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ABSTRACT 

MAHMOUD, ABDELRAHMAN, A., Masters: June : [2022:], 

Material Science and Technology 

Title: PREPARATION AND CHARACTERIZATION OF POLYMERIC FOAMS 

FOR REMOVAL OF FREE OIL FROM WATER 

Supervisor of Thesis: prof. Igor Krupa. 

            Development of polymeric foams for removal of oily pollutants (spills) from 

water is a key target of this thesis. Pollutants occur in the form of free oil (floating on 

the water surface) or oil/water macroscopic, non-stabilized mixtures. The foams 

designed for an efficient oil removal should have a high sorption capacity for oil but 

low affinity to water. This is insured by either chemical composition of polymeric 

materials themselves (e.g. polyolefines), or by post chemical and physical treatment of 

suitable materials (polyurethane and melamine foams) reducing their hydrophilicity 

and thus water sorption capability. In this thesis, two different strategies have been 

chosen. Firstly, low molecular oligomer (paraffinic) material was used for synthesis of 

foamy structures through crosslinking and foaming of an original material. This 

material, arbitrarily marked as Qwax is the waste material formed during polyethylene 

synthesis, and it was offered by QAPCO. The foamy, elastic structures were prepared 

through crosslinking by dicumyl peroxide and foaming by 1,1′-azobiscarbamide.   The 

target of this research was a preparation of porous, hydrophobic and hydrophilic 

material with an appropriately high sorption ability for oil and low sorption of water, 

suitable for removal of free oil from water surfaces. The porosity of foam determined 

by computer micro-tomography was found of 58.9 %, and the bulk density of 0.42 g.cm-
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3. The hydrophobic character of foam was observed under both air and oil as the contact 

angle values of water are 114° and 128°, respectively. On the other hand, super 

oleophilicity was observed for Qwax foam under both air and water as the contact angle 

values where 0°. The foams are thermally stable up to 360oC. Secondly, commercial 

melamine foam, commonly used for cleaning was modified by graphene oxide to 

enhance oleophilicity of material and, particularly reduce its hydrophilicity. Sorption 

ability as well as reuse of both foams for different type of oil (crude oil, diesel oil, and 

motor/engine oil) was studied. 
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Chapter 1: INTRODUCTION 

1.1 Oil spills 

Oil spills can be defined as the discharge of liquid petroleum hydrocarbons into the 

environment, and particularly within aquatic and marine systems[1]. Several different 

scenarios can lead to crude oil spills accidents, such as spills from a tanker or pipeline 

carrying crude oil into the ocean, or from an offshore platform[2], [3]. Some oil spills 

are not accidents as they can incidents of anthropogenic misconducts in disposing.  

Unfortunately, the oil spills incidences are on the rise and their occurrence started to 

become frequent. Some of the famous accidents include but not limited to  the Amoco 

Cadiz, in 1978[4], the Exxon Valdez oil spill in Alaska in 1989[5] , Gulf war marine 

oil spills[6], The Erika oil spill in 1999[7] , Aegean Sea oil leak at Galicia in Spain[8], 

The Prestige in Spain2002[9]; and Deepwater Horizon in the French coast in 2010[10]–

[13]. Other causes of oil spills other than accidents could be from cleaning of tanks on 

oil platforms, refineries, or ocean-going ships[14][15]. After washing up on rocky 

shorelines and open and protected sandy beaches, the oil either settles to the bottom of 

the ocean or is carried away by the currents to be eventually deposited in deeper or 

shallower waters. When oil is spilled, it can seep into the hair and feathers of birds and 

mammals, weakening their capacity to protect themselves from the elements and 

making them prone to hypothermia and suffocation[16]–[18] 

1.2. The needs of solution for water treatment 

Almost everywhere in the planet, there is a plentiful supply of water. However, not all 

the water available naturally can be used for our daily activities[19]. Most of the water 

we use in our daily lives is drawn from rivers, lakes, and other sources of surface 

water[20]. However, our water sources are becoming increasingly polluted due to a lack 

of general attention and proper protection and treatment mechanisms. A growing 

disparity exists between the available public financing and the measures required to 
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implement the number of water pollution solutions which could be challenging in 

solving a crucial problem.  

Numerous water treatment media processes are required to purify the water so that it is 

safe to consume. Contaminants and unwanted components are removed from water, or 

their concentration is reduced so that the water is fit for its intended usage[21]. For 

human health, this treatment is essential for the benefit of both drinking and irrigation. 

In addition to reducing or eliminating contaminants like pesticides, organic matter, and 

other pollutants from the water, water purifiers also remove chlorine, which can 

degrade the taste and odor of the water[22]. 

Methods for removing impurities from drinking water include physical filtration[23], 

sedimentation[24], chemical processes like chlorination[25] and UV light[26], and 

biological processes like sand filters and active carbon[27] [28] For both industrial and 

home water and wastewater treatment, there is a growing demand for ecologically 

friendly, sustainable techniques that are also cost-effective[30][31], [32]. 

1.3 Research objectives 

The key target of this thesis is a development of suitable polymeric sorbents with high 

affinity to oil and suppressed affinity to water for a potential applicability as sorbents 

of oil spills.   There are two strategies how to design such type of materials. Firstly, 

oleophilicity and hydrophobicity can be a consequence of a chemical composition of 

a material. Common examples are hydrocarbons (polyolefines and paraffin waxes). 

Secondly, a required wettability can be introduced to materials by additional treatment 

in order to change an inherent wettability given by chemical composition by various 

chemical and/or physical treatments.  For example, polyurethane and melamine foams 

have excellent sorption ability for both oils and water. Maintaining their oleophilicity, 

and suppression hydrophilicity we can get suitable sorbents for oil spills removal.  

 In this thesis, the research objectives are defined as follows: 
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i.) The synthesis of hydrocarbon-based oil sorption materials. The preparation 

will be based on crosslinking and foaming of paraffinic waste (Qwax) obtained 

from QAPCO, what is a waste material formed during synthesis low density 

polyethylene. This material will be transformed into porous structure with 

sufficient sorption ability for oils, and low/negligible sorption for water. 

ii.) The modification of wettability of commercial melamine foams. This type of 

foam has high sorption ability for both oil and water. The treated foams should 

possess high oleophilicity and hydrophobicity. Hydrophobicity will be insured 

by a treatment with graphene oxide and silicon rubber. 
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Chapter 2: LITRATURE REVIEW  

   The sources of oil and grease are various. The contamination of environment by the 

discharge of a liquid petroleum, known as an oil spill, is an accidental, negative 

consequence of oil and gas processing and transport, such are a tanker or pipeline 

carrying crude oil or an offshore platform may spill it into the ocean[33]. Large amount 

of oily polluted wastewater comes also from petrochemical industry, metal processing, 

food industry, and households[34]. In all these cases, the efficient treatments, meaning 

a removal of O&G from water under requested limit is needed.   In very general case it 

can be said that the approaches for a removal of O&G from water depend on the 

composition and morphology of water/oil systems as well as on a magnitude of treated 

volumes, and targeted purity. The morphology of water/oil systems primarily 

determines the treatment strategy.  According to the most commonly cited classification 

introduced by Patterson[35] and Rhee[36], which is based on the droplets’ size, the oil 

in water can occur as i.) free oil, mostly floated on the water surface (droplets’ diameter 

range  15 m, ii.) dispersed oil 20-150 m,  iii.) emulsified oil ( 20 m), and iv.) 

soluble or dissolved oil (  5 m).[33], [35], [36] In fact, if time factor is taken into 

account, a free oil is almost always formed as a final stage of intrinsic or induced de-

emulsification processes in oil in water (o/w) emulsions and mixtures because they are 

not thermodynamically stable, only kinetic stable in some extent, and this stability is 

perturbed over time leading to the free oil formation through different mechanisms such 

are coalescence and coagulation.[37]  Various routes have been invented and practically 

used for free oil removal such are mechanical, chemical, thermal, and biological 

methods.[38], [39]  Here, we briefly highlight oil separation based on sorption 

processes, which is one of the most traditional routes of water treatment on one hand, 

but permanently attract an attention of scientific community focused on improvement 
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of sorption ability, utilization of natural and plastic waste, an improvement of sorbents’ 

reuse, recycling or safer disposal, as well as an integration of sorbets into complex 

apparatuses.  The utilization of sorbent materials is a suitable approach for removal of 

free oil from water surface, particularly if oil layer is thin and spread at large area, so 

mechanical removal cannot be effectively applied. Powdered sorbent media involve 

inorganic porous materials (ash, talc, clay, silica aerogel, etc.)[40], [41], and organic 

natural materials (agricultural waste, cotton mats, wood), which are mostly cheap and 

easily available on the one hand, but they possess a low sorption ability, and limited 

possibility for oil removal (recovery) what contributes to the accumulation of solid 

waste [42]. From this reason, new sorbent media have been developing over last 

decades, and polymeric sorbents belong to the most prospective ones due to their high 

sorption ability, easy synthesis and tuning of surface properties, possibility of oil 

recovery, and relatively low price [43]. Oil can be captured by sorbents on their surface, 

mostly having high surface porosity increasing a special surface area (adsorption), and 

in their bulk structure (absorption)[43]. Bulk structure is composed by a material itself 

(matrix) and internal pores formed by air (foams, sponges). Materials, which absorb oil 

(or any other liquid) in their bulk can swell, if liquid is mostly localized within a solid 

matrix, or maintain their original volume if liquid occupy only empty space (pores) 

within a structure. Nonswellable, highly porous foams (e.g., polyurethane (PU), 

melamine (MA),) are most common polymer structures employed for free oil removal. 

PU and MA foams attract particular interest due to very high porosity (95 - 99 vol.%), 

mechanical (compression, bending), and thermal stability, worldwide availability 

(common PU and MA foams used for cleaning are available in any shop), a simple use 

and low price[44], [45]. MA and PU foams are thermosetting materials, which do not 

swell when absorb liquids due to their highly cross-linked structure.[44], [45]. These 
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foams can be also easily chemically and physically modified in order to tune their 

wettability[46].  MA and PU foams strongly absorb both oils and water, what is not 

favorable for practical use, so suppression of water sorption through hydrophobic 

treatment on the surface or in the bulk is an essential requirement. A comprehensive 

review concerned various aspect of MA and PU foams modification, utilization and 

recycling was published very recently. Except surface treatment, a pore size, and pores’ 

connectivity play considerable role in the rate of oil sorption.[46] This problem is much 

less studied unlike physical and chemical treatments of foams regarding their 

wettability.    

