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Water pollution due to organic chemical leakages has posed a serious environmental threat
to aquatic life. Such catastrophes have triggered the need to fabricate novel materials with
enhanced sorption capacity for hydrocarbons and organic solvents clean up and recovery.
Among the existing techniques, the use of absorbents appears to be promising for removing
and recovering hydrocarbons and organic chemicals from less or heavily polluted water.
Recently, carbon-based materials have shown potential applications in the area of
hydrocarbons-water separation due to their exceptional absorption capacity, high
selectivity, chemical stability and acceptable reusability. Herein, we report the fabrications
of three set of novel, low cost, efficient, hydrophobic and oleophilic carbon-based
composites-lauric acid grafted multiwalled carbon nanotubes (MWCNTSs-LA), amine
functionalized reduced graphene oxide (FGO-RNH;) and dodecylamine-amidated
graphene oxide/polyethylene (DDA-GO/PE) - as absorbents for effective retrieval of some
selected hydrocarbons and organic solvents from the surface of the water. The developed
nanocomposites were thoroughly investigated by field emission scanning electron
microscopy, X-ray diffraction technique, Fourier transform infrared spectroscopy, Raman

spectroscopy and X-ray photoelectron spectroscopy. The prepared carbon-based

XVii



absorbents were evaluated for efficient removal of hydrocarbons such as cyclohexane,
hexane, decane, dodecane, hexadecane, etc. from water. Spectroscopic studies revealed the
successful chemical modifications of the multiwalled carbon nanotubes and graphene
oxide leading to the formation of the composites. Absorption experiments with the model
samples showed that the composites were efficient absorbents with absorption capacities
of 20-33.5, 31.2-64 and 38.5-78 times own weight for MWCNTSs-LA, FGO-RNH>, and
DDA-GO/PE absorbents respectively. The separation efficiency of more than 99% was
recorded for the prepared absorbents. All the three sets of the modified carbon-derived
absorbents showed potential to separate model samples from hydrocarbons—water mixtures
with high selectivity, high separation efficiency, stable performance, and acceptable
recyclability, which are promising for the applications in the recovery of hydrophobic

hydrocarbons and organic solvents from water.
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CHAPTER 1

INTRODUCTION

1.1 Background

Water pollution is a crucial environmental challenge which can cause disastrous effects for aquatic
organisms and for humans. The major players in the water pollution are the hydrocarbons and
organic spills [1]. The need for fossil fuels has been on the increase sequel to the industrial
revolution in the 18th century. This has called for frequent offshore transportation of the
hydrocarbon from the place of generation to the point of demand [2]. The prevalent hydrocarbon
spill accidents and the huge wastewater discharge from the industries such as petrochemicals,
textile and leather, aluminum, steel, metal finishing, palm hydrocarbons and food industries
destroy the quality of water. Water contaminated with hydrocarbon is not only detrimental to the
human health but also have a destructive effect on aquatic life and almost individual species across
the marine food chain is affected [3]. Aside from the aforementioned consequences, hydrocarbon
and organic contaminants are potentially hazardous as a result of their high flammability and may
eventually cause fire or explosion [4]. To this end, the efficient separation of these contaminants
from water has become a matter of urgency and paramount importance in order to shield the
ecosystem for the healthy sustainability of the environment. Several conventional methods such
as controlled burning [5], bioremediation [6], use of electric field [7], collection by mechanical
means [8], use of chemical dispersants [9] and absorbent materials [10-11], have been broadly

employed to deal with the hydrocarbons and chemical pollutants. The drawbacks associated with
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these techniques are their low efficiency of separation, poor selectivity, high toxicity, lesser
recyclability, high operational cost, and the introduction of secondary pollutants [12]. Thus, special
attention has been channelled by researchers on the fabrication of numerous low cost
functionalized materials which can effectively separate hydrocarbons from water and also be easily
produced on a large scale. Materials with either superhydrophilic and superoleophobic or
superhydrophobic and superoleophilic surfaces can be efficient to tackle the problem of
hydrocarbons separation from water [13]. Here, the water or hydrocarbons swiftly percolates
through the superhydrophilic or superhydrophobic materials in which one phase is eventually left
behind [14]. Novel materials and methods are currently explored for hydrocarbons/water
separation due to some serious limitation of the traditional methods [15, 16, 17]. To achieve
effective separation of hydrocarbons from water, designing functional materials with special
wettability plays a very crucial role. The realization of this task lies in the construction of
superhydrophobic surfaces. Materials with superhydrophobic surfaces are characterized by high
contact angle greater than 150° [18]. The fabrication of materials with superhydrophobicity is
greatly preferred either for differential absorption, or application for the direct removal of
hydrocarbons from water [19]. Among the existing technologies, the use of absorbents appears to
be the commonly employed technique for hydrocarbons spill remediation due to its ease of
practical applications, low cost, availability and eco-friendliness of the remediation process [20].
Ideal absorbent materials should have high specific surface area, high absorption capacity, suitable
pore size, low density, good selectivity, and excellent recyclability [21]. The hydrophobic and
oleophilic properties of the absorbent materials are also extraordinarily crucial features since these
materials should selectively absorb the hydrocarbons on their surface and at the same time reject

the water [22]. Till now, the fabrication of absorbents with remarkable hydrocarbons sorption



properties is a huge challenge for researchers. Over the past few years, several hydrocarbons
sorbent materials such as silicas [23], inorganic-organic hybrids [24-25] cross-linked polymers
[26-27] macroporous gels [28], nanocomposites [29-30] and carbon-based materials [22], [31-33]
have been prepared extensively. Among these, Sorbents from carbon-based materials are drawing
the attention of scientists for application in hydrocarbons/water separation due to their unique
properties [34]. Activated carbon, CNTSs, carbon nanofibres, carbon aerogels, porous carbon
nanoparticles, carbon coatings, and graphene sponges have been widely explored in remediation,
hydrocarbons/water separation, water filtration, gas purification and separation [35-37]. Compared
to the foregoing conventional sorbents, graphene and CNTs have been exhibited to have potential
application in the area of hydrocarbons-water separation owing to their robust mechanical
properties, high absorption capacity, high surface area, quick absorption rates and well-established
surface chemistry tuning [38]. Graphene-derived materials have been used as absorbents for the
retrieval of organic pollutants; including hydrocarbons, several organic solvents from water [39-
41]. The graphene surface can be improved to obtain an excellent hydrophobic surface as exhibited
by silane and other polymeric materials [42]. The ease of synthesis and the processability make
graphene oxide (GO) an excellent precursor for graphene and its composites. On the other hand, a
few studies have also included CNTs based materials for application in hydrocarbons-water
separation. Modification of CNTs surfaces was visualized by many researchers to improve their
chemical feature and this can be achieved either by covalent or non-covalent functionalization or
by creation of defects [43-44]. Chemical functionalization of CNTs brings about the attachment of
chemical functionalities like hydroxyl, carboxyl and amino groups to the sp? hybridized carbon

frame-work [45]. The anchoring of other chemical molecules to the CNTSs surface is made possible



via covalent attachment to these groups in order to achieve desirable properties for hydrocarbons-

water separation application.

This work is intended to fabricate novel set of inexpensive, highly effective and environmentally
friendly carbon-based nanocomposites as absorbents for removing hydrophobic hydrocarbons
from water. This will be followed by extensive characterization of the as-prepared sorbent

materials and their assessments for efficient removal of hydrocarbons from water.

1.2 Statements of the problem

Hydrocarbons contaminated water is not only harmful to the human health but also has a
destructive effect on aquatic life. Various existing traditional techniques suffer from various
drawbacks including low separation efficiency, poor selectivity, high toxicity, lesser recyclability,
high operational cost, and the introduction of secondary pollutants. Till now, the fabrication of
absorbents with remarkable sorption properties is a huge challenge for researchers. Hence, it is
compelling, although also challenging, to fabricate highly efficient absorbent materials with eco-
friendliness, low cost, high selectivity and high absorption capacity for applications in different

fields.

1.3 Objectives of the study

The aim of the work is to fabricate new set of inexpensive, highly effective and environmentally
friendly carbon-based absorbents for removing hydrophobic hydrocarbons from water. The

specific objectives of this research are to:

I.  synthesize nanocomposites of lauric acid functionalized multiwalled carbon

nanotubes.



Ii.  synthesize nanocomposites of amine functionalized graphene oxide and polyethylene.

lii.  characterize the prepared nanocomposites by SEM, XRD, FTIR and Raman
spectroscopy.

Iv. investigate the efficiency of the prepared nanocomposites for the removal of some
selected hydrocarbons such as cylohexane, hexane, decane, dodecane, hexadecane and

some organic solvents from water.

1.4 Significance of the study

The importance of the carbon-based nanocomposites is due their tunable surface chemistry which
makes the anchoring of low surface energy molecules on their surfaces possible by surface
modifications. These modifications in turn facilitate the required surface superhydrophobicity and

superoleophilicity for efficient separation of hydrocarbons from water.

1.5 Scheme of the research work

The research centers on the three major schemes which are highlighted below:

> Design and synthesis of carbon-based composite materials as absorbents for recovering
hydrocarbons from water.

» Extensive characterization of the as-prepared absorbent materials using up-to-date imaging
and spectroscopic techniques.

> Assessment of the absorption capacity performance of the novel absorbent materials for

application in separation of hydrocarbons from water.



1.6 Scheme of research findings reporting

The following shows the order of this thesis report which has been organized and arranged in

chronological manner into five chapters for easy reading and comprehension:

Chapter 1 description of the hydrocarbons spill catastrophes, the need for the carbon-based
absorbent materials, highlight of the specific objectives, problem statement, importance of the

study as well as the research findings and reporting scheme.

Chapter 2 gave a brief literature survey on basic considerations in water treatment, several kinds

of porous materials, their design strategies.

Chapter 3 explained succintly the fabrication of lauric acid grafted multiwalled carbon nanotubes

as absorbents for retrieval of hydrocarbons from the surface of water.

Chapter 4 illustrated the preparation amine functionalized reduced graphene oxide absorbents for

effective performance.

Chapter 5 described the preparation of nanocomposites of amine functionalized reduced graphene
oxide and polyethylene as absorbents for effective removal of some hydrocarbons and organic

solvents from water.

Chapter 6 gave a summary of the conclusions from the work.



CHAPTER 2

LITERATURE REVIEW

2.1 Basic factors for hydrocarbons-water separation

Wettability of a surface is an intrinsic feature of a solid surface, and dictates the ultimate wetting
behaviours when a liquid makes contact with the solid material. It is one of the most significant
considerations when using a material for hydrocarbons-water separation. Over the past few years,
expansive researches on the biomaterial surfaces have enhanced a thorough understanding of the
mechanism governing superwetting surfaces [46-48]. For example, the “lotus effect” phenomenon
reported by Barthlott [49], when the droplets of water sit on the surface of lotus leaves having
WCA greater than 150° and easily rolls off transporting the dust during tilting. This unique
characteristic is termed self-cleaning and superhydrophobicity [50-51]. Subsequent investigation
revealed that lotus leaf is composed of nano or microhierarchical networks endowed with low
surface energy wax to decrease the surface energy, thereby conferring the self —cleaning and the
superhydrophobic properties (figure 2.1a)[52]. This extraordinary feature can be employed to
construct superhydrophobic materials to remove hydrocarbons from water accomplishing
hydrocarbons-water separation. Another experience from nature is to mimic the superhydrophilic-
underwater superoleophobic architectures exhibited by fish scales (uniform fan-folded
microstructures) (figure 2.1b)[53] in designing materials to retrieve water from hydrocarbons-

water mixture and keep rejecting hydrocarbons [54]. Motivated by these revelations, the



interconnection between surface wettability and surface roughness has been described by four

modes of wetting behaviors such as
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Figure 2.1: Surfaces and microstructures of biological superwetting materials (a) lotus leaf [ 52],

(b) scales of fish [53].



Young’s mode [55-56], Cassie’s mode [57-58], Wenzel’s mode [59-60] and the Cassie-Wenzel
intermediate state [61-62]. According to Young’s model, a perfectly smooth surface has finite
hydrophobic property as only low-surface energy will not suffice to attain the superhydrophobicity
in any solid materials without nano or microhierarchical architectures. However,
superhydrophobicity can be easily achieved by the creation of a rough surface with structures at
the nano or microscale which is the prediction of Cassie and Wenzel models. From the two, Cassie
state displays a high contact angle and low contact hysteris, while the Wenzel mode is wet-contact
state. The superhydrophobic Cassie state can be used to describe the lotus effect. Moreover, in real
situations, there often occurs an intermediate state between the Cassie and Wenzel’s states, when
the surface is tilted at a specific angle, the water droplets on the surface slide. Hence, several
biomimetic surfaces with unique wettability could be attained by fine-tuning the structures of the

surface at nano or micro scales and the chemical constitution [63].

