface of sepiolite. For this purpose,
silane coupling agents [71,72,75] and quaternary ammonium salts [55,76] are mainly
used. Raji et al. (2018) were synthesized clay-polymer nanocomposites using three
separately clays, namely, sepiolite, montmorillonite and halloysite, and polypropylene
(PP) as polymer matrix. They prepared the composites using the clay minerals in raw
and organically modified (by silylation process) forms. They observed agglomerations
in the raw clay-PP nanocomposites due to strong van der Waals forces between the raw
clay fines, while they observed homogeneous clay dispersion in organomodified clay-
PP nanocomposites [71]. As a result, organic modifiers improve interfacial adhesion

between the clay and polymer constituents by creating more interphase space whose
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presence positively affects the overall performance of the final composite [75].
Therefore, organic modification improves dispersion of clay fines in polymer and

interface interactions between clay and polymer matrix.
1.5.1. Silylation

Silylation (also called as silanization or silane grafting) is commonly used process to
organically modify the surface of inorganic materials [77]. In silylation, a covalent bond
is formed between the silane coupling agents and the reactive hydroxyl groups on the
clay surface. The silane coupling agents enables the placement of hydrophobic groups

capable of reacting with hydrophobic polymers on the surface of the clay [49].

A silicon atom can stably form four single bonds. A silane molecule is constituted by
bonding four identical or different substituents to a silicon atom (Figure 1.5). If, one of
these substituents is an organic group which is directly binded to the silicon atom via

silicon-carbon bond, this molecule is called as organosilane [78].

Ilb
Ri—Si—R4
|
R3

Figure 1.5. General chemical formula of a silane

Silane coupling agents are classified as organosilane compounds having generally three
inorganic reactive groups and one organic group. The general structural formula of

silane coupling agents is as follows:
RxSi(OR)ax (1.1)

Here in, “R” represents either a reactive organic group such as vinyl, mercapto, amino,
methacrylate, etc. or an unreactive organic group such as alkyl, aryl, etc. “OR™
represents inorganic reactive groups that may be methoxy, ethoxy or hydroxyl [58,78].
The inorganic reactive groups can covalently bond with inorganic materials such as
minerals, metals, glass fiber, etc. The organic reactive group reacts with organic

materials such as, plastics, rubbers, coatings etc. Thus, the dual functionality of silane
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coupling agents serves as a bridge between inorganic and organic materials and enhance
miscibility of the two dissimilar materials (Figure 1.6) [78]. Many studies confirmed
that, organomodification of various types of clay using organosilanes improved the

wetting ability between polymer and clay [71,79,80].

Inorganic Materials Silane Organic Materials
Glass fiber Polymers

g Coupling _l_ll—l_

Mineral fillers and fibers |/ -Plastics
Metals Agent -Rubber
-Coatings

Figure 1.6. Schematic representation of dual reactivity of silane coupling agents [78]

Many literature studies confirm that, silane coupling agents can be applied to the
inorganic surfaces in either hydrous or anhydrous dispersing mediums [77]. While some
literature studies used hydrous medium for silylation such as water [81] and ethanol-
deionised water solution [72,82], others used anhydrous medium such as toluene
[58,71,83-85] and acetone [77,86]. It should be noted that, even if an anhydrous solvent
is used as the dispersion medium, water may be present as either adsorbed water or may
come from the air. The mechanism of interaction of the silanization agent with substrate
surface is provided in Figure 1.7 for hydrous media. Initially, the hydrolysis of the
inorganic groups of the silane coupling agent occurs to form silanol groups (Si-OH).
Subsequently, oligomer formation occurs with the elimination of water. Then, the
oligomers create hydrogen bond with the surface -OH groups of the substrate. By the
end of the drying process, substrate surface is enriched in silanol groups due to
covalently bound silanols. In the case of anhydrous dispersing medium, the covalent
binding of silane coupling agent can be achieved in a single as presented in Figure 1.8
[87].

As a result of the silylation process, the amount of silanol groups which is responsible
for the hydrophilicity of the material surface is decreased. The decrease in surface
hydrophilicity increases the compatibility of the material with the hydrophobic
polymers [80].
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Figure 1.7. The bonding mechanism of silane coupling agent to the substrate surface in
hydrous dispersing medium [87]
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Figure 1.8. The bonding mechanism of silane coupling agent to the substrate surface in

anhydrous dispersing medium [87]
1.6. The Effects of Acid Treatment on Sepiolite

Sepiolite can be modified with an acid solution, e.g., HCI [59,88-91], HNO3[90,92,93]
and H2SO4 [56,94] and this process is called as acid treatment. Acid treatment causes
several effects on sepiolite. Depending on the acid concentration, the acid treatment of
sepiolite leads to removal of the octahedral cations along with some of zeolitic,
coordinated and structural water [95]. Sepiolite fibers tend to crystal bundles because of
strong linkages and interactions between them (Figure 1.9a). These crystal bundles
cause a decrease in the surface area and active sites, which largely limit the
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functionality of the mineral. Acid treatment helps to separate the crystal bundles of
sepiolite fibers (Figure 1.9b). These effects increase the surface area and porosity of
sepiolite as confirmed in many studies [54,89]. Furthermore, the amount of silanol
groups on sepiolite surface can be increased by acid treatment due to additional formed
edges resulting from broken bonds during the process. The acid treatment has been also
used to purify raw sepiolite by dissolving impurities such as carbonates (dolomite,
calcite), gypsum etc [50,54,96]. However, the treatment with excess acid will result in a
reduction in microporosity, an increase in mesoporosity, and finally amorphous silica

formation [56].
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Figure 1.9. Schematic illustrations for (a) raw sepiolite, (b) acid treated sepiolite and (c)

(3-aminopropytriethoxysilane (APTES) grafted acid treated sepiolite [50].

All these effects contribute to increasing the efficiency of the organic modification
when the sepiolite is previously treated with an acid. To separate the crystal bundles of
sepiolite, the use of organic modification with the support of the acid treatment is more

effective method than the individual use of these methods (Figure 1.9c) [50].
1.7. Methods of Synthesis of Clay-Polymer Composites

The synthesis methods for clay-polymer composites are categorized into three major
groups namely, in situ polymerization, solution blending and melt blending, according

to the raw materials used and processing methods applied [97].
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1.7.1. In-situ polymerization method

In this technique, organoclay is swelled in either liquid or solution of a monomer in
order to insert the monomer within the interlayer of clay. Subsequently, the
polymerization reaction is started by heating, applying radiation or inserting a suitable
initiator into the system. Polymerization generates long polymer chains within the
interlayer of the clay. By terminating of the polymerization reaction using a proper

catalyst, the clay-polymer composite is obtained (Figure 1.10.) [97-99].

::. # \. » \
= I ., i G\ o)
=~ T =

\_/

Swellin
9 Polymerization

Figure 1.10. In situ polymerization method [97]

1.7.2. Solution blending method

In solution blending technique, the clay is first disaggregated in a solvent or solvent
mixture in which the polymer is soluble and the clay is dispersible. The clay-solvent
solution is then blended with the polymer to displace the solvent molecules within the
interlayer of the clay with the polymer chains. Afterwards, the clay-polymer composite
is obtained with evaporation of the solvent. The main challenge of solution blending
method is that the selected polymer should be miscible with the selected solvent.
Therefore, this method can be useful for only particular clay/polymer/solvent systems.
Furthermore, this technique requires a great amount of solvents that are not eco-friendly
and bring high production costs (Figure 1.11) [74,97,100].
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Figure 1.11. Solution blending method [97]
1.7.3. Melt blending method

In melt blending technique, polymer and clay are mechanically mixed at elevated
temperature with an extruder or an internal mixer. During the process, the molten
polymer enters the voids of the clay. Therefore, this method allows direct compounding
of the polymer and clay without need for any solvent. Melt blending has many
advantages over solution blending and in situ polymerization methods. Melt blending is
environmentally friendly and economically attractive method since no solvent is
required for the application. The absence of the need to select a suitable monomer or a
compatible solvent makes melt blending more useful and simpler method. It allows the
use of polymers that are not applicable for other two synthesis methods (Figure 1.12)
[74,97,100].

N

Melt f
Clay blending /
. via extruder or
internal mixer
V Clay-polymer

composite

Polymer

Figure 1.12. Melt blending method [97]
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1.8. Polymer Foams

Polymer foams are materials whose skeletal structure consist a great number of cavities
surrounded by polymer matrix [100] and they are also called as "cellular polymers”,
"expanded plastics" etc. The cavities exist in the structure are often referred to as "cells"

which give a porous morphology and lightweight to the polymer foams [101].

The characteristic parameters of the porous morphology are the average cell size, and its
range in the foam structure, the density of both the cells and the whole bulk foam. The
size of a cell can be specified by measuring the diameter of the cell. Cell density refers
to the amount of cell per unit foam volume. The density of the foam is found by the
ratio of the mass of the foam to its volume. For the foams that have the identical foam
density, the size and density of cells are generally inversely proportional parameters
[102]. Polymer foams are commonly utilized in broad range of industrial areas
including packing, textile, construction, pharmacology, biomedical applications, oil
recovery processes, etc. [53,103,104].

1.8.1. Production methods of thermoplastic polymer foams

The synthesis of thermoplastic polymer composite foams is based on the direct use of a
foaming agent that gives the cellular morphology to the foam. Two kinds of blowing
agents are generally utilized in the foaming processes, namely chemical and physical
blowing agents [103]. Chemical foaming agents supply gas molecules (e.g. mostly
carbon dioxide or nitrogen) to the material either as a result of a chemical reaction or by
decomposition by the effect of temperature [105]. However, the chemical foaming
agents are also produced the side-products along with the gas molecules and the
removal of these chemical residues necessitates additional purification process. This
challenge can be overcome with physical foaming agents whose utilization in the
foaming processes does not left chemical side-products in the final foam material [106].
Various organic and inorganic gases have been used as physical foaming agent. Carbon
dioxide (CO;) and nitrogen (N.) are favorable foaming agent options as these inert gases

are nontoxic, non-flammable, low-priced and eco-friendly [103].