Among other common polymeric sorbents belong polymeric fibers (e.g. polypropylene, 

polystyrene),[47], [48] and polydimethylsiloxane.[49], [50]. Melt-blown 

polypropylene (PP) pads and booms[51] are the most commonly used polymeric oil 

sorbent materials, adsorbing oil within their interstices via capillary forces. 

Another group of polymeric materials are crosslinked elastomers (e.g. styrene-

butadiene-styrene copolymer, butyl rubber),[52], [53] and thermoplastics, which are, 

unlike MA and PU, inherently hydrophobic and thus need not to be (but may be) 

additionally hydrophobised. These materials, dependently on their composition, 

porosity, degree of crosslinking can absorb significant amount of oil undergoing 

swelling of their structure. Particularly interesting are specially designed    polyolefin-

based absorbents synthesized by olefin polymerization from suitable vinyl monomers 

having high porosity, an ability to swell, and natural hydrophobicity and 

olephilicity[54]. Nam et al. recently published a set of papers related to a synthesis, 

characterization, and large-scale application of   interlaced polymer network sorbents 

(called i-Petrogel).[54]–[59].  Two grades of polyolefin-based materials were 

investigated, namely semicrystalline poly(ethylene-co-1-octene) that is commonly 
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known as Linear Low-Density Polyethylene (LLDPE) with low and cross-linked 

amorphous copolymer poly(1-decene-co-divinylbenzene), marked as x-d-DVB. 

Whereas the former due to crystalline domains, which work as physical cross-links, 

mostly swells in organic solvents (at room temperature), the latter must be chemically 

cross-linked to suppress its dissolution. Sorption ability of those materials depend on 

crosslinking density, and the molecular weight between cross-links. Obviously, 

physical parameters of tested oils) molar mass, density, viscosity, surface tension) also 

play significant role, so low molecular toluene, or hexane induce much higher swelling 

than for instance motor oil or crude oil. It was also demonstrated that absorption 

capacity, as well as rate of sorption of various LLDPE grades is inversely proportional 

their density, melting temperature, and density because such materials display less 

compact (more loose) morphology resulting in shorter diffusion path for molecules of 

oil [54]–[59] . 

2.1 Removal of free oil from water in general  

It becomes problematic when a free oil is floating above or underwater. Since it’s 

inevitable, it becomes a necessity to treat the oily wastewater[60]. Therefore, methods 

have been developed and optimized over the past 70 years for the removal of free oil 

from water. There are some common or traditional methods to remove free oil from 

water such as mechanical devices that include skimmers and booms[61], textiles[62], 

foams[63], and sponges[64]. Nevertheless, these options have downsides such as the 

required energy and pressure in mechanical devices and the poor absorption textiles, 

foams, and sponges. In addition, they are not easy to recycle, dispose, nor biodegrade. 

Other recent progress and research direction include meshes and membranes, fabrics 

and nanofibers, 3D porous materials and micro-nanoparticles[65].  
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2.2 Removal of free oil from water by sorbents 

A sorbent is a material that is used to absorb or adsorb liquids or gases and usually in 

the water purification field it’s made of fibers and more precisely natural fibers[66]. In 

a technical review paper from Florida, sorbents are identified based on three bases: 1) 

organic 2) inorganic 3) synthetic. In addition, they are classified as not the main clean 

up technique for huge spills. Instead, it is the final step or used for small spills[67]. 

Sorbents studies for oil spills or free oil removal have extended and branched as it 

became a hot area of research due to the efficiency of the sorbents[68]. The 

modification of the sorbents and their research are based on two criteria: 1) modification 

of the hydrophobicity of the fibers 2) biodegradability and disposal methods of the 

sorbents[69].  

2.3 Removal of free oil from water by polymeric foams 

Nowadays, there are many synthetic and natural clean up methods such as polymeric 

foams absorbents[70]. Melamine (MA) foams is a formaldehyde- melamine sodium 

bisulfite copolymer[71]. Melamine foams has many physical properties such as low 

flame and smoke ability which prevent it from being a fire hazard[72]f. Also, it has 

good absorbent capacity, feasible and it has a high demand because of it efficient to 

remove oils from wastewater. Some studies shown that the advantages of zinc oxide 

(ZnO) produced by atomic layering deposition with carbon moieties hybridization it 

shows decrease in wettability which mean a perceivable hydrophobicity. So, it will turn 

the melamine foam from a hydrophilic polymeric foam into a strongly hydrophobic oil 

absorbent. The excellent absorbents capacity of melamine foam is now turning into an 

excellent hydrophobic oil absorbent[73]. Another type of sponge is polyurethane (PU) 

foam which is widely used cost effective sorbent because of its high thermal and 

oxidation stability, and mechanical performance [74]. Furthermore, some studies 

shown that  PU foams having tailored wettability (superhydrophobicity and 
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superoleophilicity) represents an effective way to design promising material for 

oil/water separation[75].   

Melamine resin, a thermosetting polymer, is used to make melamine foam[76]. During 

the processing, a reaction of cross-linking takes place. Melamine resin is colorless, 

clear, and stable when heated in boiling water[77]. All the resin's properties are self-

extinguishing as well as arc-resistant and mechanically sound. By adding blowing 

agents and other elements to the melamine resin composition, melamine foam is 

created[71]. 

A variety of abrasive cleaner sponges use melamine foam as an active ingredient. Due 

to its superior sound absorption, thermal insulation, and low weight, it is also widely 

utilized in bullet trains as the primary sound and thermal insulation material. 

An excellent substrate for further treatment to produce materials with tailored surface 

wettability, melamine foams are well-known 3D porous materials that are inexpensive 

and easy to come by being able to employ recycled items makes them an excellent 

choice for oil absorption due to their high elasticity and mechanical durability[78][79]. 

Polyurethane foams include sponge designed for everyday use in addition to more 

sophisticated synthetic foams, are noted for their high polar and unipolar liquid sorption 

capabilities[80]. A whole host of water, oil, and their combinations can be absorbed by 

commercial sponges, which makes them a popular cleaning tool for many industries. 

By virtue of their balanced wettability, these sponges don't preferentially absorb any of 

the components mentioned above. The wettability of foams can be considerably altered 

by introducing chemical or physical changes to the foam's surface or bulk. As a result 

of these processes, foams are wettable enough to effectively separate oil from water. 

MA and PU foams can be made for both sorts of separations, depending on the 

treatment[81], [82]. Oil and organic solvents may be constantly, efficiently, and rapidly 
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separated from water using the improved foam, making it useful for oil/water 

separation. Flame retardant POS@HNTs covered polyurethane foam (PUF) self-

extinguishes and inhibits melting pieces from starting further fires. POS@HNTs-coated 

foam has a lot of potential for large-scale oil spillage and oil-water separation[83]. 

2.4 Polyolefin based foams 

Unlike polyurethane foams, polyolefin foams can modify their properties by changing 

the polymer, although the two technologies are extremely different[84]. Open-cell 

polyolefin foams can be produced post-manufacturing from closed-cell polyolefin 

foams[85]. The crosslinking and non-crosslinking methods for the foams are 

distinct[86]. When heated above the polymer's melting point, crosslinked foams retain 

their basic foam structure, making them perfect for shaping foam sheet into shaped 

products. Most polyolefin foam materials require extra processing once they have been 

manufactured[87]. 

Even while there has long been a wide range of polyolefin products available for foam 

manufacturing, metallocene catalyst-produced polyolefins have recently been 

introduced to further expand this range[88]. Polymers with improved qualities such as 

increased tensile strength, elongation, and flexibility are now possible thanks to these 

catalysts. Foams based on metallocene-catalyzed polymers have been introduced by 

some manufacturers, and they claim considerable advantages in terms of properties. 

Metallocene polymers, according to reports, are more difficult to create and so enhance 

the rates of foam manufacturing. When it comes to blowing agents for polyolefin foam, 

azodicarbonamide (ADC) is one of the most commonly used chemicals, as well as a 

variety of liquids, gases, and gases (for instance CO2 or N2)[89], [90]. 
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2.5 Materials for oil sorbent based on the chemical composition  

2.5.1 Natural organic and inorganic sorbents  

Other carbon-based products to include are peat moss, hay, straw, sawdust, ground 

corncobs, and feathers[91]. Organic sorbents have an adsorption capability ranging 

from three to fifteen times their weight in oil, depending on their composition[92]. Once 

organic sorbents absorb both water and oil at the same time, they may sink[93]. The 

loose particles in many organic sorbents, like as sawdust, make them difficult to collect 

once they have been sprinkled over the water[94]. Empty barrels linked to sorbent bales 

of hay can help reduce the sinking issue, as can the use of floating devices like this, as 

well as the use of nets to contain loose particles. 

On the other hands, the natural inorganic sorbents are a mixture of sand, volcanic ash, 

sandstone, clay, vermiculite, glass wool, and perlite. They can absorb oil up to a factor 

of four to twenty times their own weight. Both inorganic and organic sorbents can be 

found in big quantities at a reasonable price. On the surface of the water, these sorbents 

aren't used[95]. 

2.5.2 Synthetic sorbents  

Polyurethane, polyethylene, and polypropylene are man-made materials that adsorb 

liquids onto their surfaces and are similar to plastics[96]. When liquids enter the 

structure of a cross-linked polymer or rubber, they are absorbed into its solid structure, 

resulting in an increase in volume. Over 70 times their own weight in oil, most synthetic 

sorbents can be absorbent 
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Figure 1:Different types of oil sorbent, such as rolls, pillow, granules, and pads 

2.5.3 Carbon and carbon nano tube-based sorbent 

Numerous oil sorbent materials have been produced in recent years. Carbon materials, 

with their high oil absorption capability and environmental tolerance, have been 

identified as the best options for superhydrophobic and superoleophilic surfaces[97]. 

With their superior absorption, selectivity, chemical resistance, and remarkable 

recyclability, superhydrophobic and superoleophilic materials have showed promise in 

oil spill recovery.  The best option is to use absorbents based on carbon because they 

offer a large surface area, excellent mechanical properties, low density, chemical 

inertness, nontoxicity, and a high porosity size. All these processes have been 

investigated using carbon aerogels as well as graphene/carbon nanotube (CNTs) coated 

sponges, forest-like structures made of CNTs, graphene foams, porous nanoparticle-

coated sponges, and carbon aerogels themselves[98] 

The oil-water separation and gas adsorption industries are two of the most promising 

applications of carbon nanotubes. This is due to their strong mechanical property, quick 

sorption rates, high sorbent ability as well as their ability to be modified to meet specific 

needs. 