2.2 Special wettable materials.

Furnishing various porous materials with unique wettable features, such as superhydrophobicity-
superoleophilicity, superhydrophilicity-underwater superoleophilicity and superhydrophilicity-
superoleophobicity, is preferred for separation of hydrocarbons-water mixture. Hence, various
types of porous materials with unique wettable properties and their design strategies are briefly

discussed as follows.

2.2.1. Materials with superhydrophobicity—superoleophilicity.

Materials with superhydrophobic—superoleophilic wettability are typically hydrocarbons

retrieving materials applied in separating hydrocarbons/water mixture either by filtration (two-
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dimensional membranes, textiles and metal meshes,) or absorption (three-dimensional foams,
sponges and and carbon-based materials) [64-65]. These materials reject water and at the same
time allow hydrocarbons to pass through them, thus separating hydrocarbons from water. As
roughness of the surface and surface chemical constitution are the two main considerations to
design unique wettability, materials with superhydrophobic—superoleophilic surfaces can be
prepared by two methods: (1) improvement of surface roughness by the creation of nano or micro
structures on the substrate; (2) modification of the enhanced rough surfaces with molecules or
groups of low surface energy [66-67]. This type of unique wettable material has stimulated great
attention due of its high efficiency, suitable selectivity, and special advantages in hydrocarbons
filteration or hydrocarbons spill absorption. In recent times, several strategies have been designed
to prepare such separation materials, including wet chemical reaction, CVD, spray-dip coating,
phase separation, hydrothermal treatment, electrospinning method, freeze-drying method,

template technique, etc.

2.2.2. Materials with superhydrophilicity—superoleophobicity.

Based on theory, porous materials with superhydrophilicity—superoleophobicity can be used in
hydrocarbons-water separation either by absorption or filteration. Although, from the underlying
wetting theory, inherent superhydrophobicity is exhibited by a superoleophobic surface since fuel
ordinarily demonstrate lower surface free energy. Hence, it is a huge task to accomplish a
superhydrophilic—superoleophobic surface in a conventional environment [68-69]. Scientists have
discovered that some stimuli-sensitive materials can concurrently exhibihit hydrophilic and
oleophic features depending on counter adhesion characteristics toward polar liquids like water
and non polar liquids like dodecane. With this approach, Zhang et al. used a suitable molecular
design  to  create  superhydrophilic-superoleophobic  surface by reacting poly
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(diallyldimethylammonium chloride) with perfluoroctanoate/SiO; in aqueous medium [70]. The
incorporation of the SiO2 nanoparticles created the nano or micro surface roughness which led to
the desired special wettable property. The as-prepared polymer coated mesh displayed water
penetration and outstanding hydrocarbons rejection behaviours, showing that the treated mesh can
be employed in hydrocarbons-water separation. In another similar work by Su and his co-workers,
a melamine sponge with superhydrophobic—superoleophilic wettability was fabricated from FezO4
nanoparticles and sodium perflorononanoate through dip-coating technique recording OCA of
angle of 144° [71] . The modified sponge can readily remove huge amount of water pollutants

from bulk hydrocarbons when combined with peristaltic pump.

2.2.3. Materials with superhydrophilicity— underwatersuperoleophobicity.

Inspired by the superhydrophilic-underwater superoleophobic architectures of fish scales which
are believed to shield fish underwater from hydrocarbons contamination, superhydrophilic-
underwater superoleophobic porous materials are arousing the interests of researchers and appear
to be more preferred in hydrocarbons—water separation [72] Typically, a mucus layer which chiefly
consists of a hydrophilic hydrogel covers the rough fish scales. The fish skin demonstrates air
superhydrophilicity and underwater superoleophobicity with an OCA of 156.4 + 3.0 because of
this hydrophilic chemical constitution on the surfaces and hierarchical nano/microscale
architectures [73]. Compared to the superhydrophobic porous materials, superhydrophilic-
underwater superoleophobic porous materials were designed to overcome the challenge of
adhesion of hydrocarbons to the surface of the former by the formation of density water film. In
this type of materials, hydrocarbons is shielded to contact the materials at the surface by the water
film and such leaving the surface clean [74-75]. For instance, Dong et al. fabricated stainless steel

meshes coated GO by dipping the meshes in aqueous solution of GO [76]. After several
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consecutive immersions, there was formation of regular nanostructures of GO layers on the steel
mesh and this exhibited outstanding superhydrophilic—underwater superoleophobic property. By
employing this choice of underwater counter wettability, a variety of hydrocarbons—water-
mixtures were effectively separated. Also, Jiang and his co-workers reported the fabrcation of a
filter paper coated with hydrogel and this showed exceptional seperation capabilty for both
hydrocarbons-in-water emulsion and hydrocarbons-water mixtures with efficiency of separation
of more than 99% in a complicated environment [77]. Materials with superhydrophilicity—
underwater superoleophobicity show more formidable potential in hydrocarbons—water separation

application compared to traditional materials with superhydrophilicity—superoleophobicity.

2.2.4. Smart materials with controllable wettabilty.

Either superhydrophilic or superhydrophobic porous materials possess a single wetting property
and can separate or absorb particular liquids. Moreover, high hydrocarbons like crude
hydrocarbons tend to adhere easily onto the surface of the superhydrophobic materials leading to
the decrease in absorption capability and difficult desorption [78]. Intelligent porous materials with
adjustable wettebility are gaining ground due to the benefits of their swift response to external
stimulation, easy absorption-desorption, self-cleaning, versatile hydrocarbons-water separation
under different environment. A variety of porous materials have reported to apply in hydrocarbons-
water separation which can swap their wettability under influence of heat [79], light [80], pH[ 81],
magnet [82] and voltage [83], exhibiting ease of desorption after absorbing hydrocarbons and self-
cleaning. For instance, Li et al. [80] worked on the fabrication of photo-responsive PU sponge by
dipping in titania and octadecanoic acid solution under ultrasonication to obtain superhydrophobic
composite with WCA of 151°. The superhydrophobic modified PU sponge was tunned into

superhydrophilic surface of WCA of 0° after irradiation with UV by the generation of Ti**. This
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intelligent TiO> coated PU sponge could absorb hydrocarbons of 27 to 60 times own weight and
displays specific self-cleaning and anti-fouling properties. Although some accomplishments were
recorded in external stimuli-driven controllable surface wettability such as by heat, magnet, light,
pH, voltage, etc., they may cause destruction to the intrinsic architectures of the substrate and lead
to reduction in their life-time. Hence, more focus should be directed to these more eco-friendly,
cheap, harmless external stimuli-sensitve technologies for as needed hydrocarbons—water

separation.

2.3. Carbon-based sorbents for hydrocarbons-water separation.

Ideal absorbent materials should have high specific surface area, high absorption capacity, suitable
pore size, low density, good selectivity, and excellent recyclability. Microporous polymers [84-
85] have been utilized as absorbent materials, but they take a while to degrade, which poses danger
to the environment and ecological system. Besides, they have somewhat long and complex
fabrication method and brittle mechanical properties. Superhydrophobic carbon-derived materials
can be prepared by several techniques [86]. Their excellent chemical stability, high specific surface
area, oustanding flexibility, eco-friendliness and great pore volume of carbon materials make them
promising candidates for hydrocarbons/water separation, filteration, remediation, treatment of
wastewater, gas purification and separation [87]. Activated carbon, carbon nanotubes, carbon
nanofibres, carbon aerogels, porous carbon nanoparticles, carbon coatings, and graphene sponges
have been widely explored as sorbents due to their exceptional hydrocarbons absorption capability

and recylability [88].

2.3. 1 Graphene-based sorbents
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The pristine form of graphene consists of a single layer of carbon atoms organized in a sp?-bonded
aromatic structure. Graphene is by nature the basic unit of graphite, where the lamellar graphite
structure is firmly held in place by the m-stacking of graphene sheets with an interlayer spacing
3.34A between the sheets [89]. The exfoliation of graphite to single layers of graphene can be
achieved in different ways. Zhu and co-workers first demonstrated the micromechanical
exfoliation method by sequentially cleaving graphite to graphene by means of adhesive tapes [90].
It can also be prepared by exfoliation in liquid phase [91], chemical vapour deposition [92],
epitaxial growth, solvothermal synthesis, [93] and the reduction of GO [94]. Of all these, the GO
reduction seems to be the cheapest method for the graphene synthesis. This involves graphite
exfoliation into one-atom-thick sheets by oxidation, producing GO followed by its reduction into
a graphene sheet by reducing agents such as hydrazine, sodium borohydride, vitamin C,
hydroquinone or by thermal treatments [95-97]. The reduced GO method almost attains the highly
preferred characteristics of graphene. One of the most popular methods to graphene-based
nanocomposites is to use GO, due to its lower costs of production. GO being the oxidized form of
graphene displays several oxygen-containing functionalities. According to the most generally
known model of GO structure put forward by Lerf and co-workers, the carboxyl groups populate
the GO edges; while the hydroxyl and epoxy are located in the basal plane of GO as shown in
Figure 2.2b [98]. Because of the abundant oxygenated functional groups, GO displays excellent
hydrophilicity that enables its easy dispersion in polar solvents and functionalization via traditional
aqueous chemistry routes (Figure 2.3). For this reason, GO sheets are versatile routes for anchoring

secondary nanomaterials to generate graphene-based hybrids.

Graphene-based composites have been employed as absorbents for the retrieval of organic

pollutants, such as hydrocarbons, and several organic solvents from water [99-101]. The selectivity
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and efficiency of graphene can be enhanced by modulating its surface to acquire an excellent
hydrophobic surface, as exhibited by silane and other polymeric materials [102]. The ease of
synthesis and the processability make GO an excellent precursor for graphene and its composites.
For example, Peng et al. used the surface modification technique to produce superoleophilic and
superhydrophobic graphene coated melamine foam for collection and retrieval of pollutants from
water [103]. Similarly, Ricky et al. developed superhydrophobic reduced GO modified
polyurethane sponges as greatly effective and recyclable sorbents for use in hydrocarbons-water
separation [104]. Li and Shi manufactured graphene aerogel (GA) absorbent materials by reducing
chemically graphene oxide (GO) dispersion [105-106]. Qu and Xie fabricated nitrogen doped
graphene architecture as the absorbents for organic solvents’sorption [107-108]. In another work,
a facile dip coating method was employed for the preparation of graphene-based sponges with
superhydrophobic and superoleophilic features for the large-scale collection of organic
contaminants [109]. Even though the above mentioned graphene-based absorbent materials exhibit
high absorption capacity, they have low selectivity for hydrocarbons and water thereby decreasing
the efficiency of separation. In order to furnish the neat graphene monolith with
superhydrophobicity and superoleophilicity so as to further enhance its efficiency of separation,
designing surface structure with low surface energy and high roughness is expected to be a viable
and efficient route. Nowadays, incorporation of long alkyl chains has been explored to modulate
the GO surface lipophilically. This can facilitate regular GO dispersion in the polymer and weaken
its high affinity for water and this is desirable for its application in hydrocarbons-water separation.
Jiao et al. grafted alkylamines such as octadecylamine (ODA) to tune the hydrophilic GO into
hydrophobic surface, thereby promoting GO application in non-polar polymers [110]. Lee and co-

workers functionalized GO with dodecylamine and noticed enhanced mechanical and barrier
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characteristics of the polyethylene composites when the modified graphene was added [111]. The
interaction mechanism between nanomaterials and organic compounds is a function of their
structural properties (e.g. dipole moment, molecular conformation, functional groups present)
[112]. Absorption of hydrophobic organic compounds by graphene can be explained in terms of
the hydrophobic effects [113]. Hydrophobic interactions were thought to be involved in the
mechanism of absorption of non-polar hydrocarbons on modified GO or pristine graphene sheets
[114]. The high affinity between graphene sheets and the hydrocarbons could be interpreted in
terms of the sieving effect produced by the presence of the grooved regions on the graphene surface

[115].
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Figure 2.2: Structure of: (a) graphene, (b) graphene oxide (GO), and (c) reduced graphene oxide

(rGO)
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Figure 2.3: Schematic representation of covalent functionalization routes targeting the different
sites of graphene oxide: (a) acylation, (b) nucleophilic ring-opening, (c) bisocyanate/esterification,

(d) diazotization , and (e) cycloaddition reactions [152].
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2.3.2 Carbon nanotubes-based sorbents

Compared to the foregoing conventional sorbents, carbon nanotubes have been exhibited to have
potential application in the area of hydrocarbons-water separation owing to their robust mechanical
properties, high absorption capacity, high surface area, quick absorption rates and well-established
surface chemistry tuning [116-117]. Several methods have been reported to synthesize CNTSs,
including pyrolysis, electrochemical techniques, laser ablation, CVD and arc discharge techniques.
A few studies have included CNTSs for application in hydrocarbons-water separation. For example,
Al-Jammal et al. prepared modified CNTs sorbent by microemulsion method. The
microemulsified CNTSs attained absorption capacities of 2.48 to 6.07 times own weight for the
removal of hydrocarbons water surface [118]. Sun et al. demonstrated the functionalization of
CNTs with p-phenylenediamine (P-CNTSs) by diazotization method for hydrocarbons sorption.
The P-CNTs show maximum absorption capacity of 3-12 times own weight for hydrocarbons and
organic solvents [119]. Gao et al. fabricated CNT-coated sponges with exceptional performances
for hydrocarbons-water separation. The CNT coating improved the selectivity of the sponges to
absorb only hydrocarbons while rejecting water completely. The spongy CNT absorbents
exhibited high absorption capacity and the absorbed hydrocarbons could be retrieved by

mechanical squeezing [120].