In general, the physical foaming of the thermoplastic polymers is accomplished by

either batch (discontinuous) foaming that is carried out in a high pressure reactor or

20



continuous foaming using extrusion and injection molding techniques [103,104]. For all
techniques, the fundamental principle of the physical foaming is based on four
successive steps, namely, polymer saturation, cell nucleation, cell growth and cell

stabilization. Each of these steps is explained as follows:

I. Initially, the polymeric material (either neat polymer or its composites) is saturated
(for batch foaming process) or impregnated (for continuous foaming processes) with a
foaming agent to form a polymer-gas solution under predetermined saturation

conditions.

ii. After sufficient time for the formation of polymer-gas solution, the solubility of the
gas in the solution is reduced by creating a sudden thermodynamic instability in the
system which results the cell nucleation. Cell nucleation is a process that generates a
great number of small gaseous bubbles in polymeric material [105]. The cells can be
nucleated either by “homogeneous nucleation” or “heterogeneous nucleation”
mechanisms. If the polymeric material has amorphous structure (i.e., its structure does
not contain crystal regions) and do not contain any foreign additives in its structure, the
cell nucleation occurs randomly and spontaneously. While the already nucleated cells
are growing at the same time the new cells continue to nucleate. This nucleation
mechanism refers to the homogeneous nucleation represented in Figure 1.13a [102,107].
On the other hand, if the polymer has different bodies in its structure such as crystalline
regions and/or foreign additives, the cell nucleation does not happen spontaneously. The
foreign bodies in the polymer structure act as nucleation sites that force cell nucleation
to occur at the boundary of the additive and the polymer. Since, cell nucleation and
growth are supported by the presence of the foreign bodies, the cell growth occurs
simultaneously, which promotes smaller cell size and distribution in the final foam
material. This nucleation mechanism refers to the heterogeneous nucleation represented
in Figure 1.13b [102].

iii. With the decrease in the solubility of the gas in the polymer, the cells continue to
grow by diffusion of the dissolved gas molecules from the polymer into the nucleated
cells until system reaches equilibrium. While the polymer density decreases during the

cell growth, the foam morphology gradually takes form [105,107].
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iv. Finally, the obtained cellular morphology is stabilized by cooling of the foamed
sample. The cooling process leads to solidification of the final foam by crystallization
(for semi-crystalline polymers) or vitrification (for amorphous polymers), which arrests

the further expansion of the cells and fixes the final foam morphology [108].
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Figure 1.13. Schematics of (a) homogeneous nucleation and (b) heterogeneous

nucleation [102].

Batch foaming process is a discontinuous process which is usually carried out in a high
pressure reactor (i.e., closed system). In batch foaming, the foaming process can be
carried out by two different routes, namely, “pressure induced technique” and
“temperature induced technique”. In pressure induced technique, the polymeric sample
(e.g., neat polymer, polymer composites, copolymer, etc.) is put in a high pressure
reactor and saturated with a foaming agent under predetermined saturation conditions
about pressure, temperature and time. After enough saturation time, cell nucleation is
initiated by suddenly dropping of the reactor pressure to the atmospheric pressure.
Subsequently, the foamed sample is taken out of the reactor and cooled to fix the foam
structure (Figure 1.14a). In the temperature induced technique, the polymeric sample is
saturated with a foaming agent parallel to the former technique but at relatively low
saturation temperatures [104]. However, in this technique, the sudden pressure release
does not lead to cell nucleation due to the high stiffness of the polymer matrix saturated

in low temperatures [103,109]. To initiate cell nucleation and growth, the saturated
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sample is removed from the reactor and transferred to a hot liquid bath (e.g., oil, water,
etc.). The increase in temperature tremendously decreases the solubility the foaming gas
in the polymer, which results cell nucleation. Concurrently, the applied temperature
leads to soften of the polymer by enhancing the mobility of the polymer chains, which
facilitates the growth of the nucleated cells. Finally, the foamed sample is cooled to fix
the cellular structure (Figure 1.14b) [110].

@ Pump
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(Open)
wing Sample —
Heating Saturated sample Foamed sample Cooling
(B)  Pump
Valve Valve
Valve (Closed) (Closed)
(Open)
- S
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high temperature

Figure 1.14. Schematics of (a) pressure induced technique and (b) temperature induced
technique [110].

Polymer foams can also be produced by continuous process methods, including foam
extrusion and injection molding. In the foam extrusion method, the polymer pellets are
mixed with a foaming agent under high temperature and pressure. As the polymer-gas
solution exits from the die of the extruder, the sudden pressure drop sharply reduces the

gas solubility in the polymer, resulting in cell nucleation and growth. Then, the foamed
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sample is cooled. The foam production with injection molding is based on a typical
injection molding process with an extra foaming agent unit [109,110].

1.8.2. Multifunctional effects of filler on foam morphology

The high porous morphology and lightweight of polymer foams make them efficient oil
absorbent materials for use in oil removal applications [111,112]. The porous
morphology offers a large surface area and sufficient space for enhanced oil absorption.
In the literature, it is possible to find many studies that have been studied on polymer
based foams as an oil absorbent material [36,37,112,113]. The characteristic parameters
of the porous morphology, namely, average cell size, the density of cells and the foam,
and cell size distribution are critical determinants of the oil absorption performance of
the polymer foams [112]. Besides good oil uptake performance, a good oil absorbent
must have good mechanical properties to withstand marine conditions. However, pure
polymer foams generally exhibit inferior mechanical properties due to their porous
morphology [102]. The morphology parameters have substantial effect on the
mechanical properties of polymer foams. Therefore, the control of the porous
morphology parameters has great importance for the design of an optimal foam

absorbent product to be used as an efficient oil absorbent material [112].

To control foam morphology and reinforce polymer matrix, the inorganic particles can
be introduced to the foam morphology by foaming of the polymer composites called as

"polymer composite foams" [100].

The use of inorganic particles within the polymer matrix provides improvement in the
mechanical properties of polymer foams and enables to design the morphology and
characteristics of the foam [102]. The multifunctional role of the inorganic particles on

the polymer foaming process is explained as follows:

e The inorganic particles significantly affect the cell nucleation mechanism, serving as
nucleation centers that create locations for cell formation. The nucleation centers
restrict cell expansion during the foaming process, which not only reduces cell size
but also leads to more homogeneous cell size distribution [104,114]. These centers
allow more bubbles to form simultaneously during the foaming process, which

explains the reduction in cell size [103]. The foams having smaller cell size exhibit
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better mechanical properties than the foams having larger cells. This function of the
inorganic particles allows to control the foam morphology and thus mechanical

properties of the foams by controlling the foam morphology parameters [102].

o The inorganic particles significantly improves mechanical strength and stability of
eventual foam morphology by reinforcing to the polymer matrix without causing a
loss of other properties [101,102]. They serve as a protective layer on the cell walls,

preventing the rupture of foam morphology under stretching forces [104,114].

e The inorganic particles also affect the foam structure by altering polymer
rheological properties. During the expansion of the foam cells, the cell walls become
thinner and the neighbour cells get in touch with each other, which decreases the
durability of the cell walls. The decrease in the durability increases the coalescences
of the neighbour cells, which in turn, increases cell size and decreases the cell
density of the foam. Thus, cell coalescence is undesirable, especially for the
foaming of the polymers with low melt strength [115]. At this point, the inorganic
particles can effectively enhance the melt viscosity of the polymer, which prevents
possible cell coalescences at the final stage of cell formation, thereby causing a

significant increase in cell density and thus considerable foam expansion [102].

o Furthermore, the surface properties of inorganic particles can be easily modified to
increase compatibility with the polymer matrix [102].

The efficiency of the inorganic particles depends on the particle's dimension, shape,
aspect ratio, surface chemistry, loading amount of the particles and the degree of
compatibility between the particles and the polymer matrix [103]. These parameters
provide to control foam morphology and thus mechanical properties. The use of nano-
sized inorganic particles is more advantageous over traditional micro-sized ones.
Nanoparticles create more potential nucleation centers per unit foam volume at the same
particle loading, which in turn promotes to obtain smaller cell size [102,106].
Nanoparticles may be in plate, spherical, or fiber forms. Particles with a spherical shape
do not provide sufficient reinforcement than others [102]. Plate shaped nanoparticles
may decrease gas diffusion in the matrix phase [100]. The dispersion quality of the
particles is important for foam morphology. The well-dispersed particles can improve

the nucleation efficiency, when a large quantity of agglomerates is not present in the
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matrix phase [116]. Surface chemistry plays an important role in achieving an improved
compatibility between the particle and matrix phase, which supports improved particle
distribution. With the tuning of the particle loading, it is possible to obtain optimum
foam morphology by limiting the amount of the nucleation centers thereby cell

expansion capacity [104].

Nanoclays are one of the prefable additives to modify foam structure due to their
extremely fine particle size, high surface area and aspect ratio and easily tuneable
surface chemistry [102]. To improve the compatibility between the particle and polymer
matrix, the organophilic surface properties can be easily attached to the particle surfaces
by the surface modification methods such as cation exchange reactions, grafting of

silane coupling agents etc. [103].
1.9. The Aim of the Thesis

From past to present, various types of oil have been reaching to the aqueous sources
mainly through exploration, production, transportation and consumption related oil
spills, natural oil leakages, operational oily waste discharges left by vessels, untreated
industrial and urban wastewaters. The presence of oil in water mainly damages marine
life, fishing and marine industry, various social and economic activities. Therefore, the
spilled oil must be cleaned using a suitable cleaning technique before it is exposed to
various weathering processes that make it more tedious to separate the oil from the

water.

For this reason, the main purpose of this thesis is to synthesize an environmentally
friendly, efficient, durable, and reusable oil absorbent material that can absorb oil from
water surfaces and then easily desorb the oil when it is squeezed. As oil absorbent
material, a polymer composite foam which is composed of waste LDPE and organically
modified sepiolite was synthesized. The synthesized samples were characterized, and
their absorption capacities were determined for clean olive oil, waste olive oil, diesel
and gasoline. The clean and waste olive oil were used to represent the oil pollutants in
urban waste waters, while diesel and gasoline were used to represents the petroleum
products related spills. The high porous morphology of foams offers a sufficient space
for enhanced oil absorption and their flexible nature allows to easily recover of the

absorbed oil. Furthermore, the hydrophobic nature of LDPE matrix brings the
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selectively oil absorption quality to the foam. With the use of sepiolite, it is aimed to
optimize the foam morphology and improve the mechanical properties of the foamed
samples. It is expected that, the use of the synthesized LDPE-sepiolite composite foam
as an oil absorbent will not only benefit to the oil remediation in aquatic environment
and plastic pollution, but also provide a useful commercial product by utilizing both
sepiolite which has significant reserves in Turkey and polyethylene wastes which have

considerable portion of the municipal plastic wastes.
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2. MATERIAL AND METHOD
2.1. Materials

The materials used in this thesis are as follows:

Waste low density polyethylene (LDPE) pellets were used as the polymer matrix. Raw
sepiolite supplied from Dolsan Madencilik in Eskisehir as inorganic filler.
Trimethoxy(octadecyl)silane (>90%), (3-glycidyloxypropyl)trimethoxysilane (>98%)
and (3-aminopropyl)triethoxysilane (>99%) were supplied from Sigma-Aldrich and
used for surface modification of sepiolite (Table 2.1.). Hydrochloric acid (37%, Merck)
was used for acid treatment of sepiolite. Toluene (>99%), acetone (reagent grade) were
used as dispersing medium for silylation of sepiolite. Ethanol (reagent grade) was used
to wash sepiolite samples after silylation process. Carbon dioxide (CO,) was used as
physical blowing agent in foaming experiments. Extra virgin olive oil was purchased
from local suppliers. Gasoline and diesel oils were kindly provided by Asis Otomasyon

A.S. Waste olive oil was collected from households after cooking.