2.5.4 Graphene and graphite-based sorbent 

Graphene-based materials have received a lot of attention in the oil spill cleaning field 

because of their hydrophobicity, huge specific surface area, and exceptional chemical, 

thermal, and mechanical resilience[99]. Mechanical exfoliation, chemical vapors 
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deposition, graphene oxide reduction, carbon dioxide reduction, and carbon nanotube 

slicing are all methods for producing graphene. 

Additionally, exfoliated graphite has shown promise in oil spill cleanup due to its ability 

to swiftly absorb heavy oil that is slickening on the surface of the water. 

Carbon-based sorbents have absorption capacities ranging from 3 to 913 times their 

own weight. Through the vacuum pumping technique, some sorbents can follow the 

continuous absorption/removal process. Carbon nanofibers/ foam composite, carbon 

soot sponge carbonaceous nanoparticles modified polyurethane foam, and hollow 

carbon beads have all been used to separate water and oil[100]. 

2.5.5 Polymeric sorbents  

Polymeric sorbents of various forms have been created to remove toxins from the 

surroundings. It is well-known that the sorption effectiveness and selectivity of 

functional groups depends on the kind of functional group and the physical properties 

of the matrix[101]. 

Polymer-based blends with improved surface functioning, biodegradability, and ease 

of retrieval and renewal have recently appeared in comparison to conventional sorbents 

used for oil removal[102][103]. Absorbents, ion-exchange resins, and chromatography 

applications can all benefit from the large variety of synthetic, nonionic polymers. 

Styrene divinyl benzene copolymers and acrylic acid esters-divinyl benzene 

copolymers are common building blocks for commercially accessible resins in bead 

form. Polymer copolymers can be found in various polarities, porosities, and macropore 

diameters in a variety of configurations[103]. Emulsion polymerization is used to build 

up porosity in a porous material by dissolving the monomers and acting as a low-

swelling agent[104][105]. Polymeric adsorbents are mostly used for water purification. 

Activated carbon can be mimicked and replaced by macroporous polymeric resins by 
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attaching different functional groups, and this is especially useful in the food and 

pharmaceutical industries where color pollution by final product black carbons is a big 

issue[106], [107]. 

2.5.6 Oleophilic porous absorbent 

Using porous oleophilic materials for oil spill rehabilitation has proven to be the most 

effective. In order to make up for this, oleophilic porous material would have to be 

utilized in large quantities, which would have a substantial economic impact. Using 

these sorbents is complicated and time-consuming due to the difficulty in recovering 

oil from them. To overcome the aforementioned challenges, we employ external 

pumping on oleophilic porous material to continually collect oil spills from the water 

surface at a lofty rate of effectiveness and with least misuse. Since oil sorption capacity 

is no longer restricted by absorbent substance weight or volume, this new design makes 

it possible to do both water/oil separation as well as oil collection at the same time 

during oil spill cleanup. Aerogel polymethylsilsesquioxane (PMS)[108], nanowire 

membranes[109], carbon sponges[110][111], porous boronnitride[112][113], and 

functional polymer sponges[114][115] [116] are only some of the porous oleophilic 

materials that have been proposed as a solution for oil spill cleanup. While oil sorption 

capacity is an important consideration, it is overshadowed by the heavy material and 

shipping costs associated with these lightweight but enormous absorbents. 

Furthermore, in light of the impending scarcity of fossil fuels, oil recovery from 

absorbents is a crucial procedure. It is possible to extract the porous oleophilic materials 

oil from them using methods such as squeezing and distillation but these lengthy and 

inefficient processes, as well as the need for high-priced equipment, hinder their 

practical and economic implementation[117]. 

2.5.7 Polyolefin based absorbent 

The polymerization process produces polyolefin (which means 'oil-like')[118]. 
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Consumer goods packaged food coverings, and receptacles typically use polyolefins 

because they're a low-cost polymer. They are chemically and physically great and 

recycling them is simple. The molecular weight and crystallinity of polyolefins 

determine whether they are soft elastomers or hard thermoplastics[119]. This is exactly 

what happens when the polyolefin is exposed to liquid fuels products. They're all 

petroleum products that have similar solubility properties. In a recent investigation, 

researchers found that the cross-linked polyolefin elastomer (i-Petrogel) was able to 

absorb a wide range of solvents and refined oil products. Thermo-degradable polyolefin 

oil superabsorbent polymer is a newly developed solution for oil spill cleanup[57]. 

Furthermore, i-Petrogel technology developed by a recent researcher may provide an 

all-encompassing answer to the problem of combating crude oil spills in open waters, 

with a significant reduction in the impact on the environment[120]. 

2.5.8 Recycled waste as sorbent for oil  

despite substantial research, sorbents with both high efficiency and recyclability 

continue to be sought after, particularly those with exceptional sorption activity in a 

variety of temperature and climatic circumstances.  Along with its hydrophobic or 

oleophilic properties as well as its flexibility, recycled rubber makes a great 

hydrocarbon absorbent or an excellent oil absorbent[121]. Waste tyre rubber is highly 

efficient and cost-effective oil absorbent that may be made from recycled rubber. It has 

the ability to effectively remove organic chemicals from water. For example, tyres 

crumb rubber can remove xylene and toluene from aqueous solution in 30 minutes. 

Waste rubber, which is readily available and inexpensive, can be used as an oil 

absorbent, preventing oil pollution in the maritime environment, which is beneficial to 

the rubber recycling industry. Carbon monolith is a reusable sorbent for oil–water 

separation because of its inherent fire resistance. Even more significant is how quickly 
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this carbon monolith can be produced due of the low-cost, readily available raw 

material and straightforward synthesis technique. Oils and organic solvents can be 

absorbed by the graphene aerogel, which is extremely superhydrophobic[103], [122]. 
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Chapter 3: EXPERIMENTAL WORK 

3.1 Materials 

Materials used in this work and their basic properties are summarized in table 1. 

Table 1: Materials used and their basic properties 

Materials  Molecular weight (gmol-1) Density (g.cm 3) 

Melamine foam    Crosslinked material           0.009 

Paraffin wax (Qwax): 

QAPCO, Qatar 

     Not available, Mostly 

C33 to C128 alkanes 

 

           0.89 

Hexane                 86.18            0.66 

Diesel oil         Not available 

 

           0.85  

Engine oil (Oto Motiv 

Dynamic 20W50 SL) 

         Not available 

 

           0.87  

Crude oil           Not available 

 

           0.99 

Dicumyl peroxide                270.37 1.56 

Genitron (foaming agent)                98.86  

Xylene     106.2             0.88 

Graphene oxide: Aldrich, 

4mg/ml, dispersion in 

H2O 
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Sylgrad 184 silicone 

elastomer 

Polydimethylsiloxane 

(PDMS) 

                1395               0.97 

Sylgrad 184 silicone 

elastomer, curing agent 

              

 

 

Distilled water                  18                 1.0  

 

For an illustration, oils used in this study are shown in figure 2 

 

Figure 2: Images of tested oils 

 

3.2 Viscosity of oils  

Viscometer is a device used to measure viscosity of fluid. The principle of this device 

is based upon immersing two sensor within the sample one for the temperature and one 

for viscosity. Viscosity determination is based on the proportional relationship between 

the viscous resistance of the sample fluid and the amount of electric current required to 

drive and maintain the sensor plates at a constant vibration amplitude., The viscosity of 

the used oils (crude, diesel, and engine) were measured at 21.0 ± 0.5℃ and the results 

are summarized in table 2. 
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Figure 3: Viscometer, SV-10 series 

 

Table 2: Viscosity of Diesel, Crude and Engine oil deytermined at 21°C 

Oils Viscosity (mPa.s) 

Diesel oil 3.41 

Crude oil 12 

Engine oil 493 

 

3.3 Sample preparation 

3.3.1 Preparation of Qwax foam 

The waste wax (Qwax) was obtained from QAPCO (Qatar). It is a sticky, highly viscous 

waste product of polymerization process of low-density polyethylene (LDPE) It is a 

mixture of various alkanes having number of carbons in the range from C33 to C128. 

The specific density is 0.88 g/cm3, melting point 102 °C, and the specific enthalpy of 

melting 20 J/g. The very low enthalpy of melting indicates low degree of crystallinity 

of due to the highly branched chains representing obstacles for the regular folding of 

chains.  

Qwax foams were prepared through crosslinking of Qwax by dicumyl peroxide and 

foaming by Genitron foaming agent, which is the masterbatch consisting of 40 wt.% 

1,1′-azobiscarbamide within LDPE. Various portions of both components were used to 



  

20 

 

optimize the procedure.The most important point is the determination of suitable 

content of DCP to obtain sufficiently crosslinked material. The efficiency of 

crosslinking was characterized by the determination of gel content (Figure 4) – what is 

insoluble part of crosslinked material forming 3D network and which, unlike sol portion 

is insoluble in organic solvents and thus cannot be extracted from material. 

Determination of gel content by extraction is described below. It is seen that at least 9-

10 wt.% of DCP is needed to get sufficiently crosslinked structure. 
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Figure 4: The dependence of gel content in crossliked Qwax on peroxide 

concentration 

 

In the final procedure, Qwax was molten at 140 oC in a beaker using magnetic stirrer. 

Then blowing agent Genitron (Genitron AC2, Schering Polymer Additives, England) – 

10 phr, and a cross-linking agent (dicumyl peroxide, SIGMA ALDRICH, USA)-10 phr 

were added.. The mixture was stirred for 10 minutes until homogeneous compound was 

obtained. The liquid mixture was poured into the cylinder-shaped mold and inserted to 
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mounting press and heated at 180 oC for 10 min. During this time DCP and Genitron 

was decomposed leading to crosslinking of material and formation of gaseous products 

within a bulk material. Then the form was removed from the press what lead to the 

expansion of gasses and foaming of material. Finally, the foams were put into vacuum 

oven at 50 oC overnight to release residual gaseous products from a material. 

Efficiency of cross-linking was determined gravimetrically in terms of the insoluble 

portion (gel) after 24 h extraction of the samples in boiling xylene. Xylene was changed 

every 6 h. 

 

Table 3: Preparation of Qwax foam according to the following ratios 

 Qwax amount (g) Genitron, foaming 

agent amount (g) 

Dicumyl 

peroxide 

amount (g) 

 18  0.9  1.8 
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Figure 5: Preparation of Qwax foam using hot plate and mounting press 

 

3.3.2 Determination of gel content in crosslinked samples 

  3 packs for each sample were prepared by sealing an amount of 0.5g of the sample in 

a labeled mesh.  

All samples were immersed in a flask containing xylene as shown in figure 6. 

After that, the flask is placed in a condenser set up. The heater was adjusted to the 

xylene boiling point and left for 24hr. Finally, the samples were removed from the flask 
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and kept for another 24hr to dry.  