Modification of CNTs surfaces was visualized by many researchers to improve their chemical
feature and this can be achieved either by covalent or non-covalent functionalization or by creation
of defects [121-122]. Chemical functionalization of CNTSs brings about the attachment of chemical
functionalities like hydroxyl, carboxyl and amino groups to the sp? hybridized carbon frame-work
[123]. The anchoring of other chemical molecules to the CNTs surface is made possible via
covalent attachment to these groups in order to achieve desirable properties.
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sorbents methods WCA(°) sorption capacity (g/g) ref.
LEMWCNT microemulsion - max. 6.1 (n-octane) [118]
PS/ICNT electrospinning >150 max. 16 (n-octane) [181]

PC/cMWCNTs TINIPS, freeze drying 159

EC/Si-CNTs freeze drying 158.2
/HDTMS
PU-CNT-PDA  oxidative 158

-ODA sponge  self-polymerization

CNT/PVDF freeze drying 156
Me-CNT CvD >140
Cs-GONF solvothermal 147
GE-PETNW-T  dip-spray coating 153.2
GO/CNFs/silica  Hydrothermal, 157.3

hybrid aerogel freeze drying, CVD

PTMOS/PEI/GO hydrothermal, 95.8
PU-DW sponge  dip coating

rGO-PU sponge Covalent -
(APTES/TTEAI) functionalization

max. 12.6 (n-hexane)

max. 35 (n-hexane)

max. 34.5 (n-hexane)

max. 7.8 (DCM)

max. 56 (n-octane)
max. 38 (diesel)

max. 34 (engine fuel)

max. 40 (n-octane)

max. 8.4 ( chain fuel)

max. 46 (diesel)

[40]

[182]

[120]

[39]
[183]
[184]

[180]

[185]

[186]

[104]

Table 2.1: Carbon-derived superwetting porous absorbents for hydrocarbons-water separation
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CHAPTER 3

HYDROPHOBIC AND OLEOPHILIC LAURIC ACID

GRAFTED CARBON NANOTUBES FOR EFFICIENT AND

RECYCLABLE ABSORPTION
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3.1 Introduction

Nowadays, hydrocarbons/water separation has been a global plight as a result of the alarming rise
in the discharge of industrial wastewater as well as frequent accidental pollutants. The world
experienced a number catastrophes, which culminated in huge contamination of different water
bodies such as seas, oceans, rivers and lakes [2], [124-125]. For example, the disaster which
occurred in the Gulf of Mexico in the year 2010- one of the greatest incidents in the history [126].
The enormous amount of water contaminated with hydrocarbons is not only detrimental to the
aquatic ecosystem and marine environment but also has a deleterious effect on the human health
[127]. Besides, hydrocarbons and organic contaminants are potentially hazardous due to their high
flammability and may eventually cause fire or explosion [4]. Compelled by environmental and
economic considerations, retrieval of hydrocarbons from wastewater is very crucial, and up-to-
date technologies for hydrocarbons/water separation are pressingly required [128-129]. Several
conventional methods such as controlled burning [5], bioremediation [6], use of electric field [7],
collection by mechanical means [8], use of chemical dispersants [9] and absorbent materials
[11],[130], have been broadly employed to deal with the hydrocarbons and chemical pollutants.
Most of the traditional treatment techniques suffer from various drawbacks, including low
separation efficiency, poor selectivity, high toxicity, lesser recyclability, high operational cost, and
the introduction of secondary pollutants [12]. Hence, it is compelling, although also challenging,
to fabricate highly efficient absorbent materials having low cost, high selectivity, high absorption
capacity and high efficiency. Among the existing technologies, the use of absorbent materials
appears to be the commonly employed technique for water remediation due to its ease of practical
applications, low cost, availability and eco-friendliness of the remediation process [20]. Ideal

absorbent materials should have high specific surface area, high absorption capacity, suitable pore
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size, low density, good selectivity, and excellent recyclability [21]. The hydrophobic and
oleophilic properties of the absorbent materials are also extraordinarily crucial features since these
materials should selectively absorb the hydrocarbons on their surface and at the same time reject

the water [22].

Till now, the fabrication of absorbents with remarkable hydrocarbons sorption properties is a huge
challenge for researchers. Sorbents from carbon-based materials are drawing the attention of
scientists for application in hydrocarbons/water separation due to their unique properties [34].
Activated carbon, carbon nanotubes, carbon nanofibres, carbon aerogels, porous carbon
nanoparticles, carbon coatings, and graphene sponges have been widely explored in remediation,
hydrocarbons/water separation, water filtration, gas purification and separation [35-37]. Compared
to the foregoing conventional sorbents, carbon nanotubes have been exhibited to have potential
application in the area of hydrocarbons-water separation owing to their robust mechanical
properties, high absorption capacity, high surface area, quick absorption rates and well-established
surface chemistry tuning [116-117]. A few studies have included CNTs for application in
hydrocarbons-water separation. For example, Al-Jammal et al. prepared modified CNTs sorbent
by microemulsion method. The microemulsified CNTs attained absorption capacities of 2.48 to
6.07 times own weight for the removal of hydrocarbons water surface [118]. Sun et al.
demonstrated the functionalization of CNTs with p-phenylenediamine (P-CNTSs) by diazotization
method for hydrocarbons sorption. The P-CNTs show maximum absorption capacity of 3-12 times
own weight for hydrocarbons and organic solvents [119]. Gao et al. fabricated CNT-coated
sponges with exceptional performances for hydrocarbons-water separation. The CNT coating

improved the selectivity of the sponges to absorb only hydrocarbons while rejecting water

23



completely. The spongy CNT absorbents exhibited high absorption capacity and the absorbed

hydrocarbons could be retrieved by mechanical squeezing [120].

Modification of CNTSs surfaces was visualized by many researchers to improve their chemical
feature and this can be achieved either by covalent or non-covalent functionalization or by creation
of defects. Chemical functionalization of CNTs brings about the attachment of chemical
functionalities like hydroxyl, carboxyl and amino groups to the sp? hybridized carbon frame-work.
The anchoring of other chemical molecules to the CNTs surface is made possible via covalent

attachment to these groups in order to achieve desirable properties.

Herein, we report for the first time a facile approach for fabricating low cost, hydrophobic and
oleophilic MWCNTs-LA nanocomposites as highly efficient absorbents for retrieval of
hydrocarbons from water. The MWCNTs-LA absorbents were prepared by hydroxylation of
MWCNTs and subsequent esterification of the hydroxylated MWCNTs with LA. Different
techniques were used to evaluate the morphology and surface features of the absorbent materials.
The wetting behaviours of the MWCNTSs-LA composites were measured to justify the
hydrophobic and oleophilic properties. The absorption of compounds and hydrocarbons—water

mixture separation properties of the prepared materials were systematically evaluated.

3.2 Experimental section

3.2.1 Chemicals and Materials.

The chemicals and the reagents purchased were analytical grades and used as received without any
further purification. The MWCNTSs was commercially procured
from Fluka AG, Chemische Fabrik, Buchs (Switzerland). Lauric Acid (LA) was purchased from

Merck Schuchardt OHG (Germany). Dimethylformamide (DMF), Tetrahydrofuran (THF),
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hexane, decane, dodecane, hexadacane, and ethanol were supplied by Sigma-Aldrich Co.
(USA). H2S0O4, HCI, NaOH, diesel, colouring agents were obtained from local market and used as

received.

3.2.2 Preparation of Hydroxylated MWCNTSs

1.5g of MWCNTs and 6M HCI were introduced into a round-bottom flask. The mixture was
sonicated for 0.5h and then refluxed at 95°C for 24h. The resulting suspension was filtered; the
precipitate was thoroughly washed with DI water to achieve a pH of about 7 and dried overnight
at 70°C. Afterward, 0.45¢g of the dried solid was added to 60mL of newly distilled THF in a round-
bottom flask which had been purged with dry nitrogen to eliminate oxygen. Then, NaOH solution
(containing 1.2g of NaOH dissolved in 60mL of DI water) was added to the MWCNTs/ THF
suspension and stirred for 24h at ambient temperature. After the completion of the reaction, the
resulting mixture was poured into 500mL of DI water under continuous stirring and filtered. The
black precipitate was then washed with ethanol and DI water for at least three times. The
hydroxylated MWCNTSs were dried in vacuum oven at 70°C for 1 day and the product is denoted

as MWCNTs-OH.

3.2.3 Synthesis of Various Hydrophobic MWCNTSs Grafted LA Absorbents

In the typical synthesis of the MWCNTs-LA composite, MWCNTs-OH was dispersed by
sonication in DMF. Thereafter, LA was added to the dispersed MWCNTs-OH and sonicated for
0.5h. Afterward, about 1mL of concentrated H.SO4 was added to the mixture and then kept under
reflux with continuous stirring at 90°C for 6h. Then, resulting composites were placed in oven

and dried at 70°C for 3h. The MWCNTSs attached to the LA via ester linkage formed by the

25



esterification reaction between the -COOH groups on the LA chains and the —OH groups
incorporated on the MWCNTS surface in the previously described step. To check the effect of LA,
three different composites were prepared with varying amounts of LA to give the MWCNTSs: LA
ratios of MWCNTs-LA1L (1:5), MWCNTs-LA2 (1:10) and MWCNTSs-LA3 (1:20). This method
helps to produce composites with excellent hydrophobicity. The MWCNTSs-LA 2 composite with
ratio 1:10 provides best chemical interaction between the MWCNTSs and LA. Figure 1 shows the

experimental steps for the synthesis of CNTs-LA composite.
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Figure 3.1: Schematic representation of the synthesis of MWCNTSs-LA composites.
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3.2.4 Measurements and Characterization

The FTIR spectra of the samples were measured using Thermo Scientific Nicolet iS10 FTIR
spectrophotometer and the spectra were recorded in the range of 4000-500cm™. The Raman spectra
were obtained using Horiba Scientific LabRAM HR Evolution Confocal Raman Microscope. The
microstructures and surface morphologies of the prepared materials were studied by Field
Emission Scanning Electron Microscope (SEM) (JSM-6610LV, Scanning Electron Microscope,
JEOL) at 20 kV acceleration voltage. The surface hydrophobicity of the samples was investigated
using Biolin Scientific Attension Theta Flex. The WCAs of various samples were measured
immediately after the deposition of distilled water on the substrate. The volume of water droplet
used was 5uL and five separate measurements were carried out on the surface of each sample at
least. The XRD spectra were recorded by an XRD machine (Rigaku Ultima IV, Kuraray Co. Ltd.
Japan.

3.2.5 Absorption Experiment

The model hydrocarbons samples were poured into the beaker and the preweighed absorbent
material was dipped in the hydrocarbons samples to be completely absorbed. Once the saturated
absorbent material was taken out of the beaker, its weight was immediately measured and recorded.
Lastly, the saturated absorbent was repetitively squeezed to expel most of the hydrocarbons
absorbed. The mean value of each of the sample tested for at least three trials was recorded. The
absorption capacity of the absorbent materials (Q) for different hydrocarbons were calculated

using the equation below:

m.,—m

Absorption capacity = (D

m
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where m,. is the absorbent weight after immersion in hydrocarbons in g, and m is the weight of
the dry absorbent in g.

3.2.6 Hydrocarbons-Water Separation Test.

The absorbent sample was placed into the mixture of water and various types of hydrocarbons (or
other organic solvents) for absorption until saturation with the liquid. The absorbent material was
taken out of the by means of tweezers, drained for a while and then squeezed to expel hydrocarbons
(or other organic solvents). The separation efficiency of the absorbent is calculated using the

equation:
. .. mr
Separation ef ficiency (%) = — x 100 (2)
0

where m,. is the weight of the retrieved hydrocarbons (or organic solvent) while m,, is the original
weight of the hydrocarbons sample in the mixture.

3.2.7 Reusability Test.

The reusability of the prepared absorbent materials was assessed by squeezing mechanically. In
the first place, the weight of the dried absorbent was taken and recorded. Thereafter, the absorbent
was placed in the sample hydrocarbons until it was saturated with the hydrocarbons and the weight
of the absorbent was again measured. The absorbed hydrocarbons was expelled by hand squeezing.
Then, the weight of the absorbent was again taken and noted. A total of 5 sorption—desorption tests

were carried out to evaluate the reusability of the prepared sorbent material.

3.3 Results and Discussion
3.3.1 Structure Analysis of MWCNTSs-LA Composites.

The synthesis of CNTs-LA composites is schematically shown in Figure 3.1. The neat CNTs

were first dispersed in concentrated hydrochloric acid solution and subsequently treated with
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sodium hydroxide solution to anchor hydroxyl groups on the surface of the tubes. The
carboxylic acid groups on the LA chains chemically react with the hydroxyl groups on the
tube’s surface via esterification reaction, thereby conferring hydrophobic properties to
MWCNTSs with their 12-carbon long hydrocarbon chain. The MWCNTSs-LA composites with
hydrophobic-oleophilic surface become a major consideration to ensure that the as-

synthesized composites achieve hydrocarbons sorption while rejecting water.
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Figure 3.2 : FTIR spectra of (a) pristine MWCNTSs, (b) MWCNTSs-OH, (¢) MWCNTSs-LA 1,

(d) MWCNTSs-LA 2, () MWCNTSs-LA 3 and (f) pure LA.
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In order to establish qualitatively the chemical grafting of the LA chains onto the pristine
CNTs surface, FTIR measurement was employed. The FTIR results of neat MWCNTS, pure
LA, MWCNTs-OH, and MWCNTSs-LA composites are shown in Figure 3.2. The intensities
of the groups introduced onto the surface of CNTs are somewhat weaker as a result of the low
concentrations of these groups as well as the high absorbance of the pristine MWCNTSs
backbone. For the pristine CNTs, the broad band at 3435¢m™* shows O-H absorption vibration
from oxygenated groups remaining after acid treatment for the enhancement of purity of
CNTs, the peaks at 2916 and 2854cm™ show the existence of CH3 and CH2 mainly emanated
from the defect of pure CNTs, and the peak around 1625 cm™ represents the extending
vibrations of C=C in aromatic ring [131-132]. For MWCNTSs-OH, the peaks at 3444, 1386,
and 1020cm™ respectively indicate the O-H absorption, C-OH bending and C-O stretching
vibrations [133]. In the LA spectra, the FTIR peaks around 3446 and 1699cm™ are assigned
respectively to the O-H and C=0 extending vibrations, which together indicate the carboxylic
acid groups. Also, the two sharp peaks at 2922 and 2852 cm™ can be ascribed respectively to
the tensile vibration of the aliphatic CHs and CH2 groups on the LA chains, the peaks in the
range 1300-1070cm™ are due to C-O stretching absorptions and a broad peak of moderate
intensity centered at 941cm™ is ascribed to out-of—plane O-H bending vibration. For the
composites, there are formations of new peaks or shifts of some peaks, showing that there is
chemical reaction between hydroxylated CNTs and LA. A new peak around 1720 cm™ (C=0
stretch of ester) is noticed in the three composites after LA grafting, whereas the peaks at

1699, 1300-1000 and 941cm™ disappeared due to the esterification reaction between the —
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COOH group of LA and O-H groups of the hydroxylated CNTs. In addition, the grafting of
LA is further confirmed by the significant pronounced peaks at 2920 and 2850 cm™ (C-H
extending vibration). The results above show the successful incorporation of LA chains to the
surface of CNTs.

Raman measurement was carried to further assess integrity of the pristine MWCNTSs and the
prepared composites because the Raman spectroscopy is responsive to slight change of
structural disorder in CNTs. The synthesis of the functionalized MWCNTSs absorbents
employed in this work includes some chemical reaction steps which are anticipated to confer
more defects in the structure of the pristine MWCNTS. There are three prominent bands
observable in the higher frequency region of the Raman spectrum of MWCNTS, such as the
D band (1200-1400 cm™?), the G band (1500-1600cm™) and the 2D band (2500-2900cm™)
[134]. The disorder or D band is ascribed to the Aiq breathing modes of the sp® carbon atoms
indicating structural defects in CNTSs, the graphite or G band emanates from the first order
scattering of the E»q mode for sp? carbon domains and can be related to the graphite structure,
while the 2D band is a second overtone of the disorder induced D band and it is known to be
responsive to the increasing disorder density of CNTs [135]. Figure 3.3 displays the Raman
spectra of the pristine and functionalized MWCNTSs. The existence of the D and G bands in
all the functionalized samples indicate the conservation of the graphitic structure. The ratio of
intensities of the D and G bands (Ip /lg), can be used to assess defect density in the structure
of the CNTs. Higher value Ip /1 ratio indicates the breaking of the sp? bonds and forming of
the new sp® bonds and therefore greater defect density. The I/l ratio of MWCNTSs is 0.75
while the Ip /I ratios of MWCNTs-OH, MWCNTSs-LAL, CNTs-LA 2 and CNTs-LA 3 are

1.20, 1.36, 1.42 and 1.3 respectively. As evident in Figure 3.3, the Ip /lg values for the
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modified CNTs are greater than that of the pristine CNTSs, the highest ratio being noticed for
the CNTs-LA-2. The results reveal that the integrity of CNTs-LA 2 is the least meaning that
the organic groups covalently attached on the surface of CNTs-LA-2 are the most. The
fractional increase in the ratio of Ip /Ig for the functionalized MWCNTSs is anticipated as
chemical functionalization of MWCNTSs leads to the breaking some bonds and making of

others by inserting some chemical groups and this can be explained as defects on the structure.
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Figure 3.3: Raman spectra of (a) pristine MWCNTSs, (b) MWCNTSs-OH, (¢) MWCNTs-LA 1, (d)

MWCNTs-LA 2 and (e) and MWCNTSs-LA 3.
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Figure 3.4: XRD Patterns of (a) pristine MWCNTSs, (b) MWCNTs-OH, (c) MWCNTSs-LA 1, (d)

MWCNTSs-LA 2, (e) MWCNTSs-LA 3 and (f) pure LA.



The crystal structures of the pristine MWCNTS, neat LA and the functionalized MWCNTS were
investigated by XRD. As evident from Figure 3.4 (a) and (b), pure CNTs shows two distinctive
diffraction peaks (260 = 26.1° and 26 = 43.5°) relating to the hexagonal graphite structure with
corresponding (002) and (001) lattice planes respectively. Pure LA shows two main characteristic
peaks (26 = 22.6° and 26 = 24.9°) which correspond respectively to the lattice planes of (002) and
(100) [136]. The pristine MWCNTSs and the functionalized MWCNTSs show somewhat similar
XRD patterns, implying the retention of the identical tubular structures by the composites when
compared with the as received CNTSs. Therefore, the chemical functionalization does not have a
pronounced effect on the CNTSs tube-like structure. However, there is gradual surfacing of peaks
attributive of the grafted LA in the composites which increase in intensities for higher LA
concentrations. Moreover, the diffraction change in position of peaks around 22.6° and 24.9° due
LA grafting in MWCNTSs is not too obvious indicating that the finite space in the pristine

MWCNTSs does not alter the crystal structure of LA.

3.3.2 Surface Morphology

The effects of surface roughness and surface energy on the wettability characteristics of MWCNTSs
were established by contact angle measurements, which are presented in Figure 3.5. The different
surfaces were evaluated for hydrophobicity by measuring their various water contact angles
(WCAYs). After five measurements at separate points on the surface each sample, the WCA was
shown to have a mean value of 5.54 £ 1.26° on the MWCNTS ( see fig 5a) while MWCNTSs-LAL,
MWCNTs-LA2 and MWCNTSs-LA 3 composites exhibit average WCAs of 141.02 £ 1.46°, 145.26
+ 1.57° and 140.08+ 1.75° respectively (as shown in fig 5b-c). The raw MWCNTSs displays a
very low WCA due to the existence of the hydrophilic oxygenated groups on its surface, whereas

the WCAs of all the three composites reach mean values of at least 140° with MWCNTSs-LA 2
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exhibiting the highest WCA as presented in Figure 3.6. The long alkyl LA chains causes
impairment in the water permeability of the pristine MWCNTSs and thus higher WCAs of the
MWCNT-LA nanocomposites. Hence, chemical grafting of the MWCNTSs with a low surface
energy LA successfully switches its surface hydrophilicity to hydrophobicity, which is more

desirable for application in hydrocarbons/water separation.
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Figure 3.5: Water contact angle measurements for (a) neat MWCNTSs, (b) MWCNTs-LAL, (c)

MWCNTs-LA 2 and (d) MWCNTSs-LA 3,
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3.3.3 Absorption Performance of the as prepared MWCNTSs-LA Absorbents

A simple batch experiment was done out at ambient temperature to determine quantitatively the
hydrocarbons absorption performance of the three MWCNTSs-LA absorbents. In typical absorption
capacity measurements, hexane, decane, dodecane and hexadecane were selected as absorbing
targets. In this test, the absorbents were placed in a beaker containing model hydrocarbons to be
absorbed. Each absorbent was introduced into 10 mL of the test hydrocarbons sample and forced
in the liquid for maximum hydrocarbons absorption. The absorbents were then taken out and
manually squeezed with the aid of a quick-grip clamp. The results of the absorption capacities of
all the functionalized MWCNTSs absorbents in the diesel and in the organic liquid media are
presented in Figure 3.7. The absorption capacity is greatly dependent on the absorbent’s porosity.
More porous structures will afford a higher liquid absorption. Therefore, absorbents with greater
hydrophobicity will absorb hydrocarbons more readily and retrieve hydrocarbons from water more
efficiently. Hence, MWCNTSs-LA2 displayed best absorption capacity of all the three composite
absorbents with the k value (from 24.0 to 33.5 times its own weight) for various model
hydrocarbons tested. Earlier reports from the literature also revealed the k value of an absorbent
material could be correlated with the hydrocarbons viscosity, density and surface tension [137]. In
the course of absorption, the liquid hydrocarbons or the hydrocarbons percolated the pores of the
3D network of the MWCNTSs-LA. The density of the percolated hydrocarbons determined the k
value of the absorbent when its porosity was saturated by the hydrocarbons. Significantly, the
MWCNTs-LA2 showed greater absorption capacity than many CNTs based sorbents in previous
reports as presented in Table 1. The simple, cheap and easily large scale preparation technique
make MWCNTSs-LA absorbent a promising candidate to be used as a sorbent for hydrocarbons

spill remediation and organic pollutants.
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Figure 3.7: k values of the three MWCNTSs-LA absorbents for various model hydrocarbons
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Figure 3.8: Photographs of absorption of hexadecane (coloured with dye) by MWCNTSs-LA2

absorbent.
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3.3.4 Hydrocarbons water separation and Reusability Performance of MWCNTSs-

LA2

The MWCNTSs-LA2 absorbent showed high repulsion for water from the hydrocarbons or liquid
hydrocarbons efficiently due its hydrophobic characteristics. To demonstrate its potential for
application as sorbent for hydrocarbons spill cleanup, an hydrocarbons-water selective absorption
test was important. As displayed in Figure 3.9, when a filter bag containing a desired amount of
MWCNTSs-LA2 was introduced to the surface of hexadecane/ water mixture, the hydrocarbons
sample on the surface of water was swiftly absorbed into the 3D network pores of MWCNTSs-LA2
and was wholly removed by the absorbent within a short period of time. For a clear visual
observation, the hexadecane and water were respectively coloured with Sudan I and methylene
blue. After the separation, no trace of red hydrocarbons was seen in the water by visual inspection,
thereby showing high separation ability. Similar experiment was conducted for the separation of
other hydrocarbons sample from water using MWCNTSs-LA2 and the separation efficiency
obtained is presented in Figure 3.10. The separation efficiency of MWCNTSs-LA2 for all the tested

sample hydrocarbons was from 97% in hexane up to 99% in hexadecane.
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Figure 3.9: Pictures showing the process of selective absorption of hexadecane on the water
surface (hydrocarbons dyed with Sudan | dye and water coloured methylene blue dye) by

MWCNTs-LAZ.
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Figure 3.10: The separation efficiency of the MWCNTSs-LA absorbent for different types of

hydrocarbons/water mixture.



The oleophilic-hydrophobic feature of the as-prepared MWCNTSs-LAZ2 can be noticed from these
images. Together with outstanding hydrocarbons selectivity, MWCNTs-LA2 exhibits a huge

promising application for highly efficient hydrocarbons or organic solvent collection.

From the application perspective, absorbent’s reusability is another key prerequisite for
hydrocarbons-spill cleanup. To evaluate this, absorption-desorption tests was carried out on the
MWCNTSs-LA2 absorbent for at least 5 cycles and the outcomes are shown in Figure 3.11. The
hydrocarbons-laden absorbent was desorbed by squeezing. The reusability experiment revealed a
very stable absorption capacity of MWCNTs-LAZ2 absorbent in which the absorption capacity of

over 90% was sustained for at least 5 cycles of absorption-desorption experiments.
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Figure 3.11: Absorption capacity of MWCNTSs-LA for 5 cycles of hydrocarbons-water separation.
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absorbent material saturated absorption ref.
capacity (g/9)

CNT/PVDF composite 3.3-7.8 [39]

PC/cMWCNTs monolith 8.1-126 [40]

CNTs/p-phenylenediamine 3-12 [27]

CNTs coated sponges 22-35 [28]

MWCNTSs-LA composite 20-33.5 this work

Table 3.1 Absorption capacity comparison of various absorbent materials
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CHAPTER 4

HYDROPHOBIC AND OLEOPHILIC AMINE

FUNCTIONALIZED GRAPHENE OXIDE NANOCOMPOSITE

FOR EFFICIENT HYDROCARBONS AND ORGANIC SOLVENT

RECOVERY.
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4.1 Introduction

Water pollution originating from hydrocarbons spills, chemical leakages and organic solvents
frequently used in the syntheses of chemicals and pharmaceuticals have generated serious
ecological concerns around the globe[1], [138-139]. Hence, to combat this pollution plight, it is
crucial to design an economical, efficient and fast clean-up methodology for the recovery of the
hydrocarbons and organic pollutants from water. Several methods such as controlled burning [5],
bioremediation [6], collection by mechanical means [8], use of chemical dispersants [9] and
absorbent materials [10-11] have been broadly employed to deal with the hydrocarbons and
chemical pollutants. However, except for absorbent materials, those methods are either time-
demanding, expensive or not environmentally friendly [140]. With fascinating attributes of
buoyancy, porosity, lightweight, and/or elasticity, several absorbents, namely cellulosic materials
[141], zeolites [142], silica aerogels [143], modified organophilic clays [144], exfoliated graphite
[125], activated carbon [145] and graphene [22], have been extensively applied in the removal of
hydrocarbons spills and organic contaminants in water. Yet, these widely used absorbents still
suffer from some drawbacks like low absorption efficiency, poor selectivity, low recyclability or
poor hydrophobicity [146]. Thus, collective efforts are crucially needed to fabricate perfect
materials with remarkable selectivity, high absorption capacity, remarkable recyclability and high
hydrophobicity that could efficiently retrieve hydrocarbons from water. Nowadays, a huge number
of advanced materials, including versatile graphene frameworks, are gradually becoming ideal
adsorbents owing to their unique properties [147]. Graphene is comprised of sp>-hybridized carbon
atoms organised in a 2D honeycomb lattice [89]. It can be prepared by CVD [38], mechanical
exfoliation of graphite, liquid-phase exfoliation [91], epitaxial growth, solvothermal synthesis [93]

and the reduction GO. Of all these, the GO reduction seems to be the cheapest technique for
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graphene synthesis. This involves graphite exfoliation into one-atom-thick sheets via oxidation,
producing GO followed by its reduction into a graphene sheet by reducing agents such as sodium
borohydride, hydrazine, vitamin C, hydroquinone etc. The reduced GO method relatively attains
the highly desired graphene properties. Where the graphene is extensively oxidized, it is more
appropriately referred to as graphene oxide. It is not feasible to use graphene as selective and
efficient hydrocarbons absorbent in water because of its somewhat low hydrophobicity. However,
the graphene surface of can be improved to obtain a good hydrophobicity as displayed with silane

and other polymeric materials [42].

In this study, we report an approach for fabricating efficient, low cost, highly hydrophobic
graphene oxide based absorbents functionalized with alkylamines for hydrocarbons and organic
solvent recovery. The modified Hummer's method was used to prepare GO via graphite flakes
chemical oxidation. The as-synthesised GO was thus functionalized with three alkylamines by
amidation reaction followed by chemical reduction. The prepared absorbents were characterized
using several characterization techniques, whereas some selected organic solvents and

hydrocarbons samples were used to assess the sorption capacity of the prepared absorbents.

4.2 Experimental Section

4.2.1 Materials and Chemicals

The natural graphite powder (99.9%) was commercially purchased from Fluka AG, Chemische
Fabrik, Buchs (Switzerland). Sulphuric acid (98%), hydrochloric acid (35%), sodium nitrate
(98%), hydrogen peroxide (30%), hydrazine hydrate (80%), and potassium permanganate (99%)
were obtained from Sigma-Aldrich Co. (USA) and were used as received. Hexylamine (HA) and

dodecyl amine (DDA) were purchased from Merck Schuchardt OHG (Germany) and were used as
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received. Cyclohexane, n-hexane, n-decane, n-heptane, absolute ethanol (99.8%) were supplied
Sigma-Aldrich Co. (USA) and used as received. Engine hydrocarbons (obtained from Gulf Start
Factory for Petroleum Industries Co. Saudi Arabia) was used as absorbate. Deionised water (DI)

was used throughout the research.

4.2.2 GO Synthesis

GO nanosheets were produced by modified Hummer's method described by Paulchamy et al.
[148]. Succinctly, graphite powder (2 g) and sodium nitrate (2 g) were added to 90ml of
concentrated sulphuric acid (98%) in an ice bath (0-5°C) with constant stirring. After 4hrs of
stirring the mixture at this temperature, potassium permanganate (12 g) was slowly added to the
suspension with care keeping the temperature below 15°C. Afterward, 184ml of water was slowly
added to dilute the mixture and stirred continuously for 2 hrs. The mixture was then stirred for 2
hrs at 35°C after removing the ice bath. The above mixture was refluxed for 10-15 min at 98°C.
After 10 min, the temperature was changed to 30°C which gave a brown coloured solution. The
solution was eventually treated with 40 ml hydrogen peroxide by which the colour changed to
bright yellow. 200 ml of water was added and stirred for 1 hr. It was then kept without stirring for
3-4 hrs, where the particles settled at the bottom and left over water was poured to filter. The
resulting mixture was washed many times by centrifugation (7000rpm for 15mins) with 10% HCI
and then followed by DI water several times until it formed gel like material with pH of about 7,
and the supernatant was decanted away. After centrifugation the gel like substance was dried in

vacuum at 60°C for at least for 6 hrs to obtain GO powder.
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4.2.3 Synthesis of Amine Functionalised GO

The as-synthesised GO powder was dispersed in DI water (500mg GO/100mL DI water), followed
the sonication of the suspension for 1hr prior to subsequent surface modification. HA (about 1.2g)
was dissolved in 200mL ethanol, and then the GO water suspension was introduced to the HA-
ethanol solution. The mixture was stirred continuously for a day at room temperature [149]. For
the functionalization experiments, the ratio of GO to alkylamines—CH3z(CH2)11NH, (DDA),
CH3(CH2)sNH2 (HA) -was fixed at 500mg of GO to 0.01 mol of alkyl amine [150]. The reduction
of DAH functionalized graphene oxide was done by adding 5mL hydrazine hydrate, and the
mixture was refluxed for 3 h at 95°C.The final product was washed by filtration with ethanol-water
mixture (1:1) to eliminate unreacted hydrazine hydrate or excess HA adsorbed on the surface of
the functionalized graphene oxide (FGOHA). The black powder was dried under vacuum at 60 °C
for at least a day. The resulting solid was vacuum dried at 60 °C for at least 24h to obtain FGOHA
black powder. Similar synthesis procedure was used to obtain dodecylamine - (FGODDA)-grafted

GO absorbents.

4.2.4 Characterizations

The FTIR spectra of the absorbents were obtained using Thermo Nicolet 6700 FT-IR
spectrophotometer in the range of 400—4000 cm 1. The Raman spectra were obtained using
a Jobin Yvon Horiba LabRAM spectrometer from Raman shift of 700 to 2000 cm™ The
contact angles of the various hydrophobic materials were measured using Biolin Scientific
Attension Theta Flex. The XRD spectra were recorded by an XRD machine (Rigaku Ultima 1V,

Kuraray Co. Ltd. Japan.
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4.2.5 Hydrocarbons Absorption test

The weight measurements before and after hydrocarbons absorption were used to assess the
absorption capability of the prepared absorbents for an engine hydrocarbons and the selected
organic solvents. The initial weight of the sample was taken and recorded as M. Then, the sample
was dipped into the test hydrocarbons for absorption. The sample was weighed when, with the
increase of absorption time, its weight was unchanged; this weight was recorded as M:. The

absorption capacity of materials (Q) for hydrocarbons and various organic solvents was

determined by the equation below:

M¢—M;
M;

Q(g/9) =

where M; and M are the weights of the hydrocarbons absorbents dispersed in hydrocarbons or
organic solvents for time t and the dry weight of the hydrocarbons absorbent, respectively. The
separation efficiency of various absorbents was also assessed by measuring the weight percentage
of the collected hydrocarbons or solvent in hydrocarbons-water or organic solvent-water mixture.
Methylene blue dye was used to colour water layer in order to make it distinct from the organic
layer.

4.3 Results and Discussion

4.3.1 Chemical Structure and Composition

The FTIR results of pristine GO, FGOHA, and FGODDA are shown in Figure 4.1. For the pristine
GO, the broad absorption peak at 3426 cm™! is attributed to the O—H extending vibrations which

confirms the presence of hydroxyl and carboxyl functionalities on the hydrophilic surface of GO
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and a small amount of adsorbed water molecules. This corroborates the fact that GO is a greatly
absorptive material, as proven by its tendency to become a gel-like solution. The peak at 1720
cm ! is assigned to the C=0 extending vibrations in the carboxylic groups at the edges of the basal
graphene GO planes. The GO also displays two intense peaks at 1224 and 1055 cm™! that are
respectively attributed to the C—O (alcohol) and C—O (epoxide) extending vibrations [151]. The
peak at 1626cm™! corresponds to C=C bond which shows the retention of sp? hybridized carbon
even after the oxidation of the graphite [148]. After the grafting of alkylamines, two new peaks
which surfaced at 1640 cm™ (amide C=0 stretching) and 1463cm™ (amide C-N stretching) are
observed, while the peaks at 1055 and 1720 cm™ disappear, due to the nucleophilic substitution
and the amidation reactions between —COOH/C-O-C groups of GO and —NH> group of the HA
and DDA [152]. Moreover, the incorporation of the alkylamines is substantiated by the significant
pronounced peaks at 2919 and 2848 cm™* (C-H stretching) as well as the new CH; absorption peak
at 720cm™. In addition, the broad band at 3384 cm™ in GO shifts somewhat to 3448 cm™ with
symmetric peak shape and less intense peak, which may be indicative of the N—H stretching of

the grafted amine onto GO surface [153].
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Figure 4.1 : FTIR spectra of (a) GO, (b) FGOHA, and (c) FGODDA.
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4.3.2 Morphology

Raman spectroscopy presents an insight on the morphology of carbon- based materials. There are
two prominent bands for such materials such as the D and G bands as shown in Figure 4.2. The G
mode which is peaked at 1587 cm™* corresponds to the in-plane vibrations of the sp? hybridized
carbon atoms present in both rings and chains. The disorder band (D band) at 1331 cm™! is
indicative of the structural disorder caused by the sp® carbon atoms covalently bonded to the
epoxide and hydroxyl functionalities in the GO basal plane. The ratio of the peak intensity of D to
G bands (Io/lg) is used to evaluate the extent of disorder in the graphene-based material. Higher
D band indicates the breaking of the sp? bonds and forming of the new sp® bonds [154]. Figure
4.3 displays the Raman spectra of GO and amine-functionalized GO. The peak intensity ratio
(Io/lg), for FGODDA (lIp/lc= 1.41) and FGOHA (Ip/lc= 1.46) increased when related to that of
GO (Ipo/lg = 1.14). This fractional increase in peak intensity ratio demonstrates that new defects

are produced during the functionalization of the GO.
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Figure 4.2: Raman spectra of GO
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Figure 4.3: Raman spectra of GO, FGOHA, and FGODDA recorded using 633 nm laser

excitation.
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Figure 4.4: SEM photos of (a) GO, (b) FGOHA, (c) and FGODDA.
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The morphologies of the pure GO and the modified GO surfaces were studied by using SEM and
the micrographs are presented in Figure 4.4. The pristine GO revealed the adjacent stacking of the
sheets with somewhat uniform surfaces together with very sharp edges relative to the amine-
functionalised GO [155]. However, the alkyl amine functionalized GO absorbents displayed
crimple flakes with wrinkles and some groove regions orienting randomly. Increasing the number
of chain length of the alkylamine from six (FGOHA) to twelve (FGODDA) led to the generation
of many large and more conspicuous thick domains with higher surface roughness indicating that
this long-chain alkylamine was well grafted onto surface of GO. The distinction in the surface
characteristics between the pristine GO and modified GO can be elucidated in terms of their
chemical features. GO being hydrophilic in nature, can disperse readily in water to produce
individual sheets with flat surfaces due to the slow vacuum-filtration process. The introduction
alkyl chains onto the GO altered it to a hydrophobic substance, causing poor dispersion in a polar
solvent. The modified GO also formed large aggregated domains due to a swift vacuum-—filtration
process. These unique morphological characteristics not only increased the surfaces roughness,
but also substantially altered the surface wettability and the dispersion behaviours of the samples

[156].

The effects of surface roughness and surface energy on the wettability characteristics of GO are
established by WCA measurements, which are presented in Figure 4.5. The different surfaces were
evaluated for hydrophobicity by measuring their various WCAs. The hydrophobicity of the GO
alone was found to be low with WCA of 51.20 + 2.66° due to the existence of oxygen bearing
hydrophilic groups on the GO sheets. A drastic increase in the WCA was noticed relative to that
of GO as different molecules of aliphatic amines were grafted on the GO sheets. The FGOHA and

FGODDA display WCAs of 97.98 + 2.36° and 128.37% 1.89°, respectively. This could be
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explained by hydrophobic hydrocarbon chains conferred on the GO film by its functionalization
with the aliphatic amines and subsequent chemical reduction with hydrazine hydrate which
removed the hydrophilic labile oxygen containing moieties on the amine functionalized GO films.
Moreover, the grafting of the alkylamines appeared to have enhanced the surface roughness of the
GO as evident in the SEM results and thereby increasing the hydrophobicity of GO. The amine
functionalised GO molecule with a longer hydrocarbon chain is expected to have the least surface
energy since it can spread over larger area on GO sheet and has a greater free volume. Hence, the
surface energy of FGOHA is greater than that of FGODDA. The concerted effect of surface

roughness and surface energy resulted in different WCAs of functionalized GO.
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Figure 4.5: Water contact angle measurements for (a) GO, (b) FGOHA, (c) and FGODDA.
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4.3.3 X-ray diffraction analysis

Figure 4.6 displays the XRD diffractogram of graphite flake and as synthesized GO. The graphite
flakes shows a sharp and strong peak at 26.6° indicating a highly ordered layered structure, which
corresponds to the interlayer spacing of 0.336nm between the graphite layers with 002 latttice
planes. On the other hand, the XRD pattern of GO shows a reflection at 20 = 8.22° corresponding
to d-spacing of 1.075nm which is shown in Figure 4.7. The peak shift from 26.5° to a broader peak
at 8.22° corresponding to the increase in d-spacing from 0.336nm to 1.075nm is an indication that
the pristine graphite flakes is wholly oxidized after chemical oxidation and exfoliation. The
introduction of the oxygen containing functionalities in GO via chemical oxidation disrupts the
highly ordered lattice structure in the graphite flakes. These functional groups and the intercalated
water molecules increase the interlayer distance between the GO sheets. This greater distance
between the GO sheets shifts the XRD peak position to a smaller angle, thereby responsible for
the broad peak observed around 8.22°. After grafing of GO with HA and DDA, the interlayer
spacing was again increased by the intercalation of the long-chain HA and DDA between the
graphene layers. XRD patterns of FGOHA and FGODDA are also presented in Figure 4.7. The
interaction of the GO and alkylamine may reduce the order of graphite crystallinity, which causes
the major diffraction peak to become wider and shift to a slightly lesser angle [187]. Upon
functionalization, there was a further peak shift to 6.95°. (FGOHA) and 6.92 (FGODDA),
corresponding to the GO sheets interlayer extension from 1.075nm to 1.271nm (FGOHA) and to
1.276nm (FGODDA). In addition to this, the broad peak around 17-24° emanated from the

reaggregation of graphene sheets [188].
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Figure 4.6: XRD of graphite flake

66

70




Intensity (a.u.)

6.92°

6.95°

FGODDA

FGOHA

8.22°

I ' I ! I '
10 20 30 40
2 Theta (°)

Figure 4.7 : XRD patterns of pristine GO, FGOHA and FGODDA.
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4.3.4 Absorption Performance of the Amine Functionalized GO Absorbents

A simple experiment was carried out to assess quantitatively the hydrocarbons absorption
capability of the three amine-functionalized GO absorbents. In typical absorption capacity
measurements, engine hydrocarbons and common organic solvents such as decane, cyclohexane
and hexane were selected as absorbates. In this test, the absorbents were placed in a beaker
containing hydrocarbons or organic solvents to be absorbed. Each absorbent was dipped into 10
mL of the absorbate and forced in the liquid for maximum hydrocarbons sorption. The absorbents
were then taken out and compressed manually with the aid of a quick-grip clamp. The outcomes
of the absorption capacities of all the modified GO absorbents in the engine hydrocarbons and in

the organic liquid media are presented in Figure 4.8.
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Figure 4.8: Absorption capacity (weight gain) of the FGO-amine hydrocarbons absorption films

calculated for engine hydrocarbons and organic solvents.
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The absorption capacity is greatly dependent on the the absorbent’s porosity. More porous
structures will afford a higher liquid absorption. Therefore, absorbents with greater hydrophobic
property will absorb hydrocarbons more readily and retrieve hydrocarbons from water more
efficiently. Figure 4.8 presents the absorption capacities, q (g/g) of the amine-functionalized
absorbents for the engine hydrocarbons and the non-polar solvents which are 31.2 —64 times its
original weight, based on the density and viscosity of the hydrocarbons and solvents. The
hydrocarbons absorption performance and high selectivity are associated with the porous
structures and superoleophilic and superhydrophobic nature of the FGODDA hydrocarbons
absorption films, which show four times higher than FGOHA films most especially for
cyclohexane. The FGODDA displays excellent absorption capacities ranging from 34 to 64
times its original weight (Figure 4.8) for all the absorbates used. Significantly, the FGODDA
showed greater absorption capacity than many sorbents in previous reports, such as polymers (5-
25)[157], polydimethylsiloxane sponge (4-11 times)[158], reduced GO foams (540 times)[159],
and chitin sponge (30-60 times)[160]. However, the absorption capacity in other absorbents is
higher than that of FGODDA such as graphene modified foam (60- 140 times)[11], CNF aerogel
(106-312 times)[161] and ultra-flyweight aerogel (215-913 times)[146]. The simple, low cost and
and easily large scale fabrication method make FGODDA a promising candidate to be used as a

sorbent for hydrocarbons spill remediation.

4.3.5 Hydrocarbons-Water Separation

The hydrocarbons-water separation test of the prepared absorbents was done by dipping the
material in the hydrocarbons or solvent/water mixture (5ml: 45ml). As the absorbent approached
the mixture, it selectively and quickly absorbed the floating solvent or hydrocarbons on the surface

of the water, leaving behind water in the system. The absorbent tended to float on the surface
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despite being immersed by an external force in order to achieve higher separation efficiency. The
GO-modified absorbent instantly absorbed the organic phase once the absorbent was in contact
with the hydrocarbons or the solvent. The differential affinity to the organic layer (hydrocarbons
or solvent phase) clearly showed that the GO-modified absorbent had oleophilic and
hydrophobic characteristics, where the organic solvent or hydrocarbons could flow into the
absorbent pores easily and rapidly as evident in Figures 4.9d and 4.10c. This clearly showed the
superhydrophobic nature of the FGODDA. The hydrocarbons could be retrieved by simple
mechanical squeezing method and the absorbent could be reused repeatedly. After the separation,
no trace water was seen in recovered hydrocarbons by visual inspection, thereby showing high
separation ability. The efficiency of separation of the hydrophobic and oleophilic FGODDA for

the organic solvents and engine hydrocarbons is all above 99% (Figure 4.11).
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Figure 4.9: (a—g) Separation of engine hydrocarbons from the surface of DI water by a-FGODDA.
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Figure 4.10 :(a—¢) Separation of n-hexane from the surface of DI water dyed with Methylene Bue

by a-FGODDA
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Figure 4.11: The separation efficiency of the modified absorbents for different types of

hydrocarbons/water mixture.
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CHAPTER 5

POLYETHYLENE/AMINE FUNCTIONALIZED REDUCED

GRAPHENE OXIDE COMPOSITE MATERIALS:

MORPHOLOGICAL AND HYDROCARBONS ABSORPTION

PROPERTIES FOR REMEDIATION OF HYDROCARBONS

SPILLS
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5.1 Introduction

Water pollution is a crucial environmental challenge which can cause disastrous effects for aquatic
organisms and humans. The major players in the water pollution are the hydrocarbons and organic
spills [1]. The need for fossil fuels and crude hydrocarbons by-products has been on the increase
sequel to the industrial revolution in the 18th century. This has called for frequent offshore
transportation of the hydrocarbons from the place of generation to the point of demand [2].The
prevalent hydrocarbons spill accidents and the huge hydrocarbonsy wastewater discharge from the
industries such as petrochemicals, textile and leather, aluminum, steel, metal finishing, palm
hydrocarbons and food industries destroy the quality of water. Water contaminated with
hydrocarbons is not only detrimental to the human health but also have a destructive effect on
aquatic life and almost individual species across the marine food chain is affected [3]. Aside from
the aforementioned consequences, hydrocarbons and organic contaminants are potentially
hazardous due to their high flammability and may eventually cause fire or explosion [4]. To this
end, the efficient separation of these contaminants from water has become a matter of urgency and
paramount importance in order to shield the ecosystem for the healthy sustainability of
environment. Several conventional methods such as controlled burning [5], bioremediation [6],
use of electric field [7], collection by mechanical means [8], use of chemical dispersants [9] and
absorbent materials [10-11], have been broadly employed to deal with the hydrocarbons and
chemical pollutants. The drawbacks associated with these techniques are their low efficiency of
separation, poor selectivity, high toxicity, lesser recyclability, high operational cost, and the
introduction of secondary pollutants [12]. Thus, special attention has been channelled by
researchers on the fabrication of numerous low cost functionalized materials which can effectively

separate hydrocarbons from water and also be easily produced on a large scale. Materials with
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either superhydrophilic and superoleophobic or superhydrophobic and superoleophilic surfaces
can be efficient to tackle the problem of hydrocarbons separation from water [13]. Here, the water
or hydrocarbons swiftly percolate through the superhydrophilic or superhydrophobic materials in
which one phase is eventually left behind [14]. Novel materials and methods are currently explored
for hydrocarbons/water separation due to some serious limitation of the traditional methods [15,
16, 17]. To achieve effective separation of hydrocarbons from water, designing functional
materials with special wettability plays a very crucial role. The realization of this task lies in the
construction of superhydrophobic surfaces. Materials with superhydrophobic surfaces are
characterized by high contact angle greater than 150° [18]. The fabrication of materials with
superhydrophobicity is greatly preferred either for differential absorption, or application for the
direct retrieval of hydrocarbons from water [19]. Several methods and materials have been
developed to produce superhydrophobic surfaces [162-164]. In recent times, carbon-derived
materials such as CNTs, CNFs and graphene are receiving considerable interest for the fabrication
of several hydrophobic materials for hydrocarbons remediation [165]. The carbon-based materials
are easy to come by, cheap and exhibit good hydrophobic behavior [22]. Graphene has attracted a
great deal of interests in several applications due to its high surface area, outstanding thermal,
electrical and mechanical properties [166-168]. Among the new sorbent materials, graphene is
promising because of its low cost and excellent hydrophobicity and oleophilicity. These features
make it suitable for use in applications where liquid—liquid separation is desirable [169].
Nowadays, graphene oxide (GO) based nanocomposites are gaining ground as nanoabsorbents for
hydrocarbons spill clean-up. GO is the oxidized form of graphene functionalized by reactive
oxygen having functional groups. The ease of synthesis and the processability make GO an

excellent precursor for graphene and its composites [170]. For example, Peng et al. used the surface
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modification method to produce superoleophilic and superhydrophobic graphene coated melamine
foam for collection and retrieval of hydrocarbons from water [103]. Similarly, Ricky et al.
developed superhydrophobic reduced GO modified polyurethane sponges as highly effective and
recyclable sorbents for use in hydrocarbons-water separation [104]. Li and Shi manufactured
graphene aerogel (GA) absorbent materials by reducing chemically graphene oxide (GO)
dispersion [105], [106]. Qu and Xie fabricated nitrogen doped graphene architecture as the
absorbents of hydrocarbons and organic solvents [107], [108]. In another work, a facile dip coating
method was employed for the synthesis of graphene-based sponges with superhydrophobic and
superoleophilic features for the large-scale collection of organic contaminants [109]. Even though
the above mentioned graphene-based absorbent materials exhibit high absorption capacity, they
have low selectivity for hydrocarbons and water thereby decreasing the efficiency of separation.
In order to furnish the neat graphene monolith with superhydrophobicity and superoleophilicity so
as to further enhance its efficiency of separation, designing surface structure with low surface
energy and high roughness is expected to be a viable and efficient route. Nowadays, incorporation
of long alkyl chains has been explored to modulate the GO surface lipophilically. This can facilitate
regular GO dispersion in polymer and weaken its high affinity for water and this is desirable for
its application in hydrocarbons-water separation. Jiao et al. grafted octadecylamine on GO surface
to tune its hydrophilic surface into hydrophobic one, thereby promoting GO application in non-
polar polymers [110]. Lee and co-workers functionalized GO with dodecylamine and noticed
enhanced mechanical and barrier characteristics of the polyethylene composites when the modified
graphene was added [111]. In this work, we report the superhydrophobic and superoleophilic
amine functionalized GO/PE system prepared by dodecylamine (DDA) functionalization of GO

via nucleophilic substitution and amidation reaction followed by subsequent hydrophobic
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enhancement by polyethylene through solution mixing technique. Different techniques were used
to evaluate the morphology and surface features of the absorbent materials. The wetting behaviours
of the amine functionalized GO/PE composites were measured to justify the superhydrophobic
and superoleophilicity properties. The absorption of hydrocarbonsy compounds and
hydrocarbons—water mixture separation properties of the prepared materials were systematically

evaluated.

5.2 EXPERIMENTAL SECTION

5.2.1 Materials and Chemicals

The chemicals and the reagents purchased were analytical grades and used as received without any
further purification. The natural graphite powder (99.9%) was commercially purchased from Fluka
AG, Chemische Fabrik, Buchs (Switzerland). Sulphuric acid (98%), hydrochloric acid (35%),
sodium nitrate (98%), hydrogen peroxide (30%), hydrazine hydrate (80%), and potassium
permanganate (99%) were obtained from Sigma-Aldrich Co. (USA). Dodecyl amine (DDA) was
purchased from Merck Schuchardt OHG (Germany). Low-density PE pellets were obtained from
Scientific Polymer Products. Cyclohexane, silicone hydrocarbons, Tetrahydrofuran (THF),
toluene, n-hexane, n-decane, absolute ethanol (99.8%) were supplied Sigma-Aldrich Co. (USA).
Engine hydrocarbons and disel were obtained from Gulf Start Factory for Petroleum Industries
Co. Saudi Arabia.The deionised water (DI) was used during the experiment. The laboratory

assembled deionizer was used to produce the deionized water.

5.2.2 Measurements and Characterization

The FTIR spectra of the synthesized materials were obtained using Thermo Scientific Nicolet iS10

FTIR spectrophotometer. The contact angles of the various hydrophobic materials were measured
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using Biolin Scientific Attension Theta Flex. The Blue M Oven was used for drying purposes. The
microstructures and surface morphologies of the prepared materials were studied by Field
Emission Scanning Electron Microscope (SEM) (JSM-6610LV, Scanning Electron Microscope,
JEOL) at 20 kV acceleration voltage. The Raman spectra were obtained using Horiba Scientific
LabRAM HR Evolution Confocal Raman Microscope. The XRD spectra were recorded by an

XRD machine (Rigaku Ultima IV, Kuraray Co. Ltd. Japan.

5.2.3 GO Synthesis

GO nanosheets were prepared by modified Hummer's method described by Paulchamy et al. [148]

which has been stated in the previous chapter.

5.2.4 Dodecylamine Functionalization of GO (DDA-GO)

In a typical experiment, the as-synthesized GO powder was dispersed in DI water (500mg
GO/100mL DI water), and the resulting suspension was sonicated for 1lhr prior to subsequent
surface modification. Dodecylamine (1.52g) was dissolved in ethanol (70mL) and then the GO
water suspension was added to the DDA-ethanol solution. The mixture was stirred continuously
for a day at room temperature. The mixture was then refluxed for 1h at 110°C. The reduction of
DDA-GO was done by adding 5mL hydrazine hydrate to the mixture. The final product was
washed by filtration with ethanol-water mixture (1:1) to eliminate unreacted hydrazine hydrate or
excess DDA adsorbed on the surface of the functionalized reduced GO (DDA-RGO). The black

powder was dried under vacuum at 60 °C for at least a day.
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5.2.5 Fabrication of DDA-GO/PE Composite

The DDA-RGO (100mg) was dispersed in xylene (150mL) and this was sonicated for 1h. The
resulting solution was then heated to a temperature of 140 °C and the desired amount of LDPE
pellets were slowly introduced into the xylene solution with constant stirring. After a complete
dissolution of the LDPE particles, the mixture was slowly added into a considerable volume of
stirred ethanol (200mL). The coagulation of DDA-RGO/PE composite was obtained. The resulting
composite material was separated via filtration and this was washed with ethanol-water mixture
(1:1) for several times, dried at 60 °C for 24h to eliminate the residual solvent. The composites
containing 1wt % and 2wt % of DDA-GO were denoted as DDA-RGO/PE-1 and DDA-RGO/PE-

2 respectively.
5.2.6 Hydrocarbons Absorption and Recovery Tests

The weight measurements before and after hydrocarbons absorption were used to assess the
absorption capacity of the prepared absorbents for the model hydrocarbons. The original weight
of the absorbent sample was taken and recorded as Mi. Then, the sample was placed into the
mixture of water and various types of hydrocarbons (or other organic solvents) for absorption until
saturation with the liquid. The absorbent material was taken out of the by means of tweezers,
drained for a while and then squeezed to expel hydrocarbons. The absorption capacity of materials
(Q) and the percentage recovery (R %) for various hydrocarbons were determined using the

equations below:

M

Q(g/g)= == (1)

M;
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The sample was weighed when, with the increase of absorption time, its weight was unchanged;
this weight was recorded as Mt. Mc is the weight of the retrieved hydrocarbons (or organic
solvent). Q evaluates the weight of the absorbed liquid relative to the weight of the absorbent, and
R measures the amount the hydrocarbons in the liquid taken up in the absorbent material. The
sorption—desorption tests were repeated for 10 times to evaluate the reusability of the prepared

sorbent material.

5.3 Results and Discussion

5.3.1 FTIR Spectra Analysis

Figure 5.1 shows the FTIR spectra of GO and DDA-GO. The broad absorption peak at 3384 cm™!
is assigned to the O—H extending vibrations which confirms the presence of hydroxyl and carboxyl
functionalities on the hydrophilic surface of GO and a small amount of adsorbed water molecules.
This corroborates the fact that GO is a greatly absorptive material, as proven by its tendency to
become a gel-like solution. The peak at 1720 cm™! is ascribed to the C=0 extending vibrations in
the carboxylic groups at the edges of the basal graphene GO planes. The GO also displays two
intense peaks at 1224 and 1055 cm™! that are respectively attributed to the C—O (alcohol) and C—O
(epoxide) extending vibrations [151]. The peak at 1626cm™! corresponds to C=C bond which
shows the retention of graphitic sp? hybridized carbon even after the oxidation of the graphite
[148]. After the grafting of DDA, a new peak surfaced at 1463cm™ (amide C-N stretching) is
observed, while the peaks at 1055 and 1720 cm™ disappear, due to the nucleophilic substitution
and the amidation reactions between —COOH/C-O-C groups of GO and —NH> group of DDA.

Moreover, the incorporation of DDA is substantiated by the significant pronounced peaks at 2919
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and 2848 cm™ (C-H stretching) as well as the new CH> absorption peak at 720cm™.The results
above show the DDA chains are successfully grafted to the GO surface [171-172]. In addition, the
broad band at 3384 cm™ in GO shifts somewhat to 3448 cm™ with symmetric peak shape and less

intense peak, which may be indicative of the N—H stretching of the grafted amine onto GO

surface.

2919, 2848
C-H

Transmittance (% )

1055
C-0-C

3500 3000 2500 2000 1500 1000 500

Wavenumber (cm?)

Figure 5.1: FTIR spectra of GO and DDA-GO nanosheets.
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Figure 5.2 shows the typical FTIR spectrum for the GO, DDA-GO, PE, DDA-RGO/PE-1 and
DDA-RGO/PE-2 absorbents. The neat PE spectrum agrees well with other PE spectra previously
reported in the literature, having the characteristic peaks for PE, namely, peaks at 1470,1381 and
720 cm™ which are due to -CH. bending, -CHs symmetric and -CH, rocking deformations
respectively. Also, the peaks at 2928 and 2839 cm™ are respectively assigned to the -C-H bond
asymmetric and symmetric stretching in the neat PE [173]. With the incorporation of the DDA-
GO into LDPE matrix, the peaks at 1470 and 1381cm™ in the neat LDPE were shifted slightly to
1479 and 1385cm™ in GO-DDA/LDPE composites, which could be a consequence of probable
interaction between the two blended components. The observed difference in peak positions may
be due to the little amount of DDA-GO relative to the polymer matrix. Although the shift is very
small (about 4~9 cm-1), likely interaction between the DDA-GO and LDPE matrix cannot be
impossible because the presence of long hydrocarbon chain on DDA-GO helped to increase the
compatibility and facilitate good interfacial interaction with the LDPE matrix. The spectral
features of the two GO-DDA/PE composites (Figure 1d and e) are similar but with different peak
intensities which is expected due to the different composition of DDA-GO. The spectra of the
composites obviously combine the spectral characteristics of DDA-GO entity and the LDPE

polymer matrix thereby confirming the formation of the DDA-GO/PE system.
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Figure 5.2: FTIR spectra (a) GO, (b) DDA-GO, (c) PE, (d) DDA-GO/PE-1, and (e) and DDA-

GO/PE-2.
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The effects of surface roughness and surface energy on the wettability characteristics of GO are
established by contact angle measurements, which are presented in Figure 5.3. The different
surfaces were evaluated for hydrophobicity by measuring their various WCA. The GO
hydrophobicity was found to be low with CA of 51.20 £ 2.66° due to the existence of oxygen-
bearing hydrophilic groups on the GO sheets. A drastic increase in the WCA was noticed as the
DDA was grafted on the GO sheets. The contact angle of GO-DDA was found to be 128.37 +1.89°
and this could be explained by hydrophobic long hydrocarbon chains conferred on the GO film by
its functionalization with DDA and subsequent chemical reduction with hydrazine hydrate which
removed the hydrophilic labile oxygen containing moieties on the GO-DDA films. However, the
superhydrophobic property was not achieved until further modification with PE was carried out.
The WCAs of the DDA-GO/PE-1 and DDA-GO/PE-2 were found to be 151.62 + 2.25° and 153.12
+ 2.37° respectively. The results indicate significant enhancement in the wettability characteristics
of the DDA-GO .The long alkyl chains of the DDA facilitates the homogenous dispersion of DDA-
GO in the PE matrix causing impairment in its water permeability and thus higher WCAs of the

DDA-GO/PE nanocomposites.
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5.3.2 X-Ray Diffraction Analysis

Figure 5.4 displays the XRD diffractograms of graphite flake and as synthesized GO. The graphite
flakes shows a sharp and strong peak at 26.5° in Fig.4b showing a highly arranged layered
structure, which corresponds to the interlayer spacing of 0.336nm between the graphite layers. On
the other hand, the XRD pattern of GO shows a reflection at 20 = 8.22° corresponding to d-spacing
of 1.075nm. The peak shift from 26.5° to a broader peak at 8.22° corresponding to the increase in
d-spacing from 0.336nm to 1.075nm is an indication that the pristine graphite flakes is wholly
oxidized after chemical oxidation and exfoliation. The introduction of the oxygen containing
functionalities in GO via chemical oxidation disrupts the highly ordered lattice structure in the
graphite flakes. These functional groups and the intercalated water molecules increase the
interlayer distance between the GO sheets. This greater distance between the GO sheets shifts the
XRD peak position to a smaller angle, thereby responsible for the broad peak observed around
8.22°. The XRD pattern of DDA-GO shows two distinctive broader peaks (26 = 6.4° and 26 =
21.46°).The first diffraction peak (20 = 6.4°) which is slightly lower than GO peak position
indicates the grafting of the DDA moiety increased the interlayer distance of between the reduced
GO-DDA sheets. The second broad amorphous peak at (26 = 21.46°) is indicative of the structural
disruption and less crystallinity of the incorporated DDA [174]. Also, this diffraction peak
substantiates the removal of most oxygenous moieties from the GO sheet and the graphitic content
restoration in the DDA-GO sheets via reduction process. This is also established by the great
difference in hydrophilic—hydrophobic characteristics between GO and GO-DDA.GO displays a
low water contact angle of 51.2° because of the numerous oxygen-containing functionalities,
whereas the GO-DDA water contact reaches 128.37°. Thus, the grafting process switches the

nanofillers from hydrophilic to hydrophobic, which is more fascinating for hydrocarbons-water
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separation application. Figure 5.5¢ and d present the XRD patterns of GO-DDA/PE-1, and GO-
DDAV/PE-2 composites respectively. The two GO-DDA/PE composites displayed sharp diffraction
peaks almost at ~ 20 = 22° and ~ 260 = 24° which can be attributed to the (110) and (200) lattice
planes of LDPE in the prepared composites [175]. The XRD peaks due to the GO-DDA are not
obvious in the composite XRD pattern, suggesting uniform dispersion of GO-DDA in the polymer
matrix. Also, the diffraction peak intensities of the composites slightly appreciated with an increase
in the loadings of GO-DDA. This is as a result of the nucleating effect of GO-DDA in the

composites.
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Figure 5.4: XRD of GO (inset shows the XRD of graphite flake).
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Figure 5.5: XRD patterns of (a) GO, (b) DDA-GO, (c) DDA-GO/PE-1, and (d) and DDA-GO /PE-
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5.3.3 Raman Spectra Analysis

Raman spectroscopy presents a summary of the morphology of carbon- based materials. Figure
5.6 presents the Raman spectrum of the neat natural graphite powder, which indicates a principal
G band at 1578cm™ indicating the first order scattering of the E,g mode for sp? carbon domains
and the 2D band at 2700cm™. The D band which is peaked at 1352cm™ reveals the presence of
structural disorder and its small intensity relative to the G band ( Io/lc = 0.21) indicates a high
quality graphitic structure [176]. The 2D band (second order spectra) implies greatly crystalline
nature of the pristine graphite powder [177]. The Raman spectra of GO, DDA-GO and the two
composites are presented in figure 5.7a-d.The Raman spectrum of GO (Fig. 5.7a) shows a wider
and somewhat shifted (to 1613 cm™) G band relative to graphite. The GO disorder D band which
is marginally shifted (to 1366 cm™) is indicative of the structural disorder caused by the sp® carbon
atoms covalently bonded to the epoxide and hydroxyl functionalities in the GO basal plane sequel
to graphite oxidation. The ratio of the peak intensity of D to G bands (Io/lg) is used to evaluate the
extent of disorder in the graphene-based material. Higher D band indicates the breaking of the sp?
bonds and forming of the new sp® bonds. Figure 5.7b displays the Raman spectra of DDA-GO, the
peak intensity ratio (Io/lg), for DDA-GO (Ip/lg = 1.05) increased compared to that for GO (Ip/lc
= 0.81) and graphite (Io/lc = 0.21). This fractional increase in peak intensity ratio demonstrates
that new defects are produced during oxidation of graphite to GO and functionalization of the GO.
Figure 5.7c-d presents the Raman spectra of DDA-GO/PE-1 and DDA-GO/PE-2 respectively.
Raman shifts of the composite with DDA-GO loadings of 2wt% (DDA-GO/PE-2) give the
distinctive peak values that indicate suitable combination of the reduced functionalized graphene
and the LDPE. The main characteristics of chemical bond in PE are C-C stretching at ~1063 cm™

and ~1127 cm™, H-C—H mixing at 1441 cm™and the two bands at ~2848 and ~2878 cm™* can be
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ascribed to the methyl C—H extending vibrations. These results are consistent with the previously
reported values for LDPE in the literature [178]. In addition to the bands attributed to LDPE in the
composite, the three more peaks noticed around 1300, 1600, and 2700cm™ are attributed to D, G,

and 2D bands of the blended functionalized graphene, respectively.
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Figure 5.6: Raman spectrum of graphite powder.
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5.3.4 SEM Analysis

The morphology of the surfaces of the neat GO and its composites were investigated by using
SEM and the results are presented in Figure 5.8. The as-produced ultrathin neat GO displayed an
adjacent stacking of the sheets with somewhat uniform surfaces together with very sharp edges
and several wrinkled ridges. These wrinkles of GO emanated from the hydrogen bonding
interaction between the hydrophilic moieties on the edges and the basal planes of the GO sheets.
Such hydrogen bonding altered the way in which the tangled GO sheets were agglomerated and
thereby contributing to the wrinkles. However, the surface morphology of the GO-DDA showed
more crimple flakes with wrinkles and some groove regions orienting randomly. The incorporation
of DDA molecule onto GO surfaces led to the production of many large and more conspicuous
thick domains with greater surface roughness as obvious in figure 5.6b. This indicates that the
long-chain alkylamine was successfully grafted onto the GO surfaces. The surface morphologies
of the two GO composites in figure 5.6¢ and d indicate that the GO-DDA is well encapsulated into
the LDPE matrix and combined strongly. This considerable interfacial interaction between the
nanofiller and the polymer matrix may be ascribed to the presence of similar alkyl chains in the
two molecules. The entrapment and noncovalent interaction (nm—x or van der Waal's) among the
alkyl chains and the LDPE molecules facilitated homogeneous dispersion and the excellent
interfacial bonding. The SEM images of DDA-GO/PE-1 shows comparatively less uniformity and
more roughness than DDA-GO/PE-2 which is important for application in hydrocarbons- water

separation.
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Figure 5.8: SEM images of (a) GO, (b) GO-DDA, (c) GO-DDA/PE-1 and (d) and GO-DDA/PE-
2.
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5.3.5 Hydrocarbons Absorption Capacity in DDA-GO/PE Composites

Diesel, silicone hydrocarbons, engine hydrocarbons, and some other selected organic solvents
were used to determine the absorption capacity of the composite absorbents. All the absorption
tests were carried out at room temperature. The maximum absorption capacities of the absorbents
for the organic solvents were reached in few seconds whereas it took few minutes for those of the
tested hydrocarbons. The Q value is a key parameter for an absorbent for collection of
hydrocarbons. The Q values of DDA-GO/PE-1 and DDA-GO/PE-2 (including silicone
hydrocarbons, engine hydrocarbons, diesel, THF, toluene, cyclohexane, hexane and decane,
heptane, hexane, cyclohexane, toluene, and xylene) were determined and the results were
presented in Figure 5.9. The absorption capacity is greatly dependent on the porosity of the
absorbent. More porous structures will afford a higher liquid absorption. Therefore, absorbents
with greater hydrophobicity will absorb hydrocarbons more easily and retrieve hydrocarbons from
water more efficiently. The prepared DDA-GO/PE-2 displayed better absorption capacity than the
DDA-GO/PE-1 with the former Q value (from 40 to78 times its original weight) while the latter
showed Q value (ranging from 38.5 to 71 times its own weight) for various organic liquid samples
tested. Earlier reports from the literature also revealed the Q value of an absorbent material could
be correlated with the absorbate viscosity and density [179]. In the course of absorption, the
organic solvents or the hydrocarbons percolated the pores of the 3D network of the DDA-GO/PE.
The density of the percolated hydrocarbons determined the absorbent Q value when its porosity
was saturated by the absorbates. Significantly, the DDA-GO/PE-2 showed greater absorption
capacity than many sorbents in previous reports, such as polymers (5-25)[157],
polydimethylsiloxane  sponge (4-11 times)[158], graphene coated Poly(ethylene

terephthalate)(18-34 times)[180], reduced GO foams (540 times)[159], and chitin sponge (30-60
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times)[160]. However, the absorption capacity in other absorbents is higher than that of DDA-
GO/PE-2 such as graphene modified foam (60- 140 times) [8], CNF aerogel (106-312 times) [161]
and ultra-flyweight aerogel (215-913 times) [146]. The simple, cheap and and easy large scale
preparation techniqgue make DDA-GO/PE absorbent a promising candidate to be used as a

absorbent for hydrocarbons spill cleanup and organic pollutants.
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Figure 5.9: Absorption capacities of the GO-DDA/PE-1 and GO-DDA/PE-2 absorbents for the
selected hydrocarbons and organic solvents.
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5.3.6 Hydrocarbons-Water Separation

The GO-DDA/PE-2 absorbent showed high repulsion for water from hydrocarbons or organic
solvents efficiently due its hydrophobic characteristics. To show its potential for application as
sorbent for hydrocarbons spill cleanup, an hydrocarbons-water selective absorption test was
important. As displayed in Figure 5.10, when a filter bag containing a desired amount of GO-
DDAV/PE-2 was introduced to the surface of diesel/ water mixture, the diesel on the surface of
water was swiftly absorbed into the 3D network pores of GO-DDA/PE-2 and was wholly removed
by GO-DDA/PE-2 within a short period of time. For a clear visual observation, the organic solvent
and water were respectively coloured with Sudan I and methylene blue. After the separation, no
trace of red hydrocarbons was seen in the water by visual inspection (Figure 5.10 a-f), thereby
showing high separation ability. Similar experiment was conducted for the separation of
decane/water mixture (Figure 5.10g-1).The superoleophilic-superhydrophobic feature of the as-
prepared DDA-GO/PE-2 can be noticed from these images. Together with outstanding
hydrocarbons selectivity, DDA-GO/PE-2 exhibits a huge promising application for highly

efficient hydrocarbons or organic solvent collection.
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Figure 5.10: Pictures showing the process of selective absorption of diesel hydrocarbons (a-f)
and decane (g-1) on the water surface (both hydrocarbons dyed with Sudan I dye and water
coloured methylene blue dye) by DDA-GO/PE-2.
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To further elucidate the hydrocarbons retrieval process with DDA-GO/PE-2 absorbent, the
percentage recovery of hydrocarbons or organic solvent from water was measured and the
outcomes are presented in Figure 5.11a. The recovery percentages of DDA-GO/PE-2 for all the
tested sample hydrocarbons and organic solvents were from 92% in hexane up to 99% in silicone
hydrocarbons. From the application perspective, absorbent’s reusability is another key prerequisite
for hydrocarbons-spill cleanup. To evaluate this, absorption-desorption tests was carried out on
the DDA-GO/PE-2 absorbent for at least 10 cycles and the outcomes are shown in Figure 5.12.
The hydrocarbons or organic solvent-laden absorbent was desorbed by squeezing. The reusability
experiment revealed a very stable absorption capacity of DDA-GO/PE-2 absorbent in which the
absorption capacity of over 90% was sustained for at least 10 cycles of absorption-desorption

experiments.
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Figure 5.11: The percentage recovery of the DAA-GO/PE-2 absorbent for different types of
hydrocarbons/water mixture.
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CHAPTER 6

CONCLUSION

In summary, the fabrications of three sets of novel, low cost, efficient, hydrophobic and
oleophilic carbon-based absorbents for effective retrieval of some selected hydrocarbons
and organic solvents from the surface of water were reported. Firstly, the MWCNTSs-LA
was prepared by treating the pristine MWCNTSs with an electrophilic reagent (NaOH)
under sonication in order to attach hydroxyl groups on their surface. The LA was
successfully grafted onto the surface of the MWCNTS via esterification reaction between
the attached hydroxyl groups and the carboxylic acid groups on the LA chains, thereby
conferring hydrophobic properties to the functionalized MWCNTs. The prepared
absorbents demonstrated good hydrophobic/oleophilic property and excellent absorption
capacities (20-33.5 times weight gain) for all the model hydrocarbons samples. The
separation efficiency of up to 99% was recorded specifically by the best performing
MWCNTSs-LA2 composite. Next, two alkylamines-HA and DDA- were successfully
grafted onto the surface of the GO via simple amidation reaction and subsequent
chemical reduction. The prepared absorbents-FGOHA and FGODDA-demonstrated
superoleophilic property and excellent absorption capacities (31.2-64 times weight gain)
for the engine hydrocarbons and for the selected non polar solvents and the separation
efficiency of up to 99.8% was recorded specifically by best performing FGODDA

absorbent. The modified GO absorbents can separate hydrocarbons from hydrocarbons—

106



water mixtures with high selectivity. Lastly, for DDA-GO/PE composites, DDA was
successfully grafted onto the surface of the GO via nucleophilic substitution and
amidation reaction between the amino group of DDA and the GO epoxy and carboxylic
acid groups. Further modification of the DDA-GO by PE through solution mixing
method synergistically enhanced surface hydrophobicity and hydrocarbons/water
separation efficiency. The prepared absorbents demonstrated superhydrophobic-
superoleophilic property with excellent absorption capacities (38.5-78 times weight gain)
for various hydrocarbons and organic solvent samples. The percentage recovery of up to
99% was recorded specifically by the best performing DDA-GO/PE-2 composite. All the
three sets of the modified carbon-derived absorbents showed potential to separate model
hydrocarbons samples from hydrocarbons—water mixtures with high selectivity, high
separation efficiency, stable performance, and acceptable recyclability, which are
promising for the applications in the recovery of hydrophobic hydrocarbons and organic

solvents from water.
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