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ABSTRACT

The application of solid adsorbents for the removal of hydrocarbons and dyes from water
has gained attention in recent years. This is due to the potential of this technology to
minimize the detrimental impact of water pollution. However, this requires the
development of novel solid adsorbent materials that can achieve significant selectivity,
have a large adsorption capacity as well as offer fast adsorption coupled with excellent
mechanical strength and the ability to regenerate.

In this work, the application of metal oxides and multi-walled carbon nanotubes
(MWCNTs) based on metal oxides and/or polymer nanocomposites as adsorbents for the
removal of hydrocarbons and dyes from water was investigated.

Thermal pre-treatment was used to produce V205 nanoparticle adsorbents by increasing
the temperature to between 90 and 750°C. Functionalized MWCNTSs were obtained by
chemical oxidation using concentrated sulfuric and nitric acids. TiO2, V20s, CeOso,
V205:Ce07 and V205:Ce02:TiO2 nanocomposites were prepared using hydrothermal
synthesis method followed by the deposition of these oxides over MWCNTSs. The
polymer-modified (polyethylene (PE), polystyrene (PS) or poly-n-isopropylacrylamide-
co-butylacrylate (PNIPAM)) magnetite/ MWCNTs were prepared using a solution mixing
method.

Fresh MWCNTs, individual and mixed metal oxides, metal oxide nanoparticle-doped
MWCNTs and polymer-modified Fe/MWCNTs using different analytical techniques
were characterized. XRD, TEM, SEM-EDX, AFM, FTIR, Raman, TG/DTA and BET
techniques were used to determine the structure as well as chemical and morphological
properties of the newly prepared adsorbents. The removal efficiencies of hydrocarbons
and dyes over fresh and modified MWCNT adsorbents were examined by using GC, UV-
Vis and HPLC techniques. Hydrocarbons such as kerosene, toluene and methylene blue
(MB) dye were used as model compounds for adsorption tests.

Fresh, oxidized and metal oxide-doped MWCNTs as well as PE- and PNIPAM-modified
Fe/MWCNTs were applied for the removal of kerosene and MB from a model solution
of water. Fresh, oxidized iron oxide doped MWCNTs as well as PS-modified
Fe/MWCNTs were applied for the removal of toluene from water.

The results illustrated that V205 annealing at 500°C as well as the modification of
MWCNTs with V205:CeOz and polymers enhanced the adsorption properties of carbon
nanotubes.

To analyse the kinetic data of adsorption experiments pseudo first and second order
equations and rate equations for intera-particle diffusion were used. The isotherm
obtained for equilibrium was analyzed by Freundlich and Langmuir isotherm models.

Keywords: V,0s nanoparticles; metal oxide-doped MWCNTs; polymer-modified
Fe304/MWCNTs; nanoadsorbents; hydrocarbons and methylene blue removal from water
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1. Introduction

Although the global economy continues to expand rapidly as a result of the exploitation
and production of crude oil, its transportation and derivatives potentially remain a serious
threat to the environment [1]. Among many other challenges, oil spills remain major
ecological and environmental concerns [2]. Dubansky et al. has reported that the
contamination of sensitive estuaries with crude oil along the Gulf Coast impacts
populations as a result of consuming toxic fish [3]. Major oil-spill incidents around the
globe over recent years such as the Rayong oil spill in the Gulf of Thailand in 2013, the
series of Tianjin explosions in China in 2015 as well as the sinkings of the tankers Agia
Zoni II and Sanchi in the Saronic Gulf in Greece 2017 and in the East China Sea in 2018,
respectively, have affected not only marine life but also resulted in fatalities and will
continue to affect ecosystems for decades to come [4]. Only one large and four medium

oil-tanker spills were reported in 2021 totalling about 10,000 tonnes (ITOPF, 2021).

Oil spills release volatile organic compounds (VOCs) and heavy hydrocarbons into the
aquatic environment causing severe damage to the ecosystem [5]. Petroleum
hydrocarbons, heavy metals and other compounds also fall within the category of primary
pollutants which have severe impacts on living organisms due to their neurotoxic and
carcinogenic effects [6]. Numerous research studies have extensively assessed these
pollutants and found that their toxicity levels have exceeded upper limits set according to
international standards [7]. Water pollution is a threat since it affects hundreds of millions
of people within a short period of time. Due to the polar structure of the water molecule,
it dissolves chemical and biological contaminants which affect the water supply system
making it hazardous for aquatic life and public health alike [8]. The gravity of the situation
has rendered the treatment of oil spills an emerging as well as contemporary problem and
drawn the attention of researchers working to remove organic contaminants and floating

oil by developing novel cleanup methods using environmentally friendly materials.

The intensive development of the pharmaceutical, agricultural and chemical industries
has resulted in the release of a diverse range of chemical compounds such as antibiotics,
plastics, pesticides and dyes into aquatic environments [9]. These industries serve as
major contributors towards the contamination of aquatic environments since manifold

chemicals are discharged directly and very frequently into the environment [10]. As a



result, discharging dyes into the aquatic environment makes the colour of water

undesirable and increases its toxicity affecting both human and aquatic species [11].

Hence, this has necessitated urgent and concerted efforts to develop modern methods
for the remediation of water bodies contaminated by organic matter, hydrocarbons or
toxic metals. Several traditional decontamination methods for cleaning up oil spills exist
based on physical, chemical and biological treatments. Furthermore, certain methods
involve the mechanical recovery of oil present in areas with natural or artificial barriers
by the processes of filtration, diffusion, strippin, skimming, in-situ burning, gravity
separation and emulsification or using gelling agents, membrane bioreactors, dispersants
and solidifiers. These physical methods for cleaning up oil spills suffer from many
disadvantages such as being time-consuming, inefficient and generating a significant
amount of waste.

In the case of non-mechanical recovery methods, numerous techniques have been
applied, including chemical and some biological decontamination methods such as
adsorption, chemical coagulation, dispersion, burning, phytoremediation or
bioremediation. From among these methods, adsorption is a top choice globally in
industries as well as research laboratories owing to its simplicity, safety and remarkable
efficiency with regard to cleaning up oil spills as it does not involve any other potential
risks [12].