The Equation (1) was used to obtain the gel%. 

𝑔𝑒𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡(%) =

𝑤𝑒𝑖𝑔ℎ𝑡 𝑎𝑓𝑡𝑒𝑟 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛−(𝑤𝑒𝑖𝑔ℎ𝑡 𝑏𝑒𝑓𝑜𝑟𝑒 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛−𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡)

𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡
𝑥100%                  Eq. (1) 

 

The gel content was about 72 wt.%. 

Both Genitron and dicumylperoxide are common additives used in processing of 

polyethylene including crosslinking and foaming.  The preparation of a foam from low 

molecular paraffins in this way is an original procedure (including optimized 

parameters for processing mentioned above). As for gel content, such are melamine or 

polyurethane foams) or high molecular polyethylene have gel content close to 100%. 

This is not possible for crosslinked low molecular waxes, where an efficiency of 

crosslinking is lower even at high peroxide content. 

Porosity of foam was estimated from densities of foam (0.41 g.cm3) and initial Qwax 

(0.8 g.cm 3) by Equation (2): 

                                                 𝜑𝑝𝑜𝑟𝑒 = 1 −
𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑓𝑜𝑎𝑚

𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑄𝑤𝑎𝑥
𝑥100%                           Eq. (2) 

 

Table 4: Selected properties of Qwax foam 

Sample Genitron, 

foaming agent 

amount (wt.%) 

Dicumyl 

peroxide 

amount (wt.%) 

Density, 

g.cm3 

Porosity, 

vol.% 

Gel 

content. 

wt.% 

 Foamed 

Qwax 

       5 10 0.41   54/59* 72±7 

 

* The value of 54 % was determined from density measurement, and the value of 
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59% from CT analysis. 

 

Figure 6: Extraction experiment using xylene 

3.3.3 Preparation of melamine foam treated with graphene oxide 

1cm3 of melamine foam was immersed into graphene oxide solution 4% for 6 hours. 

After that melamine foams were squeezed to release water and let dry in vacuum oven 

at 90 oC overnight[123]. Secondly, foams were fully immersed in 5% ascorbic acid at 

80 oC for 1 hour. Then foam was gently squeezed and washed in pure water and insert 

it in vacuum oven at 80 oC till it dry. This step was done to reduce graphene oxide to 

graphene. Subsequently, the foams were immersed to 2% Sylgacure 183 of ration 10/1 

in dichloromethane and dry in vacuum oven. This step was performed to permanently 

fix graphene onto foam surface. PDMS form 3D network due to presence of crosslinker 

part in PDMS mixture that ensure embedment of graphene to melamine structure. 

Moreover, hydrophobic character of PDMS ensure attraction of PDMS network to 

graphene moieties[124]. The graphene forms π-π stacking interaction with melamine 

structures and importantly graphene is embedded in PDMS 3D network which ensure 

crosslinking and prevent leaching of graphene[125]. Investigation of stability of 

graphene in structure was not performed since it is expected that graphene is stable for 

proposed application similarly as was reported in previous studies[126], [127]. The 

modified foam exhibited significantly increased resistance to water uptake 

(superhydrophobicity). 
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Figure 7: Preparation of melamine foam treated with graphene oxide 

 

3.4 Characterization techniques 

3.4.1 Surface wettability 

Wettability of solid surfaces is commonly characterized by measurement of contact 

angles of droplets of various liquids deposited on the surface. Dependently on the 

magnitude of a contact angle, surfaces can be either hydrophobic or hydrophilic, as 

shown in figure 8. 
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Figure 8: Different contact angle on a solid surface, representing the interaction 

 

The changes in hydrophobicity and oleophilicity of Qwax, polyurethane and melamine 

foams were evaluated by static contact angle measurements. Surface energy evaluation 

system (OCA35, DataPhysics, Germany) employed for this purpose was equipped with 

CCD camera. Three different oils (crude, engine, and diesel) where used for testing the 

oleophilicity and ultra-pure water for testing the hydrophobicity, to evaluate surface of 

the contact angle. A droplet of 3 μl from each testing oil was dispensed on the sample 

at ambient air conditions, under water and under diesel oil conditions. The contact angle 

was calculated approximately after 3 seconds after droplet deposition to allow 

thermodynamic equilibrium between the liquid and the sample surface to be reached. 

At least four independent measurements were taken at different positions on each 

sample and the average contact angle value of oil and water were reported. The total 

surface free energy and its polar and dispersive components were evaluated using 

Owens Wendt Rabel Kaelble model. A substance is considered a hydrophobic if the 

angle is above 90° and if the angle is 150° and above it considers as superhydrophobic. 

On the other hand, if the angle is below 90° in this case it is hydrophilic and super 

hydrophilic if contact angle is close to 0°. 
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Figure 9: Contact angle goniometer, OCA system, and contact angle measurement 

under diesel oil condition 

3.4.2 Surface Morphology Analysis 

The surface morphology of foams was studied using scanning electron microscopy 

(SEM). SEM microscopy (Nova NanoSEM 450, FEI, USA) is a microscope that 

produce images using electrons instead of light, which have much shorter wavelength 

than visible light and it will give more resolution to the 2D image of the analyzed 

surface. The components of the electron microscope are, electron gun that is produce 

electrons, electromagnetic lenses are used to focus the electrons and the detector is 

sensitive to electrons instead of light. Electrons can interact with a sample in several 

ways the most important are backscattered and secondary electrons. When an electron 

bean strikes a sample some of the electrons are absorbed, other electrons are 

backscattered, and some sample electrons can be ejected as secondary electrons. 

However, if the numbers of electrons that strike the sample is not equal to the numbers 

of electrons that leave the sample, then the sample will build up a charge this is called 

charging and it is negatively affect the quality of the image. To prevent charging many 

SEM samples are coated with a thin layer of metal such as, gold. Finally, most of the 

SEM image are produced by collecting a secondary electron. The voltage capability 
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ranging from 200 V to 30 kV and the foam samples required a treatment with a thin 

layer of gold particles to increase the interaction between the sample and the beam. 

 

 

Figure 10: SEM device, and simplified illustration of the SEM mechanism 

 

3.4.3 Thermogravimetric analysis (TGA) 

Thermogravimetric analyzer (TGA) measures the weight loss as a function of 

temperature. The TGA instrument consist of a sample pan. The temperature in the 

furnace increasing with constant rate. The temperature ranging was from 30 ℃ to 700 

℃, with a constant temperature increase at a rate of 10 ℃ per minute. The aim is to 

record the maximum temperature at which the foam samples can withstand before 

degradation. 
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Figure 11: Thermogravimetric analyzer (TGA) 

 

3.4.4 Porosity analysis, CT analysis 

The porosity of sample was investigated at the cut disk (dimensions) using computer 

micro-tomography (CT) on the SkyScan Unit (model 1174, Bruker, New York, NY, 

USA). Device was equipped with an X-ray power source (20–50 kV and maximum 

power 40 W) and X-ray detector (Bruker, New York, NY, USA). The CCD 1.3 Mpix 

unit was coupled to a scintillator by a lens with 1:6 zoom range. Projection images were 

taken at angular increment of 0.3◦ at a tube voltage of 31 kV and current of 529 µA. 

Duration of exposure was set to 10 s without the use of filter. 3D reconstructions were 

created via preinstalled CT image analysis software v1.16.4.1, Bruker, New York, NY, 

USA).  
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Chapter 4: RESULTS AND DISCUSSION 

In this chapter the morphology, sorption kinetics, absorption capacity, and multiplied 

use of both Qwax foam and melamine foam treated with graphene will be discussed. 

4.1 Qwax foam 

4.1.1 Morphological characterization (SEM image) of Qwax foam 

Figure 12 Shows the SEM images of Qwax foam, the SEM images show uniform pore 

distribution across the Qwax foam sample as seen in figure 12 (a). The average pore 

size was calculated through imageJ software and found to be 500μm. The pores have 

some defects in their structure, and they behave as open pores, as discussed below. 
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Figure 12: SEM image for Qwax foam 

 

4.1.2 Thermal stability of Qwax foam 

Thermal stability of both neat Qwax and the foams was tested by TGA, and degradation 

curves are shown in Figure 13. It is seen that both degradation curves are almost 

identical indicating that crosslinking has no influence on thermal stability of foams. 

Both materials are stable up to 360oC without any weight lost. TGA also indicated some 

residues within a foam structure originated by decomposition of both DCP and 

Genitron, which did not release a foam during preparation. However, all these residues 

released the material after drying in the oven. 
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Figure 13: TGA curve for neat Qwax and Qwax foam; shows polymer degradation 

 

4.1.3 Surface wettability (contact angle) of Qwax foam 

Oil and water absorption is very crucial in the separation process, because in the 

presence of both components which are in contact with sorbent, only one component 

should rapidly diffuse into the sorbent. One of the important properties for oil water 

separation system is the surface wettability by polar and unipolar liquids, mostly 

characterized by the contact angle measurement for various polar and upolar liquids.  

The contact angle is strongly dependent not only on the inherent chemical composition 

of the surface but also on the surface roughness and overall morphology of the 

specimen.[128]–[130] Indeed, the contact angle for various liquids is different if 

measured in air and under liquid.  The Qwax foam were tested through the measurement 

of contact angles of crude oil and water in air, the contact angle of oil under water, and 

the contact angle of water under oil (Figure 14).  The hydrophobic character of foam 

was observed under both air and oil as the contact angle values of water are 114° and 

128°, respectively. On the other hand, super oleophilicity was observed for Qwax foam 

under both air and water as the contact angle values where 0° (or better said they were 
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not measurable due to fast sucking of oil into the tested sample), what is a consequence 

of inherent, nonpolar character of paraffin compounds and surface roughness. Surface 

wettability of foam by water and crude oil is therefore very suitable for oil/water 

separation. In our case it is oil, whereas water sorption should be negligible (less than 

0.5 wt.% after 24 hours of immersion in distilled water), what is crucial for practical 

applicability for a removal of free oil from water surface. 

 

 

Figure 14: Water and oil contact angle values for Qwax foam 

 

4.1.4 CT analysis for Qwax foam 

Internal Foam Structure Investigation 

This is non-contact method avoiding a deformation of the pores after cutting/breaking 

as usually occurs in the case of samples for SEM investigation. The pores’ content 

determined by CT was found to be of 58.9 vol.%. The main difference between SEM 

and CT analysis is that SEM has small representative area, and pores content cannot be 

determined. 