Table 2.1. Silane coupling agents [117-119]

Molecular
Name Chemical structure Weight
(9/mol)
OCHg
Trimethoxy(octadecyl)silane CHa(CHz)16CH~Si-OCH; 374.67
OCHj
OCHg
(3-glycidyloxypropyl)trimethoxysilane  HsCO=Si—~_~ 236.34
OCHg O/\g
QACHS
(3-aminopropyl)triethoxysilane H3C O—ISI—\\/\NHz 221.37
HaC._O
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2.2. Method
2.2.1. Pre-treatment of raw sepiolite

Raw sepiolite was washed with distilled water by mixing in a mechanical stirrer at 400
rpm at ambient temperature for 24 hours (Figure 2.1). After that, the suspension was
filtered through a filter paper. The filter cake was dried at 60°C in an oven. The obtained
pre-treated sepiolite (SEP) was ground in a mortar and then sieved. Particles sized

within the range 75-100 um were used in further experiments.

Figure 2.1. The pre-treatment of raw sepiolite
2.2.2. Acid treatment of sepiolite

The acid treated sepiolite sample was prepared by mixing the pre-treated sepiolite with
3M hydrochloric acid (HCI) in a mechanical stirrer at 200 rpm, at ambient temperature
for 24 hours. Subsequently, the mixture was filtered through a fine filter paper. The
sample was washed with water to remove excess HCI and then filtered again. The filter
cake was dried at 40°C in an oven. The obtained acid treated sepiolite (ASEP) was

ground in a mortar and then sieved to obtain particle size of <100 um.
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2.2.3. Surface modification of both pre-treated and acid-treated sepiolite by

different silane coupling agents

A series of organomodified SEP and ASEP samples were prepared for duration of 2 to
48 hours at 25°C, 40°C and 50°C to assess the effect of acid activation, silylation
temperature and duration on the extent of organofunctionality of sepiolite. TMODS,
GPTMS and APTES were used to modify the surfaces of SEP and ASEP samples.
Dispersing mediums were selected considering the solubility of silane coupling agents
in solvents. Accordingly, toluene was used for TMODS and acetone was used for both
GPTMS and APTES modification reactions.

For each silylation process, 1 ml silane coupling agent was dissolved in 10 ml selected
solvent medium for 1 hour. Subsequently, 1 g sepiolite sample (SEP or ASEP) was
added to the solution and the mixture was stirred at 120 rpm at different reaction
conditions that are given in Table 2.2. At the end of the silylation process, the mixture
was filtered, and the filter cake was washed with ethanol for several times to remove
excess silane coupling agents. Finally, the sample was dried at 40 °C in an oven. The
organo-sepiolite sample to be used as additive in the polymer composites was
synthesized on a larger-scale with the same procedure with a reflux apparatus (Figure
2.2)

Figure 2.2. Large scale silylation process using reflux apparatus
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The prepared samples were labelled as “x-y-z-t”, where X represents the type of
sepiolite used (either SEP or ASEP), y represents the silane coupling agent used
(TMODS, GPTMS or APTES), z represents the duration of silylation and t represents
the temperature of silylation. The sample designations and their reaction conditions are

given in Table 2.2.

Table 2.2. The reaction conditions of the synthesized organomodified sepiolites with

the sample designations.

o Reaction o Reaction
Sample designation - Sample designation -
conditions conditions

SEP-TMODS-48-40 For 48h at 40°C ASEP-TMODS-24-40 For 24h, at 40°C

SEP-TMODS-48-50  For48hat50°C ~ ASEP-TMODS-24-50  For 24h, at 50°C
SEP-GPTMS-4-25 For 4h at 25°C ASEP-TMODS-48-50  For 48h, at 50°C
SEP-GPTMS-4-40 For 4h at 40°C ASEP-GPTMS-2-25 For 2h, at 25°C
SEP-GPTMS-4-50 For 4h at 50°C ASEP-GPTMS-4-25 For 4h, at 25°C
SEP-GPTMS-8-40 For 8h at 40°C ASEP-GPTMS-4-40 For 4h, at 40°C
SEP-GPTMS-8-50 For 8h at 50°C ASEP-GPTMS-4-50 For 4h, at 50°C
SEP-APTES-4-25 For 4h at 25°C ASEP-GPTMS-8-40 For 8h, at 40°C
SEP-APTES-4-40 For 4h at 40°C ASEP-GPTMS-8-50 For 8h, at 50°C
SEP-APTES-4-50 For 4h at 50°C ASEP-APTES-4-25 For 4h, at 25°C
SEP-APTES-8-40 For 8h at 40°C ASEP-APTES-4-40 For 4h, at 40°C
SEP-APTES-8-50 For 8h at 50°C ASEP-APTES-4-50 For 4h, at 50°C

2.2.4. Determination of oil absorption capacity of each sepiolite sample

The oil absorption capacity of all synthesized sepiolite samples was determined to
evaluate the oleophilicity of the material. The ultimate goal was to select the sample
with highest oil absorption capacity. The selected sample was then utilized as filler for
the clay-polymer composites. For this purpose, 0.1 g sepiolite sample was dispersed in 1
ml pure olive oil in an Eppendorf tube by vortex mixer at 2700 rpm for 5 minutes. Then,
the sepiolite-olive oil mixture was centrifugated at 6000 rpm at 10°C for 15 minutes.
After that, the supernatant, i.e. unabsorbed olive oil, was carefully removed from the

tube. The tube containing saturated sepiolite was weighed and the weight of olive oil
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absorbed by sepiolite sample was determined gravimetrically. The oil absorption
capacity of each sample was calculated using the following equation:

A = (Ws-Wi)/Wi (2.1)

where Ais the oil absorption capacity (g oil/g sepiolite), Wi is the initial dry weight of
sepiolite sample (g) and Ws is the weight of saturated sepiolite sample (g). The oil

absorption capacity of each sample was reported as an average of three experiments.

2.2.5. Production of LDPE-organomodified sepiolite composite pellets by melt
blending method

LDPE-organically modified sepiolite composites were produced by melt blending
method using the twin screw extruder shown in the Figure 2.3. Prior to extrusion,
organically modified sepiolite and waste LDPE pellets were dried in a vacuum oven at

80°C for 24 hours to remove adsorbed water on the samples.

Figure 2.3. Twin screw extruder

The extrusion was performed with a temperature profile of 125°C-130°C-135°C-140°C
from feed to die zone with 16.6 cycle/min screw rotating speed. 350 g waste LDPE
pellets-organically modified sepiolite mixtures containing 5 wt.%, 10 wt.%, 20 wt.%
and 40 wt.% organoclay were prepared and fed to the twin screw extruder, respectively.
Afterward, the produced wires were cut in a grinder. The obtained pellets were dried at

70°C in an oven.
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The composite samples were labelled as CP-5, CP-10, CP-20 and CP-40 corresponding
to 5 wt.%, 10 wt.%, 20 wt.% and 40 wt.% organoclay content, respectively. The

composition of each sample was given in Table 2.3.

Table 2.3. Composition of LDPE-organosepiolite composite pellets

Materials CP-5 CP-10 CP-20 CP-40
LDPE (wt.%) 95 90 80 60
Organosepiolite (wt.%) 5 10 20 40

2.2.6. Preparation of LDPE-organosepiolite composite sheets

The composite pellets were moulded using a hot press machine (Figure 2.4) to obtain
circular plates with about 6 cm diameter and 1 mm in thickness. For preparation of each
composite sheet, certain amount of composite pellet sample was moulded at a barrel
temperature of 120°C and 40 bar for 2 minutes. After moulding, the samples were
cooled to room temperature. The produced blank and composite sheets were labelled as
BS, CS-5, CS-10, and CS-20 according to their organosepiolite content. The obtained

disc shaped sheets were then used as the solid precursor in the foaming experiments.

Figure 2.4. Hot press machine
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2.2.7. Production of blank and composite foam absorbents by batch foaming
method

Foaming experiments were carried out by using batch foaming method. The composite
foams were produced using a pressure reactor (model PARR 4575) equipped with a
heater (model PARR 4843) (Figure 2.5). The volume of the pressure reactor is 500 ml
and maximum allowable operation temperature and pressure are 300 °C and 553 bar,
respectively. Readily prepared blank and composite discs were used as solid precursors

for the foaming experiments.

The foaming processes were carried out with pressure induced technique of batch
foaming method at three different saturation pressures, while the other process
conditions, namely, saturation time, saturation temperature and depressurization rate
were kept constant. For each foaming experiments, a solid precursor was placed in the
high pressure reactor and saturated with CO, for 4 hours at 135 °C at 45 bar, 70 bar or
110 bar. At the end of the period, the sample was cooled to the foaming temperature at
103°C. Subsequently, the sample was foamed by rapidly dropping of the reactor
pressure to the atmospheric pressure. Then, the foam was quickly removed from the

reactor and cooled to the ambient temperature.

o —

Figure 2.5. The heater and the high pressure reactor

The synthesized foam samples were denoted as in the form of “xF-y”, where “x”

indicates high, middle, low saturation pressures which were designated as “H”, “M” and
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“L”, respectively and “y” refers to organo-sepiolite weight percent content (Table 2.4).
All of the further foaming experiments were carried out for 4 hours at 135 °C at 70 bar

as optimum process conditions.