Three categories of adsorbents are employed to cleanup oil spills such as natural
organic, mineral and synthetic organic adsorbents. The capacity and functionality of each
category of adsorbents is different but limited in the case of cleaning up oil spills.
Although the first category of natural adsorbents consists of biodegradable materials, they
must be avoided in the event of a fire. Since the second category of mineral adsorbents
exhibits a lower level of hydrophobicity, their capacity to adsorb oil is less, while the third
category of synthetic organic adsorbents has exhibited a high level of hydrophobicity,
thereby rendering them suitable [13]. Previously used adsorbents like activated carbon,
propylene, zeolites etc. have some limitations due to their poor selectivity, low adsorption

capacity, higher manufacturing coast and limited recyclability [14].



1.1 Context and Aims

Over the previous decade, the field of nanotechnology has greatly revolutionized the
methods of environmental remediation because nanoparticles hold manifold benefits such
as their large surface area, more active adsorption sites, high reactivity and small size
[15]. Carbon nanotubes (CNTs) can simply be defined as a group of carboneous
nanomaterials which have a tubular structure and consist of hexagonal rings of carbon
atoms bonded covalently. CNTs, in comparison with other nanoparticles, exhibit a
relatively higher adsorption affinity for the removal of volatile organic compounds [14]
as well as are suitable for water treatment including the removal of oil and toxic organic
compounds [16] in addition to heavy metal ions [17]. Likewise, most recently, CNTs are
applied as potential adsorbents in a variety of remediation techniques in almost all
environmental fields, including the removal of organic pollutants [1], heavy metals from
aqueous media [2], antibiotics [ 18] and nitrates [19]. This has attributed to several of their
characteristic features [20] such as their low density, electrical conductivity, large specific
surface area, high inherent strength, higher adsorption capacity, good degree of
hydrophobicity, thermal and chemical stability, high aspect ratio, fast adsorption rate,

oleophilic characteristics and hydrogen-storage capacity [21].

To reduce the poor mechanical strength of metal oxide nanomaterials, nanocomposites
are increasingly used to purify wastewater by removing unwanted species [22]-[23]. The
combination of nanoadsorbents with metal oxide nanoparticles has been the first choice
of researchers to generate adsorbent materials. The preparation of nanosized metal oxides
and their characterization have been studied by many researchers [24]-[28]. Recently,
researchers have utilized numerous metal oxide nanoparticles for the treatment of
wastewaters such as titanium dioxide (TiO2), manganese dioxide (MnQ>), cerium oxide
(Ce0»), zinc oxide (ZnO), vanadium pentoxide (V20s), iron oxide (Fe203) and copper
oxide (CuO). The discovery of CNTs has provided several advantages in removing
unwanted and hazardous organic pollutants from water. The controlled pore size and wide
distribution of surface active sites leads to higher adsorption efficiencies compared to
those of sorbents [7] [29]-[30]. Composite materials are extensively applied to remove
inorganic pollutants such as metal ions and metal oxides [31] as well as organic pollutants

like dyes, pesticides, antibiotics and hydrocarbons.

Nanoadsorbents offer multiple advantages such as having multiple sorption sites, huge

surface areas, short intraparticle diffusion coefficients, tunable pore sizes and being



modifiable at low temperatures. The surface modification of magnetic nanosorbents is
instrumental in achieving the characteristic features of high adsorption capacity,
superparamagnetism, biocompatibility, high magnetic saturation and reusability [32].
Although magnetic nanosorbents are functionalized by surface modification using a wide
variety of materials, the smart materials among them are polymers which are nontoxic,
biodegradable and biocompatible polymeric materials [33]. Since microporous polymer-
coated nanosorbents possess a high degree of surface roughness and elasticity, the unique
properties of superhydrophobicity and superoleophilicity in terms of oil removal are

achieved [34].

These adsorbents have been selected solely as a result of a comprehensive literature
review of existing oil adsorbents that are highly efficient and environmentally friendly.
All adsorbents such as metal oxide nanocomposites as well as polymer- and metal oxide-
modified MWCNTs have a unique structure and relatively high specific surface area in
addition to exceptional mechanical properties, rapid sorption rates, high sorption

capacities and engineered surface chemistry [35]-[38].

1.2 The worldwide problem of water pollution

Even though three-fourths of the Earth is covered in water, less than 1% of it is safe
for human consumption, therefore, much of its population does not have access to
sufficient drinking water [39]. Naturally occurring fresh water is regularly contaminated
by a number of anthropogenic activities and industrial processes. The significant growth
in the global population has led towards enormous industrial applications which have
resulted in the release of organic pollutants, especially from manufacturing industries
[40]. The most frequently encountered organic pollutants include toluene, dyes, kerosene,

antibiotics and oil spills.

1.2.1 Water pollution by oil spills
Incessant oil spills cause irreparable environmental and ecological damage in both the
short- and long-term [29] [41]. Contaminants transmitted into bodies of water via oil spills

include kerosene, gasoline, petrol, diesel as well as heavy and lubricating oils [42].
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Figure 1. The seven major oil spills that occurred between 1970 and 2020

Moreover oil tanker spills are considered to be the primary source of water
contamination as over the previous 50 years, statistics concerning the frequency of oil
spills of greater than seven tons from oil tankers show a marked downward trend as
illustrated in Figuresl and 2 (ITOPF Limited, 2019) [43]. The number of large oil spills
(>700 tons) has decreased significantly over recent decades. On average, 1.8 spills were
recorded on an annual basis in the 2010s which is less than a tenth of the average recorded
in the 1970s. No large oil spills were recorded in 2020. Similarly, a significant decrease
has been observed in the quantity of oil spilled over recent decades. In the 2010s,
altogether approximately 164,000 tons of oil was spilt from tankers and on average, at
least 7 tonnes of oil was released per spill, equating to a 95% reduction since the 1970s.

Kerosene is a distillate of petroleum and one of the major pollutants found in the
environment, especially in water, as it consists of numerous aliphatic and aromatic
hydrocarbons such as alkanes, cycloalkanes, toluene, benzene and olefins. It causes
multiple health complications in humans, for example, cardiac arrhythmias, ventricular
fibrillation, lacrimation and ocular irritation depending on how abundant the various
components of kerosene are [44]-[45].

The gravity of the situation has motivated quite a large number of researchers to
determine the most efficient decontamination and cleanup strategy to remove an oil slick

resulting from an oil spill [46]. Conventional decontamination methods such as physical,



biological and chemical methods are inefficient for the separation of emulsified oil from
water and sometimes may even result in secondary pollution.
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Figure 2. Gradual decrease in the frequency of oil spills between 1970 and 2020

Being simple and rapid, the physical adsorption method has been extensively applied
but due to its low adsorption capacity and limited reusability, its applicability has been
suppressed [46]. As a result, the fabrication of new absorbents has paved the way for the
extensive use of nanomaterials. The application of nanocomposites has been exceptional
with regard to the removal of oil components from contaminated water because of their
high adsorption capacity stability and recyclability as well as being environmentally
friendly, exhibiting low levels of cytotoxicity and offering facile synthesis routes [48]-
[49].