  

34 

 

 

 

Figure 15: Space cross sections and 3D model of the foam sample Q-Wax. Size of 

sample 5,5 mm (diameter), 6 mm (height) 

 

Table 5: Results from 3D image analysis of Qwax foams 

Total analyzed volume 139,9 mm3 

Foam volume in analyzed volume 57,5 mm3 

Volume of open pores 82,4 mm3 

Volume of closed pores 0,001 mm3 

Open porosity (percent) 58,9 % 

Closed porosity (percent) 0,002 % 

  

 

4.1.5 Kinetics of absorption of Qwax foam 

The dependences of the absorption capacity of Qwax foam (Sw) on time of sorption are 

shown in Figure 16. The experimental data are compared with some selected models as 

it is discussed below. 
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Figure 16: Absorption capacity (Sw) of foam for diesel, motor and crude oil. 

 

The mass of absorbed oils was determined in selected intervals up to 360 minutes of 

the foam immersion into oils. It is evident from the Figure 16 that the sorption is the 

fastest at short times in all cases, approximately up to 10-15 minutes after the 

immersion, and then the penetration of oils into foam is significantly decelerated.  The 

fastest sorption rate was observed for diesel oil, followed by crude oil, and motor oil, 

what is in line with increasing dynamic viscosities of the liquids. The rate of sorption 

(vs) can be easily quantified from the initial slope (tangent) of the experimental curves. 

The values of vs are 0.97, 0.93, and 0.51 [g/g.min-1] for diesel, crude and motor oil. The 

mass of maximum absorbed liquid per the mass of sorbent was determined arbitrarily 

after six hours of sorption, and following values were found: 6.6, 3.9, and 3.4 g/g for 

diesel, motor, and crude oil, respectively. The absorption was accomplished with 

volumetric changes of samples due to swelling. The initial volumes of testing foams 

increased in 138%, 30%, and 68% for diesel, motor, and crude oil, respectively.   

Experimental data were firstly described by a developed model which called ‘fractal 

like linear driving force (FL-LDF)’ model[131] (Eq.2) by sorption of liquids (e.g., oils) 

by porous materials considering following physical aspects of the process: (i) 
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“absorption” not “adsorption”, (ii) maximum capacity of absorbent, (iii) physical 

meaning of the rate coefficient and (iv) a presence of different pores for absorption. 

 

 

𝑆𝑤(𝑡) = 𝑆𝑤,𝑚𝑎𝑥[1 − exp(−𝐷′𝑡𝛼)] 
(2) 

 

Where Sw [g/g] is the mass of absorbed liquid per the mass of sorbent, Sw,max [g/g] is 

the mass of maximum absorbed liquid per the mass of sorbent, D’ [time-] is the mass 

transfer coefficient, t [s, min] is time of the experiment duration, and  [-] is 

dimensionless fractal constant  (01). The comparison of results with   FL-LDF 

model is shown in Figure x, and the parameters D’, and  are summarized in Table 6. 

It is evident that the model fit all the data with high accuracy confirming its - at least 

mathematical suitability for a description of experimental results.   

 

Table 6: Parameters of FL-LDF, and power law models 

Models/Parameters Diesel oil Motor oil Crude oil 

𝑺𝒘(𝒕) = 𝑺𝒘,𝒎𝒂𝒙(𝟏 − 𝒆𝒙𝒑(−𝑫′𝒕𝜶)    

Sw,max  [g/g] 6.7 (0.1) 4.9 (0.9) 3.5 (0.9) 

D’ [min 1] 0.076 (0.007) 0.056 (0.008) 0.25 (0.06) 

  [-] 0.75 (0.04) 0.58 (0.06) 0.22 (0.08) 

R2 0.99341 0.99695 0.9943 

𝑺𝒘(𝒕) = 𝒌𝒕𝒏    

k [(g/g). min-n] 1.10 (0.05)  0.37 (0.03) 1.00 (0.02) 

n [-] 0.33 (0.01) 0.41 (0.02) 0.19 (0.01) 

R2 0.99331 0.99349 0.97055 

 

The second model used for the description of experimental data is the generalized non-

Fickian diffusional model, originally introduced by Ritger and Peppas[132], [133] for 
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the interpretation of a non-Fickian release of drugs from moderately swelling polymeric 

systems. 

  

𝑀𝑡

𝑀∞
= 𝑘𝑡𝑛 

(3) 

In the original papers, Mt, and M  are mass concentrations of a released species at time 

t, and time approaching infinity, k is a constant involving characteristics of the network 

(medium) and the species, and n is diffusional exponent. In general, it is considered that 

if n=1/2, the model characterizes Fickian diffusion, however, very rigorously, it is 

important to point out that parameter n not necessarily must be exactly equal to ½, even 

if diffusion is purely Fickian, because this parameter also depends on geometry of the 

system. Ritger and Peppas shown that in case of pure Fickian release of molecules from 

the media of different geometries, the exponent n had the limiting values of 0.50, 0.45 

and 0.43 for release from slabs, cylinders, and spheres, respectively.  

Fickian diffusion runs in homogeneous systems without a presence of boundaries, such 

are pores, swollen and dry regions, regions with different physical states (glassy, 

rubber).  However, the penetration of oil into Qwax foam is far from Fickian diffusion, 

as it is indicated by values n, which are significantly lower than 0.5. Sorption data of 

foams for different oils were fitted by Eq. (3), where the term 
𝑀𝑡

𝑀∞
 was replaced by the 

term  𝑆𝑤(𝑡). 

The real process involves: i) diffusion of oil into the empty pores filled with air, ii.) 

diffusion of oil into bulk material (matrix), and iii.) the process is accomplished by 

volumetric change of the sorbent during sorption.   The very high rate of sorption in the 

first stage (10 minutes of immersion) is probably caused by a penetration of oil into the 
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pores, which are interconnected each other due to cracks in the walls. This insures fast 

filling of interconnected pores. At the same time, but slower, oil diffuses into the solid 

Qwax matrix. If   all available pores are filled, only diffusion into the bulk polymer can 

proceed.   

4.1.6 Reusability of Qwax foam   

The multiply use of sorbents in general is desirable property of all sorbents, regardless 

the type of sorbent recovery. Foamy sorbents are frequently recovered by simple 

mechanical squeezing.[134] Reusability of Qwax foam was tested for absorption of 

crude oil. Data recorded in this experiment were: the mass of foam after immersion, the 

mass of foam after squeezing of oil out, mass of squeezed oil, dimensions of foam 

before and after squeezing. The calculated parameters are i.) the mass of trapped oil 

/mass neat foam (mtrapped/m0) , ii.) the mass of released oil/mass of neat foam 

(mreleased/m0), iii.) the total mass of absorbed oil/mass neat foam(mtotal/m0), iv.) the 

volume of trapped oil /volume of neat foam (Vtrapped/V0), v.) the volume of released 

oil/volume of neat foam (Vreleased/V0), vi.) the total volume of absorbed oil/volume neat 

foam (Vtotal/V0). The volume of the neat foam was 8 cm 3 (2cm x2 cm x 2cm). More 

cycles were not realized because the foam has started to lose its mechanical integrity.  
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Table 7: The parameters characterizing sorption ability of the foam during four 

sorption/desorption cycles 

Sorption 

parameters 

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Average 

mtrapped/m0 0.87 1.74 1.71 1.68 1.5 (0.4) 

mreleased/m0 1.18 1.79 1.24 1.76 1.5 (0.3) 

mtotal/m0 2.05 3.53 2.95 3.44 3.1 (0.7) 

Vreleased/V0 0.48 0.74 0.51 0.63 0.6 (0.1) 

Vtrapped/V0 0.35 0.72 0.71 0.69 0.6 (0.1) 

 Vtotal/V0 0.83 1.76 1.22 1.32 1.3 (0.4) 

 

The results summarized in table 7 indicate: 

Some portion of the oil is irreversibly trapped in the foam and cannot be released by 

the simple squeezing.  Obviously more oil would be released by applying higher forces, 

however, it would damage the foam. The amount of permanently trapped oil does not 

significantly change during multiply cycling and remains roughly at the same level as 

after the first sorption step. 

The amount of the released oil does not depend much on the number of squeezing steps, 

and the average mass of the released oil 1.5±0.3 g/g. It is also seen that approximately 

one half of the absorbed oil can be released by squeezing, and one half is permanently 

retained. 

The amounts of absorbed oil, as well as the releasing and retaining portions can be 

expressed in both weight fractions (mass of oil/mass of neat foam), and volume 

fractions (cm3/cm3).  The total amount of absorbed crude oil in the weight fractions is 

Sw =3.0 ± 0.7 g/g, what is quite low value if compared with data for foamy, highly 

porous materials reported in literature.[135] Many papers relating to the study of the 

sorption ability of porous materials refer data for Sw parameter in the range from tens 
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to hundreds g/g.[135] This may apparently indicate little sorption ability of the Qwax 

foams in a comparison with those data.  However, the situation looks quite different if 

the comparison is performed for volume of absorbed oil versus volume of the foams. 

Total volume of absorbed oil per volume of neat foam is 0.83 cm3/cm3 in the first step, 

and the next sorption cycles lead to the values over unit (the average is 1.3 ± 0.4 

cm3/cm3).  

4.2 Neat melamine (ME) and polyurethane (PU) foams compared to Qwax foam 

The commercial ME and PU foams are a feasible candidate for the separation 

applications due to their availability, low cost, high porosity, and excellent sorption 

capacity for both water and oil phases.  In this paragraph we have investigated the 

sorption ability of untreated ME and PU foam for sorption of crude oil, and water to 

compare it to Qwax foam. 

4.2.1 Comparison of multiply sorption ability for melamine (ME), 

polyurethane (PU) and Qwax foam. 

MA and PU foams, the sorption experiment was realized at the same conditions as for 

sorption of Qwax foam. Sorption ability of untreated melamine (MA) and polyurethane 

(PU) foams was tested using common sponges for daily use in kitchens for cleaning. 

The cubes with dimensions of 2x2x2 cm were cut an immersed into both crude oil and 

water for three hours at room temperature. After three hours, the weight of the foams 

has been recorded. 

SEM micrographs of MA and PU foams are in Figure 17 demonstrating high porosity 

of both foams.   
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Figure 17: Photographs and SEM micrographs of MA (A), PU (B), and Qwax (C) 

foams used for the sorption test. 

 

As shown below in figure 18 PU foam and MA foam absorbed around 1ml and 7ml of 

water. In this case the absorption is not a time dependent since the amount of the 

absorbed water is almost the same per time interval.  

In figure 19 the amount of absorbed oil by PU foam is higher compared to the amount 

of absorbed water in figure 18. Also, as it is seen in figure 19 the amount of absorbed 

oil increases over time. 