Table 2.4. The synthesize conditions for foam samples with their designations

Organosepiolite content

Sample designation Saturation pressure (bar) (WL%)
LF-0 45 0
MF-0 70 0
HF-0 110 0
LF-5 45 5
MF-5 70 5)
HF-5 110 )
LF-10 45 10
MF-10 70 10
HF-10 110 10
LF-20 45 20
MF-20 70 20
HF-20 110 20

2.2.8. Oil absorption capacity tests of foam absorbents

Oil absorption capacity tests were accomplished in two stages. All synthesized foams
were subjected to oil absorption tests in the first stage. Four different types of oil,
namely, virgin olive oil, waste olive oil, diesel oil and gasoline, were involved in the
experiments. For the determination of oil absorption capacity (g.g™), specimens of app.
1 cm? were cut from composite foams and placed in containers filled with 3 ml of oil.
The containers were shaken for 30 minutes at 150 rpm. Afterwards, the samples were
removed from the containers and waited in a strainer to release excess oil for half a
minute. The oil absorption capacity of each sample was calculated gravimetrically. All
of the oil absorption capacity tests were performed in triplicates and the average of the

test results was used.
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The foam sample with the highest absorption capacity was used in further experiments
which involved oil removal from simulated sea water. Artificial sea water was prepared
according to ASTM D1141-98 [120]. For the oil absorption experiments, four different
oil-sea water systems were prepared in 100 ml glass beaker with 5 mm layer of olive
oil, waste olive oil, diesel oil or gasoline floating on 50 ml layer of simulated sea water.
Then, a pre-weighed foam was placed on floating oil layer. After 30 minutes, the foam
saturated with oil was removed from the beaker, left in a strainer for half a minute to
drip excess oil and weighed again. The oil absorption capacity of the foam was
calculated using Eq 2.1. Oil absorption tests were performed three times for each oil

type and average values were recorded.
2.2.9 Reusability of the blank and composite foam absorbents

Reusability of each foam sample was investigated by the successive recovering and
reusing of the absorbent foams through three operational cycles. All of the oil
absorption experiments were performed for three foam pieces cut from each foam using
pure olive oil, waste olive oil, diesel oil and gasoline mediums. In each cycle, the oil
absorption capacity of the foam pieces was determined by the method described in
Section 2.2.8. At the end of each cycle, the absorbed oil was removed by compression
and the foams were weighed again. For each cycle, the average oil absorption capacity
of three foam pieces and their standard deviations were calculated.

2.2.10. Characterization of the sepiolite samples
2.2.10.1. X-ray diffraction (XRD) analysis

XRD patterns were obtained with Philips PANalytical, X’PERT PRO instrument
operating at 40 kV and using Cu-Ka radiation within 20=2-80°.

2.2.10.2. Brunauer-Emmett-Teller (BET) analysis

The BET analysis of the acid treated sepiolite and an acid treated TMODS modified
sepiolite were performed to determine the changes in the surface structure and porosity
of sepiolite after organic modification process. BET analysis measurements were made

by nitrogen adsorption using Micromeritics ASAP 2020.
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2.2.10.3. Scanning electron microscope (SEM) analysis

The structure of the selected sepiolite samples were analysed by a scanning electron

microscope (FEI Quanta Feg 250).

2.2.10.4. Thermogravimetric analysis (TGA)

Thermogravimetric analysis of the acid treated sepiolite and organo-sepiolite samples
were made to quantify the grafted silane coupling agent on the surface of sepiolite using
TG/DTA instrument. The samples of 10 mg were heated to 700 °C at a heating rate of

10°C/min under N, atmosphere.

2.2.10.5. Fourier transform infrared (FTIR) spectroscopy

FTIR analysis of purified sepiolite, acid treated sepiolite and organo-sepiolite samples
was performed to provide an idea of the structure of the samples. The FTIR spectra of
the samples were obtained with Perkin-Elmer Spectrum One as an average of 8 scans at
4 cm* resolution within the spectral range 4000-650 cm™.

2.2.11. Characterization of the foam absorbents

2.2.11.1. Determination of the apparent density and the volume expansion ratio of
the foams

The dimensions of the unfoamed sheets and their foams were measured using Schut
electronic outside micrometer to determine the apparent density and the expansion ratio.

The density of the unfoamed sheets (p,) and their foams (ps) were calculated as follows,
p=m/V (2.2)

where, p refers to the density of the sample, m refers to the mass of the sample and, V
refers to the volume of the sample. The unfoamed plates and, their foams were cut in

certain dimensions to calculate their volumes [113].

The volume expansion ratio (Ry) of the foams was calculated using the following
equation [36].

Rv=po/ps (2.3)
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2.2.11.2. Scanning electron microscope (SEM) analysis

The morphologies of the selected absorbent foams were analysed by a scanning electron
microscope (FEI Quanta Feg 250). The cellular structure of the foams was fixed by
freezing with liquid nitrogen to break the samples without damaging the foam

morphology.
2.2.11.3. Contact angle measurements

The measurement of contact angles was performed using an apparatus composed of a
microscope (Nikon) and a digital camera (D90). The surface characteristic of the foam
samples, namely MF-10 and MF-20 was determined by dropping 20 uL of deionized
water onto each foam surface at room temperature. The contact angles were then

determined using Open Source Image software.
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3. RESULT AND DISCUSSION

3.1. Pre-Treatment of Sepiolite Ore

Before starting the acid treatment and surface modification experiments, the raw
sepiolite was pre-treated by washing distilled water to obtain reduced and more uniform
particle size and, remove its visible impurities [58,84]. The pre-treated sepiolite was
designated as “SEP”.

3.2. Acid Treatment of Pre-Treated Sepiolite

Some of the purified sepiolite was treated with HCI solution to enhance the surface area
and thereby the surface functionality of raw sepiolite by removing the octahedral cations
and some water from the crystal structure, separating sepiolite crystal bundles that

significantly limit the surface area.

With the acid treatment of SEP, it was also purposed to improve the efficiency of
silylation by increasing the amount of the surface silanol groups that can make covalent
bond with silane coupling agents. Marjanovic et al. (2011) silylated both purified
sepiolite and acid-treated sepiolite with (3-mercaptopropyl)trimethoxysilane. According
to the FTIR and TGA analysis results, they showed that the silylation efficiency was

significantly increased with acid treatment of sepiolite [58].

Furthermore, sepiolite in raw form may contain different impurities such as carbonate
minerals (e.g. dolomite, calcite, magnesite, etc.), quartz and other clay minerals
[50,121] depending on the location of the mineral deposit. Suarez et. al (2016)
investigated the mineralogical properties of six sepiolite specimens obtained from
Polatli in Turkey. They demonstrated that, all sepiolite specimens contain dolomite as
major impurity [122]. With the acid treatment of sepiolite, it was also expected to

remove the impurities.
3.3. Organophilic Modification of Sepiolite Samples

Organo-modified samples were prepared from both raw and acid treated sepiolite to

demonstrate the effect of the acid treatment on silylation reactions. Due to the fact that,
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the effectiveness of the silylation may be affected by the temperature and the duration of
the reaction and the silane coupling agents used, the experiments were carried out at
different reaction durations and temperatures using three different silane agents, namely,
trimethoxy(octadecyl)silane (TMODS), (3-glycidyloxypropyl)trimethoxysilane
(GPTMS) and (3-aminopropyl)triethoxysilane (APTES). The reaction conditions were
previously given at Table 2.2.

3.4. Oil absorption capacity tests of the sepiolite samples

The oil absorption tests were performed to gain insight about increment in
organophilicity of sepiolite after applied acid treatment and silylation processes. The
objective of the oil absorption tests was to determine the synthesizing conditions that
maximize the oil absorption capacity (g oil/g absorbent) and thus organophilicity of
sepiolite. Oil absorption capacity of SEP, ASEP and all organoclay samples were given
at Table 3.1.

As expected, the acid treatment process significantly affected the oil absorption capacity
of acid treated and non-acid treated samples. The oil absorption capacity of SEP was
1.34 g.g* and this value was increased to 1.57 g.g* by applying acid treatment only.
Acid treatment of SEP not only provided significant increase in surface area and
porosity, but also removed impurities from the mineral. Therefore, the absorption
capacity of SEP was improved with increasing its surface area, porosity, and purity.

Another important effect of the acid treatment on the sepiolite structure is that it
contributes to the formation of additional silanol groups which are active sites for silane
coupling agents. When ASEP that has more active sites than those of SEP was used to
synthesis of organo-sepiolite samples, it was possible to cover the surface of the
sepiolite with more organic silane agents and thus obtain organoclays with higher
organophilic surface properties. Accordingly, all organoclay samples synthesized from
ASEP showed visibly improved oil absorption capacity than the samples synthesized
from SEP under identical reaction conditions.
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Table 3.1. Oil absorption capacity of SEP, ASEP and organomodified samples

Oil absorption Oil absorption

Sample designation Sample designation

capacity (9.9 capacity (9.9

SEP 1.34+0.01 ASEP 1.57+0.02
SEP-TMODS-48-40 1.03+0.01 ASEP-TMODS-24-40  1.800.06
SEP-TMODS-48-50 0.99:0.02 ASEP-TMODS-24-50  1.96+0.05
SEP-GPTMS-4-25 0.96+0.02 ASEP-TMODS-48-50  1.74+0.01
SEP-GPTMS-4-40 1.0120.02 ASEP-GPTMS-2-25 2.54+0.03
SEP-GPTMS-4-50 0.88+0.02 ASEP-GPTMS-4-25 2.77+0.01
SEP-GPTMS-8-40 0.98+0.01 ASEP-GPTMS-4-40 2.6240.01
SEP-GPTMS-8-50 0.86+0.03 ASEP-GPTMS-4-50 2.46+0.03
SEP-APTES-4-25 1.36+0.03 ASEP-GPTMS-8-40 2.23+0.03
SEP-APTES-4-40 1.45+0.03 ASEP-GPTMS-8-50 2.1740.05
SEP-APTES-4-50 1.61+0.03 ASEP-APTES-4-25 2.1240.03
SEP-APTES-8-40 1.60+0.02 ASEP-APTES-4-40 1.820.05
SEP-APTES-8-50 1.65+0.03 ASEP-APTES-4-50 1.58+0.04

The influences of the experimental parameters, namely, temperature and duration of the
silylation reaction on absorption capacity of the samples were also investigated by
performing a series of the reaction under varying reaction conditions. The effect of the
reaction conditions on the oil absorption capacity of the samples was different for each
sample. As the reaction temperature was increased at identical reaction duration, the oil
absorption capacity of TMODS modified samples showed increasing trend, while that
of GPTMS modified samples showed decreasing trend. As reaction duration was
extended at identical reaction temperatures, it was observed that, the oil absorption
capacity of TMODS modified samples was decreased, while that of GPTMS modified
samples were increased. APTES did not show a clear behavior in both conditions. These
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different trends in the absorption performances were attributed to the volatility
difference of the reaction dispersing solvents. As the dispersing medium, toluene was
used in modification reactions with TMODS, while acetone was used in modification
reactions with GPRTMS and APTES. Due to, acetone is more volatile than toluene, the

modification efficiency decreased at higher temperatures.