1.2.2 Water pollution by organic dyes

Although the increase in industrial development has improved our quality of life, it
has equally posed a constant threat to human health as well as the environment because
of the enormous quantity of waste generated and wastewater effluents discharged into
aquatic environments [49]. Wastewater effluents from industries-predominantly from the
chemical, cosmetics, textile, leather, printing and paper industries-contain significant
amounts of toxic, carcinogenic and harmful substances, including heavy metals dyes and

other chromophoric groups [51]-[52]. Due to the presence of numerous dyes in water, the



penetration of sunlight is reduced causing irreparable damage in aquatic environments,
moreover, changes in the taste and color of water is commonly observed [52]. Dyes
polluted with water can cause multiple health problems for human beings, including
breathing difficulties nausea skin irritation allergic contact dermatitis, vomiting and

mental confusion, moreover, can even lead to cancer [53].

Methylene blue (MB) is amongst the most widely used cationic organic dyes on an
industrial scale in disinfectants and colouring agents in varnishes leather pesticides and
pharmaceuticals as well as in the printing and rubber industries amongst others. It has
been extensively applied in the dyestuff industry [54]. MB is thermally stable heat-
resistant and non-biodegradable with an aromatic molecular structure which hinders
photosynthesis in aquatic plants by hampering the transmission of sunlight [55]. Given
that the use of dyes is necessary in many industries researchers around the globe have
been motivated since the development of highly efficient cost-effective and
environmentally friendly techniques for the degradation and removal of these noxious

substances from the aquatic environment is time-consuming [57]-[58].

1.3 Adsorption technology for water treatment

One of the commonly used surface phenomena for the removal of pollutants from the
waste water is adsorption. The process have two basic components; adsorbate (solute in
the solution) and adsorbent (porous solid) as explained in Figure 3. In the case of dye or
hydrocarbon removal from water the pollutant molecule is an adsorbate which adsorbed
on the surface of adsorbent which can be any compatible solid with high surface area and
surface binding compatibility. The adsorbent can make weak bonds (dipole-dipole
interactions, hydrogen bonding) or strong bonds (ionic, metallic, and covalent) with the
adsorbate molecule depending upon the type of functionality present on the adsorbent

[58].

+
4
4
4

Adsorbent Adsorbate Adsorbent-adsorbate
complex

Figure 3. Mechanism of the adsorption process



1.3.1. Treatment techniques for the removal of hydrocarbons

The treatment of oil spills and contamination is poorly understood and a major problem
faced by researchers [59]. Existing strategies that have been applied to remove oil from
water are air flotation, centrifugation, electrochemical and photocatalytic treatments,
adsorption as well as gravity separation [60]. Unfortunately these techniques have
limitations including large carbon footprints, their energy-intensive nature, poor
separation efficiency and sometimes resultant secondary pollution [61]. Therefore, they
are unsuitable for the removal of oil from water. The other separation technique
considered to remove oil is membrane technology which has advantages, including a low
carbon footprint, low energy consumption and high efficacy [62]. Membrane
technologies that have commonly been used in oil-water separation are reverse 0Smosis,

nanofiltration and ultrafiltration.

However, the cleaning of membranes is costly since it requires chemicals, is energy-
intensive and results in longer downtimes, therefore, is unsuitable for oil-water separation
[63]. Apparently, studies have shown that researchers are switching their attention to
nanotechnology since this field has impacted the revolution in materials science.
Nanomaterials have exhibited impeccable properties (e.g. higher sorption performance,
superhydrophobicity, mechanical properties and superoleophobicity) that can be effective
in terms of oil-water separation [64]. Furthermore, nanomaterials can remove insoluble
oil as well as soluble dyes via various mechanisms, including photodegradation, sieving
and adsorption [65]. As a result, nanocomposites are potential materials to bring about
the removal of oil from water. Nanomaterials are normally common, high-performance
materials with enhanced properties that have recently been developed. Moreover, they
may consist of many types of materials (e.g. metals, polymers and ceramics) as well as
include semiconductors, nanoengineered materials and biomaterials. The most successful
adsorbents are nanomaterials due their higher surface area and compatibility for
functionalization. Numerous polymer nanocomposites with higher sorption capacities
have been reported. Nanomaterials used to remove oil from water are illustrated in Figure

4.

The numerous adsorbents recently reported by researchers for the treatment of oily
wastewater are summarized in Table 1. Which contains comprehensive data about the
types of adsorbents used to adsorb various components of oil along with their maximum

sorption capacities. Of all these methods for the successful removal of oil from water, the



surface modifications of polymer nanocomposites with organic functionalities have
remained a distinguished technique, including the use of a variety of functional groups

like hydroxyls, amides, carboxylates, phosphates and sulphates.
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> Metal oxides
l L Colloidal
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Figure 4. Nanomaterials used to remove oil from water by adsorption

Table 1. Applications of different nanocomposites to remove oil from water

Adsorbent-based material oil/hydrocarbon Sorp tion Ref.
pollutants capacity (g/g)

Polyester loaded with ground coffee powder and Petroleum 551 (66]
maghemite
Polyester Diesel and petrol 6.9 [67]
Magnetic polystyrene—palygorskite nanocomposite Crude oil 0.5 [68]
Acetylated corn cob Crude oil 4.3 [69]
Polyurethane foams and rice straw Gasoline 12.0 [70]
CuFe204-doped graphene Petrol 14.5 [71]
Chitosan Petrol 48.2 [72]
Acrylate terpolymer Diesel 12.0 [73]
Nylon 6 Crude oil 11.1 [74]
Magnetic nanocomposites Pump oil 8.0 [75]
Lignin Gasoline 25.0 [76]
Silicon dioxide Crude oil 211 [77]
Magnetic zeolite Gasoline 20.0 [78]
Poly(styrene-co-divinylbenzene) Crude oil 11.0 [79]
CNTs Gasoline 18.0 [63]
Photothermal CNTs Crude oil 16.3 [80]
Polystyrene doped Fe30a4 Diesel 9.6 [81]
Ul0-66-F4@rGO composites Diesel 15.2 [82]
Polymer-nanoparticle-fluorosurfactant complex Gasoline 26.3 [83]
Fes04 polymeric nanoparticles Crude oil 30.2 [84]
Polyether block amide Paraffin 12.0 [85]
Ferrite-magnetic fibrous composites Crude oil 11.0 [86]
Polyethylenimine-modified graphene Seed andoflunﬂower 8.0 [75]
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1.3.2. Treatment techniques for the removal of dyes

The organic dye molecules normally consists of two parts; colour bearing part called
chromophore and auxochrome which is responsible for interaction of dye with fibres and
its solubility [87]. Dyes if present in the wastewater can greatly affect the aquatic
environment. It is very important to remove dyes from the waste water. There are different
methods in practice for the removal dyes from waste water. Some of these methods have
high efficiency for the dye removal but are not feasible economically. Some of the
economical methods have less efficiency. It’s very important to develop some methods
which are not only effective economically and safe for the environment as well [88].