In addition, figure 18 shows that ME foam has higher sorption capacity of water 

compared to PU foam. figure 19 it demonstrates that ME foam has higher sorption 

capacity of oil compared to PU foam. 
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Table 8: Sorption capacity of neat PU and ME foam 
 

Time (s)  
0 30 60 90 120 150 180 210 240 

mass of absorbed crude oil (g/g) 

neat ME 

foam 

 
37.98 39.98 39.48 40.48 40.98 41.48 41.98 39.98 

neat PU 

foam 

 
12.95 14.76 16.76 19.05 20.33 21.24 22 22.71 

mass of absorbed water (g/g) 

neat ME 

foam 

 
62.75 64.25 65.63 66.63 67.25 68 68.63 68.88 

neat PU 

foam 

 
2.05 2.76 2.95 3.19 3.48 3.43 3.38 3.86 

 

Figure 18: Mass of absorbed water for both melamine and polyurethane foams 

 

Figure 19: Mass of absorbed crude oil for both foams melamine and polyurethane 
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Table 9 compare the sorption abilities of MA, PU, and Qwax foam. As for the most 

used parameter, Sw, MA foam shows the best performance having sorption ability of 

59 g/g, followed by PU foam (23 g/g), and Qwax has sorption capacity only 3.1 g/g. 

The situation changes significantly if the volumes of absorbed oil are related to the 

volume of neat foams. In this case, the highest performance has Qwax foam with Sv 

equals to 1.3 cm3/cm3, then PU foam (0. 69 cm3/cm3), and the least value was found for 

MA foam (0.59 cm3/cm3).  It is seen that neither PU nor MA foams did not reach full 

saturation by crude oil, even after a long-time immersion, which is probably caused by 

blocking of pores. 

 

The comparison of sorption abilities of MA, PU, and Qwax foam is summarized in 

Table 9. 

Table 9: The parameters characterizing sorption ability of MA, PU and Qwax foam 

Foam mtotal/m0 mtrapped/m0 mreleased/m0 Vtotal/V0 Vtrapped/V0 Vreleased/V0 

MA 59 (2) 10.0 (0.5) 49 (2) 0.59 

(0.02) 

0.10 

(0.01) 

0.49 

(0.02) 

PU 23 (1) 2.7 (0.3) 20 (1) 0.69 

(0.03) 

0.08 

(0.01) 

0.61 

(0.04) 

Qwax 3.1 (0.7) 1.5 (0.4) 1.5 (0.3) 1.3 (0.4) 0.6 (0.1) 0.62 

(0.09) 

 

Table 10: Experimentally sorption parameters for neat ME foam in water 

Mass of water absorbed(g) 6.6 

Volume of water absorbed(ml) 6.6 

Mass of water/mass of foam(g/g) 82.5 

Volume of water/volume of foam(ml/cm3) 0.95 

mass of trapped water/mass of foam (g/g) 12.13 

volume of trapped water/volume of foam(ml/cm3) 0.12 

mass of foam (g) 0.08 

mass of trapped water after squeezing (g) 0.97 
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Table 11: Experimentally sorption parameters for neat PU foam in water 

Mass of water absorbed(g) 1.05 

Volume of water absorbed(ml) 1.05 

Mass of water/mass of foam(g/g) 5 

Volume of water/volume of foam(ml/cm3) 0.37 

mass of trapped water/mass of foam (g/g) 3.43 

volume of trapped water/volume of foam(ml/cm3) 0.09 

mass of foam (g) 0.21 

mass of trapped water after squeezing (g) 0.72 

 

Neat PU foam was tested through the measurement of contact angles of oil and water 

as shown in figure 20. The hydrophobic character of foam is clearly observed under 

both air and oil as the contact angle values are 115° and 100°. On the other hand, neat 

ME foam under air and under water are super hydrophilic and oleophilic as the contact 

angle values where 0°. 

 

 

Figure 20: Water contact angle on neat PU foam under air, oil, and oil contact angle 

under water 

It can be concluded that both ME and PU foams have high sorption ability for crude oil 

and can be used in many repeating cycles. PU foam, unlike ME foam is more 

hydrophobic, and does not absorb such amount of water as ME foam, especially in short 
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times of sorption. From this reason, further use of ME foams requires additional 

treatment to enhance its hydrophobicity. 

4.3 Melamine foam treated with graphene 

Commercial melamine foam, commonly used for cleaning was modified by graphene 

oxide to enhance oleophilicity of material and, particularly reduce its hydrophilicity. 

This type of treatment is to prevent water uptake and it increased the ability of foam to 

remain afloat. The target of this is to enhance the sorption capability of oils and to 

increased resistance to water uptake (superhydrophobicity). 

4.3.1 Morphological characterization (SEM image) of neat ME foam and 

ME foam treated with graphene 

SEM images in figure 21 show the morphology of the untreated ME foam, which 

confirm porous structure with pore size of few hundred microns. Figure 22 shows SEM 

images of modified foam by graphene. There is clearly visible some particles, which 

should be graphene particles reduced from graphite oxide. 
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Figure 21: SEM image for neat ME foam 

 

Figure 22: SEM image for ME foam treated with graphene 

 

4.3.2 Surface wettability (contact angle) of neat ME foam and ME foam 

treated with graphene 

The water and oil contact angle for the neat melamine foam under air and water were 

measured and results are summarized in figure 23. After the enhancement using 

graphene the water contact angle increased and the melamine foam turned into 

hydrophobic with a contact angle of 132° under air and 130° under oil. 
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Figure 23: Water and oil contact angle values for ME foam treated with graphene 

 

4.3.3 Sorption kinetics and oil absorption capacity of ME foam treated with 

graphene  

Kinetics and oil absorption capacity was studied using water and three different oils 

crude, engine, and diesel. Figure 24 and table 12 shows the sorption ability of neat ME 

foam and as seen it have good sorption ability for oils. 

Hydrophilic character was observed for neat ME foam as seen in table 12 as sorption 

ability is 66.5g/g. After the treatment with graphene the foam started to be float instead 

of being sunk and it changes to a hydrophobic character as the sorption ability of water 

become 2.2g/g when the foam was floating in water and 5.4g/g when the foam was 

immersed in water. In addition, figure 25 and table 13 shows an enhancement in the oil 

absorption capacity after the treatment with graphene. 

In figure 25 it is demonstrating that oil absorption capacity varies with many parameters 

such as, density of oils, viscosity of oils, time, and amount/area of the foam immersion. 

In this case the absorption time and mass of the modified foam were kept constant and 
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the main factor affecting the absorption performance was the viscosity of oils.  

 

Table 12: Sorption capacity of neat ME foam 

 
Time (s)  

0 30 60 90 120 150 180 210 240 

mass of absorbed oil (g/g) 

neat ME 

foam in 

crude oil 

 
37.98 39.98 39.48 40.48 40.98 41.48 41.98 39.98 

neat ME 

foam in 

diesel oil 

 37.25 37.96 38.15 38.64 38.2 38.95 38.83 37.74 

neat ME 

foam in 

motor oil 

 27.36 28.72 29.56 30.89 32.47 34.86 37.72 37.96 

mass of absorbed water (g/g) 

neat ME 

foam 

 
62.75 64.25 65.63 66.63 67.25 68 68.63 68.88 

 

 

Figure 24: Mass of absorbed oil and water for neat ME foam 
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Table 13: Sorption capacity g/g of ME foam with graphene (G) in crude oil, engine oil, 

diesel oil, and water 

 

 

 

Figure 25: Mass of absorbed oil and water for ME foam treated with graphene 

 

4.3.4 Reproducibility and multiply cycling sorption ability of ME foam 

treated with graphene  

The multiply use of sorbents in general is desirable property of all sorbents, regardless 

the type of sorbent recovery. Foamy sorbents are frequently recovered by simple 

mechanical squeezing. For this purpose, the foam was immersed into the crude oil for 

3 hours, then oil was squeezed out and the foam was immersed into the oil again, 

Time 

(min) 

 
2 4 6 8 10 60 120 180 240 300 after 

squeeze 

ME+G in 

CO (g/g) 

 
32.5 34 33 32.5 35.5 42.5 43 42.5 41.5 42 6.9 

ME+G in 

EO (g/g) 

 
18 25.5 28 29.5 28.5 32.5 33.5 36 36.5 37 7.9 

ME+G in 

DO (g/g) 

 
41 40 40.5 38 40 39.5 40.5 41 41.5 42 6.5 

ME float 

on water 

(g/g) 

 
2 2 1.5 1.4 2.4 3 2.4 3 2.5 2 0.01 

ME 

immersed 

in water 

(g/g) 

 
1.5 3 4.5 5.5 5.5 5 6.4 7 6.5 7 2 
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without any additional cleaning or treatment. This procedure was repeated five times. 

More cycles were not realized because the foam has started to lose its mechanical 

integrity. Data recorded in this experiment were: the mass of foam after immersion, the 

mass of foam after squeezing of oil out, mass of squeezed oil, dimensions of foam 

before and after squeezing and it is summarized in Table 14, 15 and 16.  

Some portion of the oil is irreversibly trapped in the foam and cannot be released by 

the simple squeezing.  Obviously more oil would be released by applying higher forces, 

however, it would damage the foam. The amount of permanently trapped oil does not 

significantly change during multiply cycling and remains roughly at the same level as 

after the first sorption step. The amount of the released oil does not depend much on 

the number of squeezing steps, and the average mass of the released for crude oil is 

45.30±6.09 g/g, for diesel oil is 37.30±1.20 g/g and 36.90±2.58 g/g for engine oil. This 

is proved as seen in figure 27. 