In literature, the oil absorption capacity of sepiolite was studied. Zadaka-Amir et. al
(2013) investigated olive oil absorption capacity of sepiolite, montmorillonite and talc
in anhydrous environment. They obtained the olive oil absorption capacity of sepiolite,
montmorillonite and talc as 0.36 g/g, 0.16 g/g and 0.19 g/g, respectively [42].
Rajakovi¢-Ognjanovi¢ et. al (2007) studied the removal of motor oil mixed in water
using sepiolite, bentonite and zeolite. The maximum oil absorption capacities were
obtained as about 0.22 g/g, 0.17 g/g and 0.17 g/g for sepiolite, bentonite and zeolite,
respectively [123]. As a result of the all oil absorption experiments, the best oil
absorption performance was achieved with ASEP-GPTMS-4-25 sample whose each
gram can absorb about 2.77 g of olive oil. The obtained oil absorption capacity was
significantly superior to that of the literature studies. This two-fold increment in olive
oil absorption with respect to that of SEP was achieved by both use of acid treatment
process and organic modification under optimum silylation conditions. Therefore, the
oil absorption capacity of sepiolite samples greatly depends on acid treatment process
and silylation conditions. However, to the best of our knowledge, there is no study on
the investigation of oil absorption capacity of both acid treated and silylated sepiolite. In
this respect, this gap in the literature was filled by oil absorption capacity experiments
using both acid-treated and silylated sepiolite. As a result, ASEP-GPTMS-4-25 was
selected as filler phase for the use of the production of the clay-polymer composite

materials.

3.5. Characterization of Sepiolite Samples
3.5.1. X-ray diffraction (XRD) analysis

XRD analysis was carried out to investigate the mineral content, and the effect of acid
treatment and organic modification on the mineral content and structure. Since the
highest organic fraction was obtained with ASEP-TMODS-24-50, the analysis was
performed with SEP, ASEP and ASEP-TMODS-24-50. The XRD patterns of SEP,
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ASEP and ASEP-TMODS-24-50 were given in Figure 3.1.

The XRD pattern of SEP showed strong characteristic peak at 26=7.3° and some weak
characteristic peaks. Owing to the major impurity of dolomite in SEP, the strong peaks
at 26=31° and 26=41.2° were also observed in the XRD pattern of SEP [124,125]. The
XRD pattern of ASEP showed that the characteristic sepiolite and dolomite peaks were
dissappeared by acid attack. From the XRD pattern, it can be said that, the crystal
structure of sepiolite was seriously affected by acid treatment and turned into an
amorphous structure [126]. The formation of covalent bonds between the silane
coupling agent and sepiolite surface leads to some structural changes, resulting the
change in the peak intensities of the XRD pattern. A comparison of the XRD patterns of
ASEP and TMODS modified ASEP proved the modification of ASEP by TMODS by
the presence of the peak at 26=21.7° [84].
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Figure 3.1. XRD patterns of (a) SEP, (b) ASEP and (c) ASEP-TMODS-24-50
(S:Sepiolite and D:Dolomite)

3.5.2. Brunauer-Emmett-Teller (BET) analysis

BET is most common analysis method to measure the specific surface area and porosity

of the solid materials. Since the highest organic fraction was obtained with ASEP-
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TMODS-24-50, the analysis was carried out for the SEP, ASEP and ASEP-TMODS-24-
50 samples given in Table 3.2.

Table 3.2. The BET surface area and pore volume of SEP, ASEP and ASEP-TMODS-24-50

Sample designation Surface area (m2.g™) Pore volume (cm®g™)
SEP 31.59 0.17
ASEP 52.05 0.25
ASEP-TMODS-24-50 2.94 0.05

BET surface area and pore volume of SEP sample were measured as 31.59 m?.g™t and 0.17
cm®g?, respectively. After acid treatment, it was observed that the BET surface area and pore
volume of the mineral (i.e. ASEP) increased to 52.05 m2g* and 0.25 cm® g, respectively. As
mentioned before, with acid treatment of natural sepiolite, Mg?* cations in the
octahedral sheets and a part of water can be removed from the sepiolite structure. Also,
sepiolite crystal fibres that cause a significant reduction in the specific surface area of
the mineral unbundle with the help of acid treatment. All these led to increase surface
area and porosity of sepiolite. There are many studies in the literature confirming the
increase in the surface area and pore volume of sepiolite with acid treatment. Myriam et
al. (1998), reported that, the surface area of natural sepiolite (supplied from Spain)
enhanced from 213 m?g?! to 293 m?g? with acid treatment using HCI [89]. More
recently, Zhou et al. (2018) also reported improvement in the surface area of sepiolite
(supplied from China) from 33 m?g! to 198 m?g* with acid treatment using HCI [54].

BET surface area and pore volume of ASEP-TMODS-24-50 were recorded as 2.94
m2.g™* and 0.05 cm*g, respectively. The significant decrease in surface area and pore
volume confirm the successful organic modification of ASEP surface by blocking of its

channels by the silane coupling agent.

3.5.3 Scanning electron microscope (SEM) analysis

SEM analysis of sepiolite samples was performed to visualize the effect of acid
treatment and organic modification on the mineral structure. SEM micrographs of SEP,
ASEP and ASEP-TMODS-24-50 were presented in Figure 3.2a-f.
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Figure 3.2. SEM micrographs of (a) SEP under the magnification of 5000, (b) SEP
under the magnification of 40000%, (c) ASEP under the magnification of 5000, (d)
ASEP under the magnification of 40000 x, (e) ASEP-TMODS-24-50 under the
magnification of 5000, (f) ASEP-TMODS-24-50 under the magnification of 40000x.

As clearly seen in Figure 3.2a, SEP was in the form of large fiber agglomerates. The
characteristic fibrous structure of SEP was more obviously observed in Figure 3.2b. As
expected, the fibers were in the form of crystal bundles due to strong interactions

between them. These crystal bundles cause a significant decrease in the surface area and
active sites, which largely limit the functionality of the mineral [54]. In addition to the
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fiber bundles, some spherical materials attributed to impurities were also observed from
the SEM micrograph of SEP sample. As clearly seen from Figure 3.2c., the degree of
agglomeration was decreased in ASEP compared to SEP. In Figure 3.2d, it was
observed that, the mineral lost its fibrous morphology to some extent and the fiber
lengths were decreased compared to SEP [54]. Also, the impurities seen in SEP sample
were disappeared in ASEP sample due to purification effect of acid treatment. SEM
images of ASEP-TMODS-24-50 sample were given in Figure 3.2e-f. From the images,
it can be said that, the silylation process did not alter the structure of ASEP,

significantly.
3.5.4. Thermogravimetric analysis (TGA)

TGA is one of the thermal analysis techniques that based on measuring the change in
the mass of the material as a function of temperature or time [127]. TGA was used to
determine the percentage mass of the silane coupling agents loaded on the sepiolite
surface after organic modification. DTG curves were used to clearly identify the mass

loss steps of the sepiolite samples.

Sepiolite has three types of water, namely, hydroscopic, zeolitic and coordinated water,
and also hydroxyl groups in its structure [56]. These water molecules and hydroxyl
groups are linked to the sepiolite structure at different strengths [83]. Therefore, the
TGA curve of the pure sepiolite exhibits four discrete thermal decomposition steps
owing to the gradual removal of these waters from the crystal structure during heating
[55,71]. Theoretically, the successive reactions that occur during the thermal

decomposition of pure sepiolite are as follows [55]:

Si12MgsO30(OH)4(OH2)4.8H20 — Si1zMgsO30(OH)4(OH2)4 + 8H20 (3.1)
Si12MgsO30(OH)a(OH2)s — Si12MgsO3a(OH)a(OHz)2 + 2H20 (3.2)
Si12MgsO30(OH)a(OH2)2 = Si12MgsOs0(OH)s + 2H20 (3.3)
Si12MgsO30(OH)z — 8MgSiOs + SiOz +2H,0 (3.4)

If the sepiolite do not contain any impurity, the theoretical percentages of the successive
water losses should be 11.11%, 2.78% 2.78% and 2.78% respectively [55]. The initial
mass loss occurs due to the removal of the hydroscopic water on the external mineral

surface besides the zeolitic water in the structural tunnels and channels of sepiolite (Eq.
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3.1). Then, the coordination water gradually removes from the mineral (Eq. 3.2 and Eq.
3.3). At the end of the dehydration steps, sepiolite anhydrite (Si12MgsOz0(OH)4) was
produced as a result of the irreversible loss of all coordinated water [71]. After
dehydration steps, the dehydroxylation of the sepiolite anhydride begins, which results
the production of enstatite (MgSiOzs) and silica (SiO2) by removing the hydroxyl groups
in the structure as structural water (Eq. 3.4) [55]. If the mineral dolomite contains
impurities, it also decomposes. Tabak et. al (2009) analyzed Eskischir sepiolite with
TGA. They reported that, the removal of the hydroscopic water on the outer mineral
surface was occurred up to 105 °C with a 1.92% mass loss and the zeolitic water was
removed in the temperature ranges of 180-232°C with a 0.60% mass loss. Coordination
water was removed from the sepiolite with a 1.79% mass loss in the temperature range
of 232-326°C. Finally, the structural water was removed and dolomite was decomposed
with a mass loss of 13.21% in the temperature range of 580-823°C [124].

TGA and DTG curves of ASEP and selected organo-sepiolite samples were shown in
the Figure 3.3a-f. The samples with the highest oil absorption capacity were selected for
thermal analysis so as to discuss the possible relationship between the level organic
loading and oil absorption. As seen in Figure 3.3a, ASEP exhibited three completed and
one uncompleted mass loss steps up to 700°C accounting for 16.4% mass loss in total.
The mass loss percentages of ASEP were recorded in the order of 2.1%, 0.8%, 2.7% and
10.8% in the temperature ranges of 35-147°C, 147-315°C, 315°C-545°C and 545-700°C
respectively. The first three mass losses were respectively attributed to the removal of
hydroscopic, zeolitic and coordinated water from the mineral. The fourth mass loss step
was not completed at 700°C with a 10.8% mass loss. This mass loss was attributed to
both the removal of structural water and the residual dolomite decomposed by acid
treatment owing to the insufficient washing of the mineral. In the TGA of ASEP, the
mass losses only occurred due to the removal of water molecules and the residual

dolomite.