Some of the methods are described below:

Physical methods: Physical methods for the treatment waste water includes reverse
osmosis, membrane treatment, filtration and adsorption. One of the determining factor to
choose a viable method is its economic viability. From all these methods adsorption is
proved to be the most economical and efficient method [91]-[92]. Some of the most
commonly used adsorbents are zeolites, carbon nanotubes, clay particles, multiwalled
carbon nanotubes etc. These adsorbent materials have higher surface area for the
adsorption of wastes onto the surface [93]-[94].

Chemical treatment: Some of the most commonly used chemical agents for the treatment
polluted water are coagulants. For the chemical treatment of water aluminium, calcium
or ferric ions are added into the polluted water [93]-[94]. Although chemical treatment is
effective and economical but one major drawback is the formation of sludge as the
reactions are dependent on pH. This by product is concerning due to the problems caused
by its disposal [95].

Biological methods: Biological treatment is one of the most economical method for the
treatment of polluted water. The biological method involves the use of microorganisms
like yeast, bacteria, algae or fungi. The process can be aerobic or anaerobic [96]. One of
the major drawback for the biological treatment is sensitivity and dependence of
microorganisms. Some of the recent researches proved that the biological treatment does
not perform satisfactory results for the removal of colour and it’s not as efficient as much
as it is economical.

Figure 5 shows the effect of some of the important factors like surface area, contact
time, temperature, pH etc. on the rate of adsorption of pollutant molecules [100]-[101].
For an adsorbent to be effective, parameters like surface area, porosity, adsorption

capacity and mechanical stability should be as high as possible along with the feasibility
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of other factors such as cost-effectiveness, facile regeneration, sustainability and

selectivity [99].
Adsorbat-
adsorbent
interaction
Adsorbent to
Adsorbate ratio
The factors
which influence
Temperature adsorption Adsorbent
efficiency Particle size

pH of Adsorbent

solution surface area

Figure 5. Factors which effect the adsorption efficiency in the adsorption process

Many adsorbents are currently applied for the treatment of wastewater. These
adsorbents are derived from agricultural, domestic and industrial waste, polymers as well
as organic and inorganic materials. However, in most cases, the adsorbents obtained from
the aforementioned inexpensive materials have low adsorption efficiencies. Therefore, it
has become necessary to find more advanced, effective and proficient adsorbents for the
efficient treatment of polluted wastewater.

1.4. Adsorbent nanomaterials

Nowadays nanoscience and nanotechnology are rapidly growing sectors and drawing
an exceptional amount of attention with regard to wastewater treatment. Innumerable
nanomaterials have been extensively synthesized and used for the elimination of
contaminants from wastewater[103]-[104]. Since nanomaterials are small (approximately
100 nm in diameter), their surface area to volume ratio is exceptionally high which
facilitates faster rates of adsorption and much higher removal efficiencies of pollutants
present in wastewater. Nanoadsorbents can penetrate deeper, work rapidly, bind strongly
to pollutants and treat wastewater more effectively [102]. Nanoadsorbents can be used in

many forms like nanotubes, nanoparticles and nanofilms for the wastewater treatment
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[103] [104]. Previously, many researches have proved the efficiency of nano-adsorbants
due to their higher surface area, highly porous structure, high dispersion ability and cost-
effectiveness [105].

Wastewater treatments using nanotechnology are perceived to be favorable initiatives,
not only in terms of overcoming the main challenges concerning wastewater treatment
but also due to their ability to offer unique treatments that could facilitate the cost-
effective utilization of alternative water sources to increase the water supply. The size
range of nanoparticles (NPs) is from 1 to 100 nm and are dispersed throughout all types
of media, namely gases, liquids and solids. All of the above features make nano-
adsorbents the best candidate for wastewater treatment [106].

Nanomaterials can be classified as inorganic NPs [107], polymeric NPs [108], solid
lipid NPs [109], liposomal NPs [110], nanocrystals [111], nanotubes and dendrimers
[112]. Some nanomaterials that are commonly used as adsorbents are presented in Figure

6
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Figure 6. Various types of nanomaterials [106]

1.4.1.Metal oxide nanomaterials as adsorbents

Transition metal oxide nanoparticles such as copper oxide (CuO), iron oxide (Fe>03),
zinc oxide (ZnO), manganese dioxide (MnO3) and vanadium pentoxide (V20s) have been
extensively used as photocatalysts for the purpose of water purification. These
photocatalytic materials have a large surface area, are chemically stable and efficiently
recycled while yield no secondary pollutants [27]. V2Os nanomaterials have been applied
in numerous photocatalytic degradation applications because of their nontoxicity, narrow

band gap (~2.4-2.8 eV) as well as better chemical and electrical stability. To eliminate
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the limitations of V20Os, its morphology has been modified. Carbon nanotubes (CNTs) are
the best choice since they combine the efficient and effective use of V205 nanoparticles
to remove dyes. V205 nanostructured materials can be in the form of nanoparticles,
nanowires, nanorods, nanobelts, nanoribbons and nanosheets of desired size and
morphology with their distinct geometry as well as new physical and chemical properties
[23].