Table 14: Experimentally sorption parameters for ME foam in crude oil 

 

 

 

 

 

 

 

 

 

 

 

No. of cycles 1 2 3 4 5 AVG STD 

Mass of oil(g) 0.72 1.01 0.95 0.85 1.00 0.91 0.12 

Volume of oil(ml) 0.83 1.16 1.09 0.97 1.15 1.04 0.14 

Mass of oil/mass of 

foam(g/g) 

36.00 50.50 47.50 42.50 50.00 45.30 6.09 

Volume of 

oil/volume of 

foam(ml/cm3) 

0.83 1.16 1.09 0.97 1.15 1.04 0.14 

mass of trapped 

oil/mass of foam 

3.00 4.00 4.00 3.50 1.00 3.10 1.24 

volume of trapped 

oil/volume of 

foam(ml/cm3) 

0.07 0.09 0.09 0.08 0.09 0.08 0.01 
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Table 15: Experimentally sorption parameters for ME foam in diesel oil 

No. of cycles 1 2 3 4 5 AVG STD 

Mass of oil(g) 0.78 0.73 0.76 0.72 0.74 0.75 0.02 

Volume of oil(ml) 0.92 0.86 0.89 0.80 0.87 0.87 0.04 

Mass of oil/mass of 

foam(g/g) 

39.00 36.50 38.00 36.00 37.00 37.30 1.20 

Volume of 

oil/volume of 

foam(ml/cm3) 

0.92 0.86 0.89 0.85 0.87 0.88 0.03 

mass of trapped 

oil/mass of foam 

3.50 3.00 2.50 2.50 2.00 2.70 0.57 

volume of trapped 

oil/volume of 

foam(ml/cm3) 

0.08 0.07 0.06 0.06 0.05 0.06 0.01 

 

Table 16: Experimentally sorption parameters for ME foam in engine oil 

No. of cycles 1 2 3 4 5 AVG STD 

Mass of oil(g) 0.65 0.78 0.74 0.77 0.75 0.74 0.05 

Volume of oil(ml) 0.66 0.79 0.75 0.78 0.76 0.75 0.05 

Mass of oil/mass 

of foam(g/g) 

32.50 39.00 37.00 38.50 37.50 36.90 2.58 

Volume of 

oil/volume of 

foam(ml/cm3) 

0.66 0.79 0.75 0.78 0.76 0.75 0.05 

mass of trapped 

oil/mass of foam 

5.50 5.50 5.00 5.00 4.50 5.10 0.42 

volume of trapped 

oil/volume of 

foam(ml/cm3) 

0.11 0.11 0.10 0.10 0.09 0.10 0.01 
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Figure 26: Cyclic foam average absorption capacity for crude, engine, and diesel oils 

 

 

Figure 27: Cyclic ME foam treated with graphene (absorption-squeezing for crude, 

engine, and diesel oil)  
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Chapter 5: CONCLUSION  

This study was divided into three parts, the first part is the synthesis of Qwax foam 

from paraffinic waste, its physical characterizations, and testing of sorption ability for 

different oils. Paraffinic waste product formed during PE synthesis (Q-wax) was used 

for the preparation of foamy, elastic structures through crosslinking by dicumyl 

peroxide and foaming by Genitron. The target of this work was the preparation a 

porous, hydrophobic and hydrophilic material with an appropriately high sorption 

ability for oil and low sorption of water, suitable for removal of free oil from water 

surfaces. The porosity of foam determined by computer micro-tomography was found 

of 58.9 %, and the bulk density of 0.42 g.cm 3. The hydrophobic character of foam was 

observed under both air and oil as the contact angle values of water are 114° and 128°, 

respectively. On the other hand, super oleophilicity was observed for Qwax foam under 

both air and water as the contact angle values where 0°. The foams are thermally stable 

up to 360oC. Sorption ability of the foam were tested using heavy crude oil, diesel oil 

and engine oil.  The absorption capacity of the foam in crude oil is 3.10.7 g/g. 

The second part was dealt with the absorption ability of water and different oils of 

untreated polyurethane and melamine foams in multiply cycles. Both foams shown very 

high and fast sorption for all oil. The difference between melamine and polyurethane 

foams is in their sorption ability of water. Melamine foam, unlike polyurethane foams 

absorb water much faster, and therefore has low potential for separation of oil from 

water. 

The third part is a treatment of commercial melamine (ME) foam using graphene. This 

type of treatment is to prevent water uptake and it increased the ability of foam to 

remain afloat. The target of this is to enhance the sorption capability of oils and to 

increased resistance to water uptake (superhydrophobicity). After the enhancement the 
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hydrophobic character of foam was observed under both air and oil as the contact angle 

values of water are 132° and 130°, respectively. super oleophilicity was observed for 

ME foam treated with graphene under both air and water as the contact angle values 

where 0°. Sorption ability of the foam were tested for ME foam treated with graphene 

for water and 3 different types of oils (crude, engine, and diesel). Regeneration of foams 

by squeezing and multiply applicability was tested. 

The research future research will be oriented on optimization of porosity with tuned 

open pores of appropriate size, a reasonable mechanical strength, and mechanical 

stability in compression to perform more squeezing steps (over hundreds cycles as for 

MA and PU foams). The core problem seems to be an optimization of a degree of 

crosslinking.  Highly crosslinking density would lead to the significantly higher 

mechanical strength improving number of working cycles, but a foam will be less 

swellable as it is common for highly crosslinked polymers.  

  



  

55 

 

REFERENCES 

[1] B. Macaulay and D. Rees, “Bioremediation of oil spills: a review of challenges 

for research advancement,” Greenwich Acad. Lit., vol. 8, pp. 9–37, 2014, 

Accessed: May 13, 2022. [Online]. Available: 

http://gala.gre.ac.uk/id/eprint/15392/. 

[2] A. Jernelöv, “The threats from oil spills: now, then, and in the future,” Ambio, 

vol. 39, no. 5, pp. 353–366, 2010. 

[3] J. Chen, W. Zhang, Z. Wan, S. Li, T. Huang, and Y. Fei, “Oil spills from global 

tankers: Status review and future governance,” J. Clean. Prod., vol. 227, pp. 20–

32, Aug. 2019, doi: 10.1016/J.JCLEPRO.2019.04.020. 

[4] C. Chassé, “The ecological impact on and near shores by the Amoco Cadiz oil 

spill,” Mar. Pollut. Bull., vol. 9, no. 11, pp. 298–301, Nov. 1978, doi: 

10.1016/0025-326X(78)90253-9. 

[5] C. H. Peterson et al., “Long-Term Ecosystem Response to the Exxon Valdez Oil 

Spill,” Science (80-. )., vol. 302, no. 5653, pp. 2082–2086, Dec. 2003, doi: 

10.1126/SCIENCE.1084282. 

[6] P. Literathy, “Environmental Consequences of the Gulf War in Kuwait: Impact 

on Water Resources,” Water Sci. Technol., vol. 26, no. 1–2, pp. 21–30, Jul. 1992, 

doi: 10.2166/WST.1992.0382. 

[7] B. Cadiou et al., “Ecological impact of the ‘Erika’ oil spill: Determination of the 

geographic origin of the affected common guillemots,” 

cambridge.orgPaperpile, vol. 17, pp. 369–377, 2004, doi: 10.1051/alr:2004036. 

[8] C. Porte, X. Biosca, M. Sole, D. Pastor, and J. Albaiges, “The Aegean Sea oil 

spill one year after: Petroleum hydrocarbons and biochemical responses in 

marine bivalves,” Mar. Environ. Res., vol. 42, no. 1–4, pp. 404–405, Jun. 1996, 



  

56 

 

doi: 10.1016/0141-1136(96)87101-7. 

[9] K. W. Wirtz and X. Liu, “Integrating economy, ecology and uncertainty in an 

oil-spill DSS: The Prestige accident in Spain, 2002,” Estuar. Coast. Shelf Sci., 

vol. 70, no. 4, pp. 525–532, Dec. 2006, doi: 10.1016/J.ECSS.2006.06.016. 

[10] P. Montero et al., “Oil spill monitoring and forecasting on the Prestige-Nassau 

accident,” mohid.comImporting…, Accessed: May 10, 2022. [Online]. 

Available: 

http://www.mohid.com/PublicData/Products/ConferencePapers/Prestige-

AMOP2003.pdf. 

[11] M. Ostopowich, Water Pollution. Weigl Publishers, 2017. 

[12] J. M. H. Selendy, Water and sanitation-related diseases and the environment: 

challenges, interventions, and preventive measures. John Wiley & Sons, 2011. 

[13] R. J. Schmitz, Introduction to water pollution biology. 1996. 

[14] J. Michel and M. Fingas, “Oil spills: Causes, consequences, prevention,and 

countermeasures,” Foss. Fuels Curr. Status Futur. Dir., pp. 159–201, Jan. 2016, 

doi: 10.1142/9789814699983_0007. 

[15] E. A. Kriksunov, “Marine oil spills: The causes, environmental impact, 

prevention methods, response operations 1,” Water Resour., vol. 38, no. 5, pp. 

684–685, Sep. 2011, doi: 10.1134/S0097807811050113. 

[16] M. Fingas, “Appendix C Ice Nomenclature,” Handb. Oil Spill Sci. Technol., pp. 

685–688, 2014. 

[17] M. Balci and N. Balkis, “Assessment of phytoplankton and environmental 

variables for water quality and trophic state classification in the Gemlik Gulf, 

Marmara Sea (Turkey),” Mar. Pollut. Bull., vol. 115, no. 1–2, pp. 172–189, 

2017. 



  

57 

 

[18] S. D. C. Gomes, J. L. Zhou, W. Li, and G. Long, “Progress in manufacture and 

properties of construction materials incorporating water treatment sludge: A 

review,” Resour. Conserv. Recycl., vol. 145, pp. 148–159, 2019. 

[19] I. Ali, “New generation adsorbents for water treatment,” Chem. Rev., vol. 112, 

no. 10, pp. 5073–5091, Oct. 2012, doi: 10.1021/CR300133D. 

[20] Y. Wada, D. Wisser, and M. F. P. Bierkens, “Global modeling of withdrawal, 

allocation and consumptive use of surface water and groundwater resources,” 

Earth Syst. Dyn., vol. 5, no. 1, pp. 15–40, Jan. 2014, doi: 10.5194/ESD-5-15-

2014. 

[21] M. Petrović, S. Gonzalez, and D. Barceló, “Analysis and removal of emerging 

contaminants in wastewater and drinking water,” TrAC Trends Anal. Chem., vol. 

22, no. 10, pp. 685–696, Nov. 2003, doi: 10.1016/S0165-9936(03)01105-1. 

[22] A. J. Montiel, “Municipal Drinking Water Treatment Procedures for Taste and 

Odour Abatement – A Review,” Water Sci. Technol., vol. 15, no. 6–7, pp. 279–

289, Jun. 1983, doi: 10.2166/WST.1983.0152. 

[23] M. A. Al-Ghouti, M. A. Al-Kaabi, M. Y. Ashfaq, and D. A. Da’na, “Produced 

water characteristics, treatment and reuse: A review,” J. Water Process Eng., 

vol. 28, pp. 222–239, Apr. 2019, doi: 10.1016/J.JWPE.2019.02.001. 

[24] T. Frising, C. Noïk, and C. Dalmazzone, “The Liquid/Liquid Sedimentation 

Process: From Droplet Coalescence to Technologically Enhanced Water/Oil 

Emulsion Gravity Separators: A Review,” 

https://doi.org/10.1080/01932690600767098, vol. 27, no. 7, pp. 1035–1057, 

Oct. 2007, doi: 10.1080/01932690600767098. 

[25] M. A. Mazhar et al., “Chlorination disinfection by-products in municipal 

drinking water – A review,” J. Clean. Prod., vol. 273, p. 123159, Nov. 2020, 



  

58 

 

doi: 10.1016/J.JCLEPRO.2020.123159. 

[26] A. C. Anderson, R. S. Reimers, and P. deKernion, “A brief review of the current 

status of alternatives to chlorine disinfection of water.,” Am. J. Public Health, 

vol. 72, no. 11, pp. 1290–1293, 1982, doi: 10.2105/AJPH.72.11.1290. 

[27] J. Saleem, U. Bin Shahid, M. Hijab, H. Mackey, and G. McKay, “Production and 

applications of activated carbons as adsorbents from olive stones,” Biomass 

Convers. Biorefinery 2019 94, vol. 9, no. 4, pp. 775–802, Aug. 2019, doi: 

10.1007/S13399-019-00473-7. 

[28] K. T. Peter et al., “Synthesis, optimization, and performance demonstration of 

electrospun carbon nanofiber–carbon nanotube composite sorbents for point-of-

use water treatment,” ACS Publ., vol. 8, no. 18, pp. 11431–11440, May 2016, 

doi: 10.1021/acsami.6b01253. 

[29] O. D. Basu, S. Dhawan, and K. Black, “Applications of biofiltration in drinking 

water treatment–a review,” J. Chem. Technol. Biotechnol., vol. 91, no. 3, pp. 

585–595, Mar. 2015, doi: 10.1002/jctb.4860. 

[30] O. D. Basu, S. Dhawan, and K. Black, “Applications of biofiltration in drinking 

water treatment – a review,” J. Chem. Technol. Biotechnol., vol. 91, no. 3, pp. 

585–595, Mar. 2016, doi: 10.1002/JCTB.4860. 

[31] A. Cook, E. Derbyshire, and G. Plumlee, “Impact of natural dusts on human 

health,” in Encyclopedia of environmental health, Elsevier, 2011, pp. 178–186. 

[32] M. Fingas, Oil spill science and technology. Gulf professional publishing, 2016. 

[33] F. Aguilera, J. Méndez, E. Pásaro, and B. Laffon, “Review on the effects of 

exposure to spilled oils on human health,” J. Appl. Toxicol. An Int. J., vol. 30, 

no. 4, pp. 291–301, 2010. 

[34] A. M. A. Pintor, V. J. P. Vilar, C. M. S. Botelho, and R. A. R. Boaventura, “Oil 



  

59 

 

and grease removal from wastewaters: sorption treatment as an alternative to 

state-of-the-art technologies. A critical review,” Chem. Eng. J., vol. 297, pp. 

229–255, 2016. 

[35] N. Serpone and R. F. Khairutdinov, “Application of nanoparticles in the 

photocatalytic degradation of water pollutants,” in Studies in surface science and 

catalysis, vol. 103, Elsevier, 1997, pp. 417–444. 

[36] J. Neff, K. Lee, and E. M. DeBlois, “Produced water: overview of composition, 

fates, and effects,” Prod. water, pp. 3–54, 2011. 

[37] J. Kamp, J. Villwock, and M. Kraume, “Drop coalescence in technical 

liquid/liquid applications: A review on experimental techniques and modeling 

approaches,” Rev. Chem. Eng., vol. 33, no. 1, pp. 1–47, 2017. 

[38] J. Kamp, J. Villwock, and M. Kraume, “Drop coalescence in technical 

liquid/liquid applications,” 10.14279/depositonce-6528, 2016. 

[39] J. Ge, H. Zhao, H. Zhu, J. Huang, L. Shi, and S. Yu, “Advanced sorbents for oil‐

spill cleanup: recent advances and future perspectives,” Adv. Mater., vol. 28, no. 

47, pp. 10459–10490, 2016. 

[40] T. Arbatan, X. Fang, and W. Shen, “Superhydrophobic and oleophilic calcium 

carbonate powder as a selective oil sorbent with potential use in oil spill clean-

ups,” Chem. Eng. J., vol. 166, no. 2, pp. 787–791, 2011. 

[41] M. A. Hubbe, S. H. Hasan, and J. J. Ducoste, “Cellulosic substrates for removal 

of pollutants from aqueous systems: A review. 1. Metals,” BioResources, vol. 6, 

no. 2, pp. 2161–2287, 2011. 

[42] J. P. Chaudhary, N. Vadodariya, S. K. Nataraj, and R. Meena, “Chitosan-based 

aerogel membrane for robust oil-in-water emulsion separation,” ACS Appl. 

Mater. Interfaces, vol. 7, no. 44, pp. 24957–24962, 2015. 



  

60 

 

[43] H. Kim, G. Zhang, T. C. M. Chung, and C. Nam, “A Role for Newly Developed 

Sorbents in Remediating Large‐Scale Oil Spills: Reviewing Recent Advances 

and Beyond,” Adv. Sustain. Syst., vol. 6, no. 1, p. 2100211, 2022. 

[44] J. Pinto, A. Athanassiou, and D. Fragouli, “Surface modification of polymeric 

foams for oil spills remediation,” J. Environ. Manage., vol. 206, pp. 872–889, 

2018. 

[45] N. Y. Abu-Thabit, O. J. Uwaezuoke, and M. H. A. Elella, “Superhydrophobic 

nanohybrid sponges for separation of oil/water mixtures,” Chemosphere, vol. 

294, p. 133644, 2022. 

[46] L. Vasquez, L. Campagnolo, A. Athanassiou, and D. Fragouli, “Expanded 

graphite-polyurethane foams for water–oil filtration,” ACS Appl. Mater. 

Interfaces, vol. 11, no. 33, pp. 30207–30217, 2019. 

[47] R. S. Rengasamy, D. Das, and C. P. Karan, “Study of oil sorption behavior of 

filled and structured fiber assemblies made from polypropylene, kapok and 

milkweed fibers,” J. Hazard. Mater., vol. 186, no. 1, pp. 526–532, 2011. 

[48] J. Wu, N. Wang, L. Wang, H. Dong, Y. Zhao, and L. Jiang, “Electrospun porous 

structure fibrous film with high oil adsorption capacity,” ACS Appl. Mater. 

Interfaces, vol. 4, no. 6, pp. 3207–3212, 2012. 

[49] S.-J. Choi et al., “A polydimethylsiloxane (PDMS) sponge for the selective 

absorption of oil from water,” ACS Appl. Mater. Interfaces, vol. 3, no. 12, pp. 

4552–4556, 2011. 

[50] C.-F. Wang and S.-J. Lin, “Robust superhydrophobic/superoleophilic sponge for 

effective continuous absorption and expulsion of oil pollutants from water,” ACS 

Appl. Mater. Interfaces, vol. 5, no. 18, pp. 8861–8864, 2013. 

[51] M. Seddighi and S. M. Hejazi, “Water–oil separation performance of technical 



  

61 

 

textiles used for marine pollution disasters,” Mar. Pollut. Bull., vol. 96, no. 1–2, 

pp. 286–293, 2015. 

[52] D. Ceylan, S. Dogu, B. Karacik, S. D. Yakan, O. S. Okay, and O. Okay, 

“Evaluation of butyl rubber as sorbent material for the removal of oil and 

polycyclic aromatic hydrocarbons from seawater,” Environ. Sci. Technol., vol. 

43, no. 10, pp. 3846–3852, 2009. 

[53] M. H. Zhou and W. Cho, “Oil absorbents based on styrene–butadiene rubber,” 

J. Appl. Polym. Sci., vol. 89, no. 7, pp. 1818–1824, 2003. 

[54] X. Yuan and T. C. Chung, “Novel solution to oil spill recovery: Using thermo-

degradable polyolefin oil super-absorbent,” 2012. 

[55] C. Nam, G. Zhang, and T. C. M. Chung, “Polyolefin-based interpenetrating 

polymer network absorbent for crude oil entrapment and recovery in aqueous 

system,” J. Hazard. Mater., vol. 351, pp. 285–292, 2018. 

[56] C. Nam, H. Li, G. Zhang, and T. C. M. Chung, “Petrogel: new hydrocarbon (oil) 

absorbent based on polyolefin polymers,” Macromolecules, vol. 49, no. 15, pp. 

5427–5437, 2016. 

[57] X. Yuan and T. C. M. Chung, “Novel solution to oil spill recovery: using 

thermodegradable polyolefin oil superabsorbent polymer (oil–SAP),” Energy & 

fuels, vol. 26, no. 8, pp. 4896–4902, 2012. 

[58] S. Nam et al., “All-polymer solar cells with bulk heterojunction films containing 

electron-accepting triple bond-conjugated perylene diimide polymer,” ACS 

Sustain. Chem. Eng., vol. 4, no. 3, pp. 767–774, 2016. 

[59] C. Nam et al., “Practical oil spill recovery by a combination of polyolefin 

absorbent and mechanical skimmer,” ACS Sustain. Chem. Eng., vol. 6, no. 9, pp. 

12036–12045, 2018. 



  

62 

 

[60] M. Padaki et al., “Membrane technology enhancement in oil–water separation. 

A review,” Desalination, vol. 357, pp. 197–207, 2015, doi: 

https://doi.org/10.1016/j.desal.2014.11.023. 

[61] I. A. Buist and S. G. Potter, “Offshore testing of booms and skimmers,” 1988. 

[62] E. Bihar et al., “Fully Printed Electrodes on Stretchable Textiles for Long-Term 

Electrophysiology,” Adv. Mater. Technol., vol. 2, p. 1600251, 2017. 

[63] A. Karthick, B. Roy, and P. Chattopadhyay, “A review on the application of 

chemical surfactant and surfactant foam for remediation of petroleum oil 

contaminated soil,” J. Environ. Manage., vol. 243, pp. 187–205, 2019. 

[64] E. K. Sam, J. Liu, and X. Lv, “Surface Engineering Materials of 

Superhydrophobic Sponges for Oil/Water Separation: A Review,” Ind. Eng. 

Chem. Res., 2021. 

[65] R. K. Gupta, G. J. Dunderdale, M. W. England, and A. Hozumi, “Oil/water 

separation techniques: a review of recent progresses and future directions,” J. 

Mater. Chem. A, vol. 5, no. 31, pp. 16025–16058, 2017, doi: 

10.1039/C7TA02070H. 

[66] M. M. Radetić, D. M. Jocić, P. M. Jovančić, Z. L. Petrović, and H. F. Thomas, 
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