Comparison of the TGA of organomodified sepiolite samples (Fig. 3.3b-f) with that of
ASEP provided a solid proof of the presence of silane grafting upon ASEP surface. In
the case of organically modified ASEP samples, the mass loss occurred due to both of
the removal of water and the thermal degradation of the silane coupling agents grafted

on the surface of sepiolite [55].
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Figure 3.3. TGA and DTG curves of (a) ASEP, (b) ASEP-TMODS-24-40, (c) ASEP-
TMODS-24-50, (d) SEP-TMODS-48-40, () ASEP-GPTMS-4-25 and (f) SEP-APTES-
8-50

It was observed that organomodification process significantly altered the path of
thermal degradation steps of sepiolite due to the incorporation of the organic silane
agents into the mineral structure. The total mass loss was obtained as 40%, 47%, 36%,
20% and 30% for ASEP-TMODS-24-40, ASEP-TMODS-24-50, SEP-TMODS-48-40,
ASEP-GPTMS-4-25 and SEP-APTES-8-50 respectively. The first decomposition steps

were attributed to the removal of hydroscopic and zeolitic water corresponding to 12%,
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12%, 4%, 7% and 5% mass losses for the same five samples, respectively. The
completion temperature of the removal of these waters was detected about 200°C for
ASEP-TMODS-24-40, ASEP-TMODS-24-50 and SEP-TMODS-48-40, about 150°C
for ASEP-GPTMS-4-25 and about 130°C for SEP-APTES-8-50. According to the
literature studies, the mass loss in the temperature range about 200°C-600°C was
attributed to the decomposition of silane coupling agents [55,71]. At nearly the same
temperature range, TMODS decomposed in one step, while GPTMS and APTES
displayed a two-step decomposition profile. The mass loss owing to decomposition of
the organic matters were approximately obtained as 28%, 35%, 23%, 13% and 7% for
ASEP-TMODS-24-40, ASEP-TMODS-24-50, SEP-TMODS-48-40, ASEP-GPTMS-4-
25 and SEP-APTES-8-50 respectively. For the organomodified SEP samples, namely
SEP-TMODS-48-40 and SEP-APTES-8-50, after the decomposition of the organic
matter, an additional incomplete mass loss step that started between 500°C-550°C was
observed (Figures 3.3d and f). This mass loss step was attributed to the decomposition
of the dolomite impurity present in the mineral [128]. On the other hand, no further
mass loss step was observed after the decomposition of the organic matter for the
organomodified ASEP samples. The reason of this, the dolomite impurity was
eliminated by acid treatment and the residual dolomite present in ASEP due to
insufficient washing was removed along with the silylation dispersing solvent and
washing after silylation. DTG curves also confirms the grafting of silane coupling
agents on sepiolite. All DTG peaks of in organomodified samples were distinctly
appeared near 500°C which was the sign of successfully grafting of the silane agents
onto the sepiolite surface. Raji et. al (2018) and Tartaglione et. al (2008) modified
natural sepiolite with APTES and they obtained 3.87 wt.% and 4.5 wt.% organic
fraction, respectively [55,71].

It should be noted that, the mass percentage of silane molecules in the mineral is
directly related to the molecular weight of the silane, since the molecular weights of the
three silanes are different from each other. The molecular weight of TMODS, GPTMS
and APTES are 374.67 g/mol, 236.34 g/mol and 221.37 g/mol, respectively [117-119].
When the mass percentages of the silanes loaded onto sepiolite were compared, it was
seen that these values were directly proportional to the molecular weight of the silanes.

Although the highest mass percentage of loaded silane was achieved with TMODS,
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most of this mass came from the long hydrocarbon chain of TMODS. Therefore, it is
possible to claim that, on molar basis less number of moles of TMODS was loaded upon
sepiolite surface with respect to other silanes. The fact that the oil absorption capacity of
the samples is not directly proportional to the organic mass percentage of the samples
supports this idea. Therefore, the relationship between the organic loading level and oil
absorption capacity was discussed. Oil absorption capacity of SEP increased from 1.36
g/g to 1.57 g/g with only acid treatment process. SEP-TMODS-48-40 showed lower oil
absorption performance even than SEP despite its high organic content. The reason may
be that TMODS’s long hydrocarbon chains took up too much space on the SEP surface
and pores, resulting in reduced oil absorption performance of the clay. On the other
hand, both TMODS modified ASEP samples showed higher absorption capacity and
organic loading level than TMODS modified SEP sample due to improved BET surface
area and pore volume of the mineral. When ASEP-TMODS-24-40 and ASEP-TMODS-
24-50 were compared, it was observed that as the silylation temperature increased, more
TMODS was loaded into ASEP and the oil absorption capacity of the mineral increased
in parallel. Despite the organic fraction of ASEP-GPTMS-4-25 was low compared to
TMODS modified samples, ASEP-GPTMS-4-25 exhibited the highest oil absorption
performance. This may be related to the different chemical structure of the silanes.

3.5.5. Fourier-transform infrared (FTIR) spectroscopy

Silane coupling agents can be chemically bonded or adsorbed to the surface of sepiolite,
as well as coat on the surface as an oligomer film. While, the coupling agents that coat
on or adsorb to the sepiolite surface do not have an impact on FTIR spectra, the
coupling agents that chemically bond to the surface of sepiolite effect on FTIR spectra
[129]. With the FTIR analysis, it was aimed to show the effect of acid treatment on the

sepiolite and confirm the grafting of silane coupling agents onto the surface of sepiolite.

The FTIR spectra of SEP, ASEP, SEP-TMODS-48-40, ASEP-GPTMS-4-25 and SEP-
APTES-8-50 were recorded between 4000 and 650 cm™ wave numbers given in Figure
3.4. The FTIR spectrum of SEP showed several characteristic absorption peaks due to
the IR vibrations of various types of water existing in the structure of sepiolite, the
bonds constituent its lattice and impurities in the mineral (Figure 3.4a). The 4000-3000

cm* wavelength range corresponds to the stretching vibrations of various types of OH

50



groups [130]. The slight peaks appeared at 3690 cm™ and 3623 cm™ were attributed to
O-H stretching vibrations attached to Mg in octahedral sheets [71,131-133]. The peak at
3556 cm™ was assigned to O-H stretching vibration of coordinated (bound) water
[71,92,124,131,134]. The peak appeared at 1662 cm™ was attributed to the O-H bending
vibration of zeolitic water [92,124,130]. The peak at 1450 cm™ indicates asymmetric
CO%stretching vibrations [89,122,124,130,134], while the peaks at 882 cm™ and 729
cm?t indicate the asymmetric and symmetric bending vibrations of CO%~, respectively.
These peaks reflect the presence of carbonate minerals within the sepiolite sample used
[61,122,125]. The bands located at 1210, 1080 (shoulder), 1006 and 977 cm™ indicate
the characteristic lattice bands of sepiolite and were assigned to Si-O stretching
vibrations in the tetrahedral sheets [71,83,132,135]. The peaks appeared at 786 and 688
cm ™ were attributed to the bending vibration of Mg-OH [125,131].
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Figure 3.4. The FTIR spectra of (a) SEP, (b) ASEP, (c) SEP-TMODS-48-40, (d) ASEP-
GPTMS-4-25 and (e) SEP-APTES-8-50

As seen in Figure 3.4b, the FTIR spectrum of SEP significantly changed with the acid
treatment process. In the FTIR spectrum of ASEP, the new broad peak centred at 3347
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cm® may be attributed to the vibration of OH groups, which may indicate the increase
in silanol groups (Si-OH) on the mineral surface. The peaks at 1440, 882 and 729 cm
reflecting the presence of the carbonate minerals that appeared in SEP and disappeared
in ASEP due to the purification effect of the acid treatment. Due to the characteristic
lattice peaks between 1210 and 977 cm™ is much sensitive to acid treatment, this region
of the ASEP’s spectrum significantly changed [135]. Also, the peaks related to the
bending vibrations of Mg-OH at 786 and 688 cm™ altered as a result of the dissolution
of the octahedral layers of the mineral by acid attack [89,92]. These alterations in FTIR
spectrum of ASEP clearly showed that, the acid treatment considerably changed the
lattice structure of sepiolite, which further verified XRD results (Fig. 3.1).

After organic modification process, the FTIR spectra of organosepiolite samples
showed a similar path with the sepiolite sample (SEP or ASEP) from which they were
synthesized, except from the new peaks from grafted silane coupling agents. This
indicates that, the organic modification process does not damage the lattice structure of
sepiolite like the acid treatment process. As seen in Figure 3.4c, the FTIR spectrum of
SEP-TMODS-48-40 exhibited two deep bands at 2917 and 2850 cm™, respectively
assigned to the stretching vibrations of C-H bonds of methoxy groups (O-CHs) and the
methylene groups (-CH2) present in the long hydrocarbon chain bonded to the Si atom
of TMODS [58]. In Figure 3.4d and 3.4e, the similar peaks were also observed at 2928
and 2873 cm™ for ASEP-GPTMS-4-25 and, 2928 and 2849 cm™ for SEP-APTES-8-50
owing to the presence of the methoxy and the methylene groups in their structure but at
lower intensity compared to that of SEP-TMODS-48-40. The existence of these peaks
confirmed a successful modification of surface of sepiolite with all the three silane
coupling agents. Moreover, the peak observed in the spectrum of ASEP at 3347 cm™
related to surface -OH groups, was suppressed and shifted towards lower wave numbers
for ASEP-GPTMS-4-25, which also proved the grafting of GPTMS upon ASEP via

surface -OH groups.

The FTIR results showed that, the FTIR spectrum of SEP was changed by treatment
with the acid and/or the silane coupling agents. The characteristic peaks come from the
silane coupling agents were observed the spectrum of each organomodified sepiolite
samples. These peaks clearly showed that, TMODS, GPTMS and APTES was

successfully grafted onto the sepiolite.
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3.6. Production Steps of LDPE-Organosepiolite Composite Foams
3.6.1. Production of LDPE-Organosepiolite Composite materials

Thermoplastic polymer composite foams are generally produced via two stages. Firstly,
the polymer composite is produced and then the composite material is used as a solid
precursor for the foaming process [100]. To obtain solid precursors for foam production,
composite pellets were produced first and then they were formed into sheets. As filler
phase, ASEP-GPTMS-4-25 organosepiolite sample was used, while LDPE was used as
polymer matrix in the production of the composite pellets. The composite pellets were
produced by melt blending technique using a twin screw extruder. Four different pellets
containing 5%, 10%, 20% and 40% organosepiolite by weight were prepared and named
as CP-5, CP-10, CP-20 and CP-40 respectively (Figure 3.5). While the CP-40 pellet was
eliminated due to its insufficient durability and, it was decided to continue with CP-5,
CP-10 and CP-20 pellets in further experiments.

Figure 3.5. The images of (a) CP-5, (b) CP-10, (c) CP-20 and (d) CP-40 composite
pellets

Both waste LDPE pellets and synthesized composite pellets were transformed into
sheets using a hot press machine for use as solid precursor in the foam production. The
blank and composite sheets are presented in Figure 3.6. In foaming experiments, the
geometry of the polymeric solid precursors is an important point in the foaming
experiments. The samples are generally prepared in the form of disc-shaped, square-
shaped or rectangular-shaped and their thickness should be not more than 3 mm not to
inhibit the diffusivity of the foaming gas [104,107]. For this reason, the sheets were
prepared in 1 mm thickness and disc-shaped form. The sheets prepared from waste
LDPE, CP-5, CP-10, and CP-20 pellets were labelled as BS, CS-5, CS-10, and CS-20,

respectively.
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(a) (b) (c) (d)

Figure 3.6. The images of (a) BS (b) CS-5, (¢) CS-10 and (d) CS-20 sheets

3.6.2. The applied strategy for foam synthesis and determination of the synthesis

conditions

The characteristics of a foam, i.e. cellular morphology and volume expansion ratio are
both related to the foam synthesis conditions and, the properties of the materials from
which it is made. The most important synthesis conditions are the temperatures of

saturation and foaming, pressure and duration of saturation, and depressurization rate.

The obtained LDPE and the composite sheets were used as solid precursor in the
foaming experiments. The foaming of the sheets was carried out by the pressure induced
technique of the batch foaming method using a high pressure reactor. For the foaming
process, the solid precursor was put into the reactor. After the reactor was loaded with
physical foaming agent (CO,), the reactor was heated to the saturation temperature of
135 °C. This saturation temperature was chosen to ensure that the crystalline regions of
LDPE matrix melts completely. To investigate the effect of saturation pressure on the
foaming processes, the samples were saturated at three different saturation pressures,
45, 70 and 110 bar. The materials were saturated with CO, for 4 hours to guarantee
completed saturation. After the saturation of the material was completed, the reactor
was cooled to the foaming temperature. For determination of the optimum foaming
temperature, several foaming experiments were performed at different foaming
temperatures. LDPE matrix maintains its durability under the melting temperature.
When LDPE is brought to its melting temperature about 110 °C [136], its melting
strength begins to decrease. The highest expansion capacity was reached for all foams at
the foaming temperature of 103 °C for our pressure reactor. When the materials were
attempted to be foamed slightly below 103 °C, the matrix hardly expanded due to the

existence of the crystalline regions that may supress the expansion of the matrix [36].
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When the foaming temperature was applied above 103°C, it was observed that the
material came out of the reactor as a melt due to the melt strength of the matrix was
significantly decreased. After the material was cooled to the foaming temperature, the
foaming was induced by rapid pressure drop. After that, the foamed material was

quickly taken out from the reactor and cooled to stabilize its cellular morphology.

Also, the addition of the foreign materials into the polymer matrix allow to design the
cellular morphology, helps to improve mechanical strength by reinforcing to the matrix
and enhance the durability of the cell walls by increasing melt strength. If the polymeric
material does not contain any foreign bodies, the cell nucleation occurs randomly and
spontaneously. [102,107]. On the other hand, if the polymer matrix has different bodies,
these materials act as nucleation agents that force cell nucleation to occur at the
boundary of the additive and the matrix. Therefore, cell nucleation and growth can be
supported by the presence of foreign bodies, which improves the final cellular
morphology [102]. In this regard, it is possible to find many studies on the use of
inorganic nanoparticles as nucleating agents in the literature [73,106,114-116]. Sepiolite
is a proper inorganic additive whose particles have nano-sized dimensions, fiber shape,

high aspect ratio and surface area [73]. The foams produced at 70 bar (saturation

pressure) with different organosepiolite content were presented in Figure 3.7.

Figure 3.7. Top views of (a) MF-0, (b) MF-5, (c) MF-10, (d) MF-20 and (e) side view

of all foams

A nonporous skin layer was formed on one side of all synthesized foam samples.

During the depressurization stage of the foaming process, the gas molecules are
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desorbed from the surface of the polymeric sample. The surface of sample can not
nucleate owing to a lack of enough quantity of dissolved gas molecules. Such foams are
generally known as "integral foams" and have a porous core and a nonporous skin layer
[137]. Integral foams are encountered in batch, extrusion and injection molding foaming
techniques [104]. In the literature, it is possible to find many studies in which integral
foams are obtained [109,138-140].

3.7. Oil Absorption Capacity Tests for the Foam Absorbents
3.7.1. Determination of the oil absorption capacity of foam absorbents

The oil absorption capacity of the foamed samples synthesized from both blank LDPE
and its composites containing 5wt.%, 10 wt.% and 20wt.% of organosepiolite was
determined for olive oil, diesel, gasoline and waste olive oil as water pollutant. All of
the oil absorption experiments were carried out in pure oil mediums. The main purpose
of the experiments was to determine the absorption capacity of each synthesized foam
for different types of oils and reveal the optimum synthesis conditions, namely, the

foaming pressure and the organosepiolite content.

The results of the oil absorption experiments for pure oil mediums were visualized in
Figure 3.8, where the oil absorption capacity was plotted against the saturation pressure
of the foamed samples. The absorption capacity of the foamed samples was
significantly depended on the saturation pressure, organoclay content and the type of oil

used as pollutant.

Generally, the highest oil absorption performances were achieved when olive oil was
used as pollutant and the absorption capacity of the foams was significantly decreased
in diesel and gasoline. The viscosity of olive oil and waste oil is considerably higher
compared to diesel and gasoline. Although, the higher oil viscosity decreses the rate of
oil absorption, it increases the retention capability of oil within the foam [38,141].
Therefore, olive oil retained within the pores of the foam samples more than diesel and
gasoline, which allowed the foams to exhibit higher oil absorption performance.
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Figure 3.8. The absorption capacity of the foam samples with (a) blank, (b) 5 wt%, (c)

10 wt% and (d) 20 wt% organosepiolite content

In foaming process, the use of organosepiolite allowed to control the foam morphology.
According to the oil absorption experiments, the optimum amount of organosepiolite in
the foamed samples was determined as 10 wt.%. The addition of up to 10 wt.% of
organoclay improved the strength and the cell structure of the foam, which increased its
ability to retain oil in its structure. However, the addition of organosepiolite higher than
10 wt.% restain the cell formation and cause to reduction in the total surface area of the
foams. As a result of the reduction in the total surface area, the foams significantly lost
their oil absorption abilities, which leaded the foams containing 20 wt.%
organosepiolite to exhibit lower oil absorption performance [37]. As seen in Figure
3.8c, the highest oil absorption performances were achieved with both saturation

57



pressures at 70 bar and 110 bar. Since similar oil absorption performances were
achieved with both the saturation pressures, the optimum saturation pressure was

determined as 70 bar.

The sheets used in foam production could not be produced in a sufficiently
homogeneous thickness. In addition, during the production of the sheets, air bubbles
were formed because sufficient pressure was not reached. For this reason, the foams
produced from these sheets did not have a uniform thickness, which significantly
affected the oil absorption performances of the foams. Therefore, to improve oil
absorption performances of the foams, the production conditions of the sheets were

optimized.

As a result of oil absorption tests, the sample which exhibits the best oil absorption
performance was determined and its process parameters were used to synthesize the
final oil absorbent foam. For each type of oil, the best oil absorption performance was
achieved with MF-10 foam consist 10 wt.% organosepiolite and saturated under 70 bar.
All further foaming experiments were carried out with these optimum processing

conditions.

3.7.2. Investigation of oil absorption capacity for the first use and the reusability
feature of the MF-10 foam

Each oil absorption experiments were conducted for three specimens in pure olive oil
medium and the average oil absorption capacities of MF-10 foams were recorded. After

the first use of the samples, their reusability feature was investigated.

In Figure 3.9, the oil absorption capacities of both MF-10 at the first use and three
subsequent reuses were presented. As expected, the highest oil absorption performances
were achieved with the first use of MF-10 for all types of oil. The first oil absorption
capacities of the foam were 2.85, 3.38, 3.09 and 2.82 for olive oil, waste olive oil, diesel
and gasoline, respectively. As can be seen, the oil absorption capacity of MF-10 foam
was noticeably improved with the optimization of the production conditions of the

sheets.
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Figure 3.9. Oil absorption capacity of the foams for four successive use in (a) olive oil,

(b) waste oil, (c) diesel and (d) gasoline

Reusability of the absorbents can be considered one of the most important properties of
a good absorbent material. The reusability of absorbents not only reduces the cost of oil
clean up, but also contributes to the notable reduction of the formation of solid waste
[142]. The reusability feature of MF-10 foam was investigated by repeated three further
absorption-desorption cycles after the first usage. The experiments were conducted for
three specimens cut from each entire foam for three cycles and for each reuse the mean
results were obtained. The change in the absorption capacity of the absorbent during
four reuse cycles was presented in Figure 3.9. As can be seen, after initial use the
absorption capacity of the foam decreased. This can be attributed to both the incomplete
removal of oil from the foam and the partial destruction of the cellular foam structure.
Despite a decrease in oil absorption capacity after first use, oil absorption performance
remained stable over subsequent uses. In total, about 9.41 g olive oil, 9.33 g waste olive

oil, 11.25 g diesel and 10.6 g gasoline were recovered from four successive use of the
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same foam sample. The results of the reusability experiments clearly showed that, the
flexible nature of the foam absorbent makes possible the high reusability of the foam
with stable oil absorption performance. Therefore, MF-10 foam can be efficiently used

as oil absorbent.

3.7.3. The oil absorption capacity experiments of MF-0 and MF-10 foams in the

simulated oil-sea water systems

The oil absorption capacity the MF-0 and MF-10 foams was determined for four
different oil-sea water systems. Olive oil, waste olive oil, diesel oil and gasoline were
used as oil pollutants. The experiments were conducted in olive oil-sea water system is

given in Figure 3.10.

Figure 3.10. (a) MF-0 foam and olive oil-water system before oil absorption, (b) MF-0
foam and olive oil-water system after oil absorption, (c) MF-10 foam and olive oil-
water system before oil absorption, (d) MF-10 foam and olive oil-water system after oil

absorption

As shown in Figure 3.11, the oil absorption capacity increased significantly for each oil
type with the addition of 10% by weight of organosepiolite to the matrix structure

compared to the blank LDPE foam. The increase in absorption capacity was 3.8, 5.7, 5.7
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and 8.4 times for olive oil, waste olive oil, diesel and gasoline, respectively. Both foams
were absorbed olive oil and waste olive oil more than diesel and gasoline similar to the
results obtained from pure olive oil medium. Olive oil and waste olive oil with higher
viscosity were retained more in the foams than diesel and gasoline, thus the foams
exhibited higher oil absorption performance in these oils. As a result, the best oil
absorption performance was achieved with MF-10 foam as 3.31 g/g for the removal of

waste oil from water surface.
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Figure 3.11. The oil absorption capacities of MF-0 and MF-10 foams in four different

simulated oil-sea water systems.

In literature, many different type of oil absorbent foams were synthesized with different
materials and the synthesis methods (Table 3.3). In general, literature studies have
focused on the synthesis of polyurethane based foams. Nikkhah et al. (2015)
synthesized polyurethane-closite 20A nanoclay nanocomposite foams by chemical
foaming method for oil removal applications. The maximum oil absorption capacity was
achieved with the addition of 3 wt.% nanoclay to the polymer matrix as 21.5 g/g for
light crude oil. Santos et al. (2017) synthesized polyurethane foam by chemical foaming
method. They obtained the maximum oil absorption capacity for crude oil as 29.8 g/g.
Apart from polyurethane foams, different polymer foams were also synthesized to be
used in oil removal applications. Hou et al. (2019) synthesized polypropylene foam by
batch foaming method under 20 MPa of foaming pressure and 135°C of foaming
temperature. They obtained the volume expansion ratio of the foam as 23.9. The oil

absorption capacity of the foam was reported as 17.0 g/g and 19.9 g/g for silicone oil
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and peanut oil, respectively. To the best our knowledge, there is no study about the
synthesis of LDPE-silylated sepiolite composite foam and its usage in oil removal
applications from water surface. Therefore, there is no result that can be compared with
the oil absorption capacity of MF-10 synthesized in this study. Compared to other foam
materials in literature, the oil absorption of the synthesized foam is low. The main
reason of this is that the volume expansion ratio (i.e. 7.43) of the foam was lower than

those of other studies.

Table 3.3. Oil absorption capacities of some foam materials reported in other studies.

: Qil
Oil Absorbent S%gi?}f;:s Oil studied absorption  Reference
capacity
Batch Silicone oil 17.0
Polypropylene foam foaming Peanut oil 19.9 [36]
Polyurethane/Closite Chemical
20A (3 wt.%) foami Light crude oil 21.5 [37]
. oaming
nanocomposite foam
Diesel 16.8
Chemical Gasoline 15.7
Polyurethane foam foamin Motor oil 20.7 [113]
g Kerosene 25.4
Crude oil 29.8
Polypropylene/polyolefin . .
elastomer (30 wt.%) Extru_smn Motor <_)|I 15.1 [143]
foaming Bean oil 19.9
blend foam
Polyurethane/activated Chemical . .
carbon (1 wt.%) foam foaming Light crude oil 27.15 [144]
Ponurethane/I_lgnln (10 Chemlcal Crude oil 98.9 [145]
wt.%) composite foam foaming
Octane 26.1
Pl lene Gasoline 24.2
olypropylene i Light crude oil 14.7
polytetrafluoroethylene E))S;;Jii;n Di%sel 12.6 [146]
(3 wt.%) blend foam Heavy crude oil 8.4
Kerosene 6.6
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3.8. Characterization of the Foam Absorbents

3.8.1. The density and the volume expansion ratio of the foams

The density of the sheets (p,), the density (ps) and the volume expansion ratio (Rs) of
the foams were given in Table 3.4. As expected, the density of the sheets increased with
increasing organosepiolite content, while the density of all foams decreased with the
effect of the volume expansion. LDPE and the composite foams were demonstrated
different volume expansion ratios depending on their varying organosepiolite content.
MF-0 showed the least volume expansion ratio as 1.55. The volume expansion ratio was
increased to 5.71 with the addition of 5% by weight of organosepiolite, and the volume
expansion ratio reached the maximum value of 7.43 with the addition of 10% by weight
organosepiolite. The expansion ratio considerably reduced with further increasing of

filler content in the matrix.

Table 3.4. The density of the sheets (p,), the density (pf) and the volume expansion

ratio (Ry) of the foams for different organosepiolite content

Organosepiolite

Content of Samples Density of the Density of the Volume Expansion
(Wt.%) Sheets (p,) Foams (py) Ratio of Foams (Ry)

0 0.79 0.51 1.55

5 0.82 0.14 5.71

10 0.85 0.11 7.43

20 0.87 0.23 3.85

In Figure 3.12, CS-10 sheet and its foam, MF-10, was presented. As seen, the volume
expansion of the composite material from the sheet to the foam form is clearly visible

from the image.

E—

Figure 3.12. The images of CS-10 composite sheet and its foam, MF-10
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3.8.2. Scanning electron microscopy (SEM) analysis

To observe the effect of organosepiolite content in the matrix on the cellular
morphology, foamed LDPE and foamed composites with different weight percent of
organosepiolite were analyzed by a scanning electron microscopy (SEM). As known,
cell nucleation can be generated either by “homogeneous nucleation” or “heterogeneous
nucleation” mechanisms. In homogeneous nucleation, the polymeric material does not
contain any foreign bodies. Concordantly, cell nucleation occurs randomly and
spontaneously. In heterogoneous nucleation, the polymer contains foreign bodies that
serve as sites for cell nucleation. These sites act as nucleation agent by creating
locations for cell formation and restricting cell expansion during the foaming process,

which leads to decreased cell size and improved cell structure [102,107].

As seen in the SEM microphotographs, the cell morphology of the foams was
significantly affected by the change in the organosepiolite content of the foams.
Accordingly, as seen in Figure 3.13a and b, the blank LDPE foam exhibited non-
uniform and the most distorted cell structure due to the lack of nucleation sites.
Consequently, the lowest volume expansion ratio was calculated for MF-0 foam as 1.55.
With the addition of 5 wt.% organosepiolite to the LDPE matrix, cell structures were
noticeably improved compared to MF-0 and the volume expansion increased about 3.7
fold reaching as high as 5.74 (Figure 3.13c and d). However, as seen in these figures, 5
wt.% of filler content was not sufficient for the improvement of cell structures, and
some cells were still in a defective structure. With the addition of 10 wt.%
organosepiolite to the LDPE matrix, the structure of cells was improved, significantly.
MF-10 foam exhibited the highest volume expansion ratio (i.e. 7.43) having increased
about 4.8 folds compared to MF-0 (Figure 3.13e and f). When the organosepiolite
content in the matrix was increased to 20 wt.%, MF-20 foam exhibited non-uniform and
distorted cell structure again. Both cell nucleation was restricted by the excess filler
content and, the filler particles coalesced to larger diameters leading to the formation of
non-uniform cell nucleation sites for foaming process (Figure 3.13g and h). Although, a
significant decrease in the volume expansion ratio was observed for MF-20 with respect
to MF-10, the expansion was still approximately 2.5 times higher than MF-0. Therefore,
the existence of any organosepiolite content in matrix reduced cell size compared to the
blank foam, leaded to lower foam density and thus higher expansion ratio [104,114].
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Figure 3.13. SEM micrographs of (a) MF-0 under the magnification of 120x, (b) MF-0
under the magnification of 400%, (c) MF-5 under the magnification of 120x, (d) MF-5
under the magnification of 400, (e) MF-10 under the magnification of 120x%, (f) MF-
10 under the magnification of 240x, (g) MF-20 under the magnification of 120x,and
(h) MF-20 under the magnification of 400x.
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3.8.3. Water Contact Angle Measurements

The surface properties of a solid material can be classified by the contact angle between
the water droplet surface and the solid surface. The contact angle (0) can be described as
the angle between the liquid drop surface and the solid surface and reflects the degree of
wettability of the surface. 0° and 180° contact angle values indicate two separate
endpoints for wetting behaviour of a material. While the contact angle of 0°
demonstrates that the solid surface is completely wetted by the liquid, the contact angle
of 180° demonstrates that the solid surface is no wetted by the liquid [147]. The water
contact angle less than 90° refers to hydrophilic surface properties. In such surfaces,
water droplets easily spread out on the surface of the material. The contact angle of
higher than 90° refers to hydrophobic surface properties. In Figure 3.14, such surfaces

with their contact angles were presented [148].

Complete wetting Hydrophilic Hydrophobic No wetting

8=0° B8=00° 8=00° B=180°

Figure 3.14. Schematics of contact angles on different solid surfaces [148].

The water contact angle measurements were carried out to determine the surface
characteristics of the foams. The water contact angle of MF-10 was found as 75°
indicating hydrophilic surface properties, while that of MF-20 was found as 120°
indicating hydrophobic surface properties. Although the MF-10 shows the best oil
absorption performance, it exhibited the hydrophilic surface angle. As seen in Figure
3.15, MF-20 foam surface was characterized with non-uniform pores with smaller pore
openings while MF-10 exhibited pores with relatively larger diameters. As a result, the
water droplets entered the foam holes of MF-10 and the contact angle was reduced.
Although the MF-20 shows the lowest oil absorption performance, it exhibited the
hydrophobic surface angle. The main reason of this may be that the surface of MF-20
foam was smoother than MF-10, due to cell nucleation limited by the excess filler

content.
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Figure 3.15. The images of a drop of water on (a) MF-10 foam and (b) MF-20 foam
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4. CONCLUSIONS

In this thesis, the organosepiolite samples were first produced for composite material
production and then a series of LDPE and the composite foams with different weight
percent of organosepiolite were synthesized, characterized, and tested for their oil
absorption capacities in both pure oil and oil-water media. The composite foams were
produced by pressure induced technique of the batch foaming method. The experimental
results demonstrated that the 10 wt.% organosepiolite-LDPE composite foam produced
at 70 bar showed the best oil absorption performance for oil clean up both in pure oil
and oil-water media. Both in pure oil and simulated sea water-oil media, the best
absorption performances were achieved with waste olive oil as 3.38 g/g and 3.31 g/g.
Reusability experiments have shown that the oil absorption capacities of the samples are
not significantly affected by repeated absorption-squeezing cycles after first use due to
the flexible nature of the foams. With 10 wt.% filler content of MF-10, the highest
volume expansion ratio was achieved as 7.43, which was about 4.8 fold of that of MF-O0.
The SEM microphotographs also confirm the change in the foam morphology with the
varying organosepiolite contents. MF-0 showed non-uniform and the most distorted cell
structure due to the lack of nucleation sites. With the addition of 10 wt.%
organosepiolite to the LDPE matrix, the structure of cells was significantly improved,
which explained the superiority of oil absorption capacity of MF-10 over that of MF-0,
MEF-5, and MF-20. Thus, MF-10 composite foam synthesized from recycled LDPE as
the main phase and silane (GPTMS) modified sepiolite as the filler is proposed as an
efficient and reusable oil absorbent material from aqueous media. The mechanical
properties of composite foams could not be studied due to the lack of a suitable device.
Therefore, it is recommended that the product should be subjected to mechanical tests

before its use.
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