Combining nanoadsorbents with metal oxide nanoparticles is the first choice for
researchers producing adsorbent materials. The preparation of nanosized metal oxides
and their characterization has been studied by many researchers [25]. The use of nano-
sized metal oxides for the removal of water pollutants, including hydrocarbons, has been
reported by [113]. A nanostructured zinc oxide adsorbent was developed, characterized
and efficiently used to remove methyl orange (MO) dyes and amaranth (AM) from water

[114]. The mechanism for the separation is given in Figure 7.
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Figure 7. The interaction between dyes and zinc oxide nanoparticles [114]

1.4.2. Carbon nanotubes: synthesis, structure and properties

Carbon nanotubes (CNTs) were discovered by lijima in 1991 [115], [116]. After the
discovery of carbon nanotubes no one can get enough of their uses due to their versatility.
Carbon nanotubes can be divided in to two major types: i) SWCNTs (single walled carbon
nanotubes) and ii)) MWCNTSs (multiwalled carbon nanotubes) are presented in Figure 8
[117],[118]. MWCNTs are considered as fullerenes [119]. First ever CNTs were prepared
by the pyrolysis of ferrocene and benzene at higher temperatures of around 1000 °C [120].
Due to their wide application in many industries carbon nanotubes are given the title of

the material of 21st century [121] The mechanical, functional and thermal properties of
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CNTs depends upon the arrangement of their atoms which are rolled to form sheets of

graphite [122].

Figure 8. Structure of (a) MWCNTs and (b) SWCNTSs [118]

At present, theoretical and experimental investigations of the properties and
applications of CNTs in multidisciplinary areas are increasing exponentially. As a result
of the current and increasing investment as well as their potential widespread use, CNTs
have quickly become commonplace in the environment. Several studies suggest that they
are toxic to human beings as well as other organisms and their presence in the
environment affects the physicochemical behaviour of common environmental pollutants
such as heavy metal ions [123] and organic compounds [124]. CNTs have the ability to
react with metals as well with non-metals due to the presence of functional groups onto
the surface.

Carbon nanotubes as adsorbents have got considerable attention due to their efficiency
for adoption as compared to other carbon base adsorbents. The major advantage of CNTs
is their higher surface area and their porous structure [125]-[129]. The adsorption
efficiency of multi-walled carbon nanotubes can be increased by modification by heavy
metal ions [130], [131], radionuclides [132] and organic chemicals [133]-[134].

Numerous techniques and methods have been devised as well as used to synthesize
MWCNTs for a variety of applications in a wide range of fields. Two approaches can be
followed for the synthesis of CNTs, namely the bottom-up and top-down approaches. The

methods involved in both approaches are presented in Figure 9. The most common of
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these methods include laser ablation, arc discharge and chemical vapor deposition (CVD)
[135].
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Figure 9. Various methods used for the synthesis of CNTs [135]

The most commonly used method for the functionalization of CNTs is oxidization
which can be photooxidation, acidic oxidation as well as gas-phase and oxygen plasma
treatments [136]. Acidic oxidation is one of the most widely used methods where HNO3,
H>S04and air are applied. Carboxylic functional groups are formed in CNTs when treated
with nitric acid which can help to enhance their solubility and reactivity [137]-[138].

Various possible mechanisms to modify carbon nanotubes are represented in Figure

10, which presents the different methods used to add functionalities to CNTs.
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Figure 10. Common functionalization routes of carbon nanotubes [139]

Many research studies have provided evidence of the enhanced removal of dyes from

wastewater by modifying carbon nanotube adsorbents with functional groups [140]-
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[142]. These functionalization of CNTs increase the selectivity for aromatic pollutants in
aqueous media as well as the adsorption capacity and decreases hydrophobicity and
aggregation of CNTs [139]-[140]. Functionalized CNTs can be widely applied as
adsorbents for removing organic pollutants from water due to their ability to form n-nt
interactions and hydrogen bonding. The lower manufacturing cost, larger surface area and
hydrophopic character of CNTs make them ideal adsorbents for the removal of organic
pollutants like aromatic compounds, oil, heavy metals and organic dyes from water. There
are many factors that determine the functionalization efficiency of CNTs [144]. The
presence of reactive functional groups like -OH and -COOH increases the adsorption
capacity of CNTs [123] [142]-[143].

Mechanism of adsorption can be understood by studying the adsorption properties of
carbon nanotubes [147]. Firstly, the contribution of individual adsorption sites. Through
temperature programmed desorption studies of various alkanes on carbon nanotube
bundles, it can be observed that different groups of adsorption sites are present in the
bundles [148].

Different pollutants can be adsorbed at four possible sites (Figure 11) in CNT bundles
[149]: (i) “internal sites” the hollow interior of individual nanotubes (only accessible if
their caps are removed and their open ends unblocked); (ii) “interstitial channels (ICs)”
between individual nanotubes in the bundles; (iii) “grooves” inside the grooves one
dimensional chain are formed by open ended nanotubes; (iv) the remaining axial sites of
CNTs are filled to complete the quasi-hexagonal layer which is present on the outer side
of bundles [150].

It is interesting to note that the adsorption reaches equilibrium much faster at external
sites (grooves and outer surfaces) than at the internal sites (interstitial channels and inside

the tube) under the same pressure and temperature conditions.
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Figure 11. Possible adsorption sites for the interaction between contaminants and carbon
nanotubes: (a) internal sites, (b) interstitial channels, (c) external grooves and (d) exposed surface

sites [151]

Adsorption technology with regard to MWCNTs is promising for the removal of
pollutants due to its efficiency, simplicity, inexpensive nature and insensitivity to toxicity.
To date, numerous models have been formulated to describe the adsorption of organic
molecules on CNTs in the aqueous phase, e.g. the Freundlich and Langmuir isotherms
amongst others. Organic chemical adsorption on MWCNTs is equivalent to or even more
effective than that on activated carbon. Therefore, the surface area may not be suitable
for forecasting organic chemical-MWCNT interactions. Su and Lu related the higher
degree of adsorption of organic materials on CNTs to the larger average pore diameter
and volume, morphology as well as functional groups [152]. It is worthwhile mentioning
that adsorption on CNTs is of paramount importance [124] due to the existence of high-
energy adsorption sites such as functional groups and interstitial, grooved regions
between the graphene bundles [153]. Since these adsorption sites mainly exist on CNTs,
adsorption seems to be a general feature. The second is the condensation phenomena in
which the pores and capillaries of CNTs become filled with liquid condensed from
vapour. While the organic chemicals adsorb on the surfaces of CNTs, multilayer
adsorption might occur. In this process, the first couple of layers interact with the surface,

while the molecules in deeper layers interact with each other. This process is known as
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surface condensation [124].The outer surface of separate CNTs facilitates the even
distribution of hydrophobic sites in organic chemicals. If this hydrophobic interaction is
the only mechanism between organic chemicals and CNTs, adsorption via chemical
bonds may be expected to occur. However, hydrophobic interactions cannot entirely
describe the interaction between organic chemicals and CNTs [143]. Other mechanisms
comprised of m—m interactions (between bulk 7 systems on the surfaces of CNTs and
organic molecules with carbon-carbon double bonds or benzene rings), hydrogen bonds
(resulting from functional groups on the surfaces of CNTs) and electrostatic interactions
(given the charged surface of CNTs).
1.4.3. Metal oxide-doped CNTs

Researchers have utilized numerous metal oxide nanoparticles and metal oxide-
modified MWCNTs for the treatment of wastewater [154]. Tan et al. has pointed out that
oil spills can seriously threaten the environment and managed to successfully develop an
environmentally friendly adsorbent for the removal of spilled oil on raw corn straw after
the deposition of ZnO/SiO2 nanocomposite particles with excellent superoleophilic and
superhydrophobic characteristics [155]. Based on their research, Qiming et al. reported
that the titania-modified carbon nanotube composite exhibited enhanced adsorption of
organic pollutants for the purpose of their removal in comparison to pure TiO:
nanoparticles [156]. Similarly, it was reported that functionalized silica-coated magnetic
nanocomposites are efficient for the removal of organic pollutants from aqueous solutions
[157]. Kirti et al. exploited the functionality of biomass in iron nanocomposites for the
potential removal of four dyes, including both anionic and cationic dyes [158]. Similarly,
Hassan et al. used SnO,/CeO; nanocomposites to remove dyes [159]. Al-Jammal et al.
reported a microemulsion technique for the functionalization of MWCNTs with a
hydrocarbon tail to remove numerous hydrocarbons from water contaminated by oil [29].

Ti0O; nanostructures are usually prepared using a hydrothermal method where TiCly is
used as a precursor along with mixing deionized water and ethanol as starting materials
in the ratio of 3:7 in an ice bath [160]. Another method for the preparation of titania-
doped MWCNTs is wet impregnation [161]. The photocatalytic performance of these
composites was tested with regard to the degradation of methyl orange (MO). The results
indicated that modified nanocomposites exhibited higher efficiencies of MO degradation
than pure TiO> nanoparticles [162]. As is presented in Figure 12, the improved catalytic

activity of titania-modified MWCNTs may be due to the dominant contribution of
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nanotubes in MWCNTs/TiO; composites, leading to an increase in the recombination rate

of photogenerated electron-hole pairs.

MWCNT/TiO,

dye degradation

Figure 12. Mechanism of the photocatalytic degradation of dye with titanium dioxide-modified
MWCNTs [162]

It is also evident from the delocalized n-structure characteristic of MWCNTs that this
promotes electron transfer causing the separation of electron-hole pairs. TiO2@LDH
(layered double hydroxide) clay nanocomposites along with the deposition of anatase
seeds onto the LDH clays have been successfully developed by Sefetl et al. for photo-
degradation of aromatic pollutant (methylene blue, phenol) in water. Since the results
indicate that this nanocomposite is more efficient in terms of the degradation of phenol,
polymer-coated magnetic nanocomposite materials in complex networks constitute ideal
and advanced absorbents for the remediation of components of oil from water. Titanium
dioxide-modified MWCNTs composites are much more stable and non-toxic with an
enhanced capability for the photooxidative destruction of hydrocarbons [163].

Iron(I1I) oxide, usually magnetite (Fe3Oas), being ferromagnetic (hematite has a low
iron content, moreover, is a component of rust and is paramagnetic), is also known as
magnetic iron oxide. It is combined with MWCNTs through both physical and chemical
methods. One of its most prominent features is the combination of magnetite with
MWCNTs to produce superparamagnetic properties [164]. It is considered to be one of
the most attractive magnetic metal oxides and has received widespread attention due to

its unique physical and chemical properties as well as various advantages such as high
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reversible capacity, rich abundance, low-cost and eco-friendliness [165]. This composite
material, made by combining MWCNTSs with magnetite, has a large specific surface area,
hollow structure, is highly porous and exhibits strong interactions with adsorbed
pollutants [166].

1.4.4. Polymer-modified CNTs

Polymer nanocomposites along with MWCNTs, graphene and magnetite have been
applied as sorbents given their excellent efficiency of and remarkable ability to remove
components of oil from contaminated water. Akinpelu et al. have extensively reviewed
the applications of numerous CNTs in different forms for the removal of polycyclic
aromatic hydrocarbons from wastewater [167]. Elmobarak and Almomani have reported
an innovative magnetic demulsifier where magnetite nanoparticles grafted onto silica
were applied to recover oil from oil-in-water emulsions [168]. Yamashita et al. developed
composites (vinyltrimethoxysilane silica doped magnetite) for separation of oil from
water by using sol-gel method under alkaline conditions [169]. Furthermore, a number of
nanocomposite applications have been reported using polymers such as polyethylene
[169]-[170] and magnetite [171]-[172] in a variety of fields including oil-water
separation.

The rapid cost-effective and almost complete removal of oil by hydrophilic
polyvinylpyrrolidone-coated magnetite nanoparticles under optimized conditions.
Another advantage of this method is that both PVP and magnetite exhibit low levels of
toxicity [174]. Huggias et al. synthesized silver and platinum nanoparticles supported on
polyurethane as well as adsorbed on S-layer protein particles and reported catalytic
activity during the reduction of the pollutant p-nitrophenol. The developed platinum and

silver bio-nanocatalysts exhibited conversions of 100% and 97%, respectively [175].
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1.5. Aim and scope

This study aims to develop an effective, flexible, sustainable and environmentally

friendly adsorbent as well as decrease the amount of MWCNTSs used for adsorption by

adding polymers and metal oxides which make MWCNTs cost-effective and increase

their removal efficiency of hydrocarbons and dyes. The efficiency of all the adsorbents

with regard to the removal of model hydrocarbons, including kerosene, toluene and

methylene blue an organic dye, was further investigated by studying the physicochemical

characteristics of the proposed adsorbents.

The main parameters that influence their ability to adsorb pollutants are considered.

Therefore, the main aims of this thesis are as follows:
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To develop new nanoadsorbent-based MWCNTs for the removal of pollutants from
water by different functionalization techniques: metal oxide nanoparticles prepared at
different annealing temperatures, metal oxide-doped MWCNTs and different polymer-
modified MWCNTs.

Characterize both raw and modified MWCNT adsorbents to determine if the
selectivity or adsorption capacity of the selected treatment is better than those of
adsorbents currently used.

Study the sorption models to determine the mechanism for the sorption of
hydrocarbons and organic dye.

Identify different parameters (temperature, contact time, dose, pH) that affect the
performance of adsorbents and determine their optimum values to maximize the rate
of adsorption.

Investigate different pseudo first-order and pseudo second-order kinetic models as well
as intraparticle diffusion isotherms, moreover, estimate the parameters characterizing

the performance of batch processing for the purpose of adsorption.
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2. Experimental
2.1 Materials

The reagents used for the synthesis of nanosorbents in this work are ammonium
metavanadate (NHsVO3, 99.99%), nitric acid (HNO3, 99%), cetrimonium bromide
(CTAB, Ci19H4BrN, 99%), ethanol (CH3CH20H, 99.8%), cerium(IV) sulfate tetrahydrate
(Ce(S04)2-4H20, 99%), urea (NH2CONHz, 99%), polystyrene (99%), polyethylene
(99%), iron trichloride (FeCl3.6H20, 99%), iron sulfate (FeSO4.7H20, 99.7%), n-hexane
(99%), toluene (99%) and poly-n-isopropylacrylamide-co-butylacrylate (PNIPAM, 99%)
were purchased from Merck Kft., Budapest; titanium tetrachloride (TiCl4, 99.8%) from
Sigma-Aldrich Kft., Hungary; hydrochloric acid (HCl, 99.7%), sodium hydroxide
(NaOH, 99.0%) and sulfuric acid (H2SO4, 99.7%) from VWR International Kft.,
Debrecen, Hungary and kerosene (EU number: 649-423-00-8) was obtained from Servind
Budapest-Hungary Kft. Commercial MWCNTs (TNNF-6 type, Timesnano, Chengdu,

China) made by chemical vapor deposition (CVD) were used in this research.

2.2 Preparation of nanoadsorbents

2.2.1 Synthesis of the metal oxide nanoparticles of V205 at different annealing
temperatures and the preparation of TiO2 and CeO: nanoparticles

Vanadium pentoxide (V20s) was prepared by hydrothermal methods (reflux) [176]
using ammonium metavanadate, ethanol (EtOH), nitric acid, cetyltrimethylammonium
bromide (CTAB) and distilled water according to the reported method. At first, 0.1 g of
NH4VO3 and 0.1 g of CTAB were dissolved in a mixture of distilled water and ethanol
(100 mL) in the ratio of 7:3, respectively before HNO3; was added very slowly whilst
continuously being stirred until the pH value became 2.5. The mixture above was heated
under reflux for 6 h at 80 °C. The precipitate was washed with distilled water 10 times
before being washed with ethanol before being dried in an oven at 90 °C for 60 min and
annealed at 250, 500 and 750 °C for 4 h each. Equations 1 and 2 describe the chemical
reactions used to prepare vanadium pentoxide. The hydrothermal method used to prepare

metal oxide nanoparticles is presented in Figure 13.

CH3CH,0H

CTAB

2NH,VO0; + 2HNO; + nH,0 —22 ,0.nH,0 + 2NH,NO; + H,0 (1)
A
V,05nH,0 > V,05 + nH,0 2)
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Figure 13. Hydrothermal method for the preparation of metal oxide nanoparticles

TiO2 nanoparticles were prepared using titanium tetrachloride, potassium hydroxide,
ethanol and distilled water [160]. 5 mL of titanium tetrachloride was poured into a round-
bottom flask in a cold water bath and 75 mL of ethanol was added whilst being stirred
until the reaction stabilized before 25 mL of water was added while stirring continued. 3
g of potassium hydroxide was added until the pH of the solution became 1.5. The solution
was placed into an autoclave and maintained at 200 °C for 9h before the sample was
annealed at 500 °C. The reactions are presented in Equations 3 and 4:

TiCl, + 3CHyCH,0H /H,0 — /MM 4 el 4 Ti(0H), + 3CH,CH, (3)

A
Ti(OH), > TiO, + 2H,0 4)
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Cerium dioxide (CeO2) was prepared by a hydrothermal method [177] using an
autoclave as well as cerium(IV) sulfate tetrahydrate, urea, CTAB and distilled water. At
first, 2.34 g of Ce(SO4)2-4H>0, 1.39 g of NHCONH> and 2.1 g of CTAB were dissolved
in 50 mL of distilled water before being mixed on a magnetic stirrer for 30 min. The
materials were put into a 50 mL autoclave and maintained at 200 °C for 12h. Following
this, the autoclave was left to cool down to room temperature. The Ce(OH)4 obtained was
washed with distilled water several times before being centrifuged and then washed again
with ethanol. The sample was dried at 90 °C for 60 min and then annealed at 500 °C for

4 h. The chemical reactions used to prepare cerium dioxide are shown in Equations 5-7:

NH,CONH, + 3H,0 — 2NH,OH + CO, (5)
Ce(S0,),H,0 + 4NH,0H — Ce(OH), + 2(NH,),S0, + 4H,0 (6)
Ce(OH), » Ce0, + 2H,0 7

The composites V205:CeO (V:Ce) and V205:TiO2 (V:Ti) were prepared using thermal
method [177]. By mixing V205 with CeO; and TiO2 in the mole ratio of 3:1, respectively,
while the composite V205:Ce0:TiO; (V:Ce:Ti) was prepared by mixing V»0s, TiO; and
CeO; in the mole ratio of 3: 0.5: 0.5, respectively. Metal oxides were mixed in a beaker
with ethanol for 6h on a magnetic stirrer before the mixture was placed into a furnace and

annealed for 2h at 500 °C.

2.2.2 Synthesis of metal oxide-based MWCNTSs nanoparticles

MWCNTs were functionalized using the concentrated acids H2SO4 and HNOs in a
ratio of 2:1, respectively [177]. The process of modification was carried out using the
strong oxidizing agents HNO3; and H>SO4 to introduce carboxylate groups onto the
MWCNTs. The mixture of concentrated acids was placed into a beaker and 2 g of
MWCNTs was added before being ultrasonicated for 30 min. Following this, the mixture
was transferred to a round-bottom flask to be heated under reflux for 8h at 180 °C before
being diluted 15 times with distilled water, filtered by a membrane filter and washed until
the pH became 7. The addition of functionality onto the surface of the nanotubes was
carried out in research by metal oxides and their composite nanoparticles. 2 wt% of the
prepared metal oxides TiO2, CeO2 and V205 as well as their mixed nanocomposites were

added to MWCNTs in 70 mL of ethanol. The solution was stirred at 40 °C for 4h using a
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magnetic stirrer and ultrasonicated for 30 min before being heated under reflux at 90 °C
for 4h. The solution was transferred to an autoclave reactor and maintained at 200 °C for
4h. Finally, the samples were dried by evaporating off the ethanol at 85 °C. The
preparation steps of metal oxide nanoparticle-modified MWCNTs are presented in Figure

14.

0x-MWCNTs as well as
TiOQ, CCOZ and V205

70 mL of
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Solution stirred for

4h at 40 °C

Sonicated
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Figure 14. Preparation of CeO:2 or TiO2 or V205 or their composites doped MWCNTSs by the
hydrothermal method

2.2.3 Preparation of polymer-modified Fe3Q4/MWCNTSs

Fe3;04 doped MWCNTs (Fe/MWCNTSs) nanocomposites were prepared by using the
following process: two solutions, Fe*": FeCl3.6H,0 and Fe?": FeS04.7H,0, having a
molar ratio of 2:1, respectively, were mixed. To prevent the magnetite from
agglomerating, CTAB was added to the mixture of iron salts. MWCNTs were added to
the mixture while continuously being stirred at 40 °C until the solution resembled that of
clay. Nitrogen gas was pumped through during the process to prevent the oxidation of
Fe?" to Fe**. A solution of ammonium hydroxide was added to the mixture drop by drop
until the pH of the solution reached 10. The resultant Fe/MWCNTSs were washed and
dried at 50 °C using a vacuum oven for 12h [178]. The formation of Fe/MWCNTs

composites is presented by Equation 8.
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A
2FeCly.6H,0 + FeSO0,.7H,0 + 8NH,0H + MWCNTs - MWCNTs: Fe;0, + 6NH,Cl +
(NH,),S0, + 23H,0 (8)

Chloroform, xylene and water were used to dissolve polystyrene (PS), polyethylene
(PE) and poly-n-isopropylacrylamide-co-butyl acrylate (PNIPAM), respectively. At first,
100 mg of Fe/MWCNTs per litre of solution was sonicated at 50 °C for 1h before
polymers were added to the mixture in a 1:3 polymers:Fe/MWCNTs weight ratio. The
mixtures were sonicated for a further 3 h before being mixed by a magnetic stirrer for 24h
at 40 °C using a hot plate [179]. Finally, PS:Fe/MWCNTs, PE:Fe/MWCNTs and
PNIPAM:Fe/MWCNTs nanocomposites were formed. The samples were separated,
washed and then dried at 50 °C overnight. The magnetic property of the prepared
nanoadsorbent was successfully achieved. Figure 15 presents a schematic flow diagram
showing the preparation of the PS:Fe/MWCNTSs nanocomposites. The mechanisms for

the synthesis of polymer-modified Fe/MWCNTs is presented in Figure 16.
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2.3 Characterization methods

The physicochemical properties of the adsorbents were examined using several
characterization techniques to obtain information about the structural, chemical and
surface properties of the prepared adsorbents such as X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), Raman spectroscopy, Brunauer—-Emmett—Teller
(BET) method, scanning electron microscopy (SEM), transmission electron microscopy
(TEM), energy-dispersive X-ray spectroscopy (EDX), atomic force microscopy (AFM)

and thermogravimetric analysis (TGA).

2.3.1 X-ray diffraction measurements

Identification of the solid crystalline phases in the samples was determined by X-ray

diffraction analysis (XRD) using a Philips PW3710 X-ray diffractometer equipped with
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Cu-Ka radiation (A =0.1541 nm) and recorded at room temperature over an angular range

(20) of 4-70° with a scanning acquisition speed of 0.02 °/s.

2.3.2 Atomic force microscopy measurements

Atomic Force Microscopy (AFM) analysis was carried out using a SPM-AA
(scanning probe microscopy) 3000-type instrument. AFM was used to probe the sample
surface on the nanometer scale in order to investigate its roughness and particle size
distribution. The samples were dissolved in ethanol and transferred onto a glass plate 0.5

mm % 0.5 mm in size for analysis.

2.3.3 Fourier transform infrared spectroscopy measurements

Fourier transform infrared (FTIR) spectroscopic measurements were carried out by a
Bruker VERTEX 70v spectrometer with a Bruker Platinum ATR adapter on the surface
of the samples without additional manipulation of the sample. The spectra were recorded

1

within the range of 400 to 4000 cm™ at a resolution of 2 cm ™! and at room temperature

with a DTGS detector by averaging 512 scans.

2.3.4 Raman spectroscopy measurements

Raman spectra were recorded using a Bruker RFS 100/S FT Raman spectrometer with a
Nd:YAG laser source (1064 nm, 30 mW) and a liquid N2-cooled Ge detector. The signal-
to-noise ratio was improved by the coaddition of 2048 spectra with a resolution of 4 cm ™.
The spectral deconvolution of the baseline corrected Raman spectra was achieved by
fitting a mixture of Gaussian and Lorentzian line shapes using PeakFit software (v4.12,

Seasolve, Systat Software Inc., San Jose, CA, USA).

2.3.5 Low-temperature nitrogen gas adsorption

The specific surface area, pore volume and pore-size distribution within various ranges
of diameters micropores (1.7-2.0 nm), mesopores (2—50 nm) and macropores (50—-100
nm) - were determined by nitrogen adsorption/desorption isotherms at =196 °C using an
ASAP 2000 analyzer manufactured by Micromeritics, Norcross, GA, USA. The specific
surface areas of the samples were determined by the BET (Brunauer—-Emmett—Teller)
method from the corresponding nitrogen adsorption isotherms. The pore-size distribution
and pore volumes were calculated from the nitrogen desorption isotherms using the BJH

(Barret— Joyner—Halenda) model.
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2.3.6 Scanning, transmission electron microscopy and energy-dispersive X-ray
spectroscopy measurements

The morphology of the surface of the nanocomposites was studied using transmission
electron microscopy (TEM) and scanning electron microscopy (SEM) techniques. The
nanocomposites for TEM were prepared by depositing a drop of nanocomposites
suspended in ethanol on copper grids covered by an amorphous lacey carbon support film.
SEM and TEM analyses were performed using a Thermo Fisher Scientific Apreo S LoVac
SEM in the Czech Republic operated at 2.0 kV for backscattered electron imaging and at
30.0 kV for transmission electron imaging, equipped with an AMETEK Octane Elect Plus
energy-dispersive X-ray spectrometer (EDX) (Berwyn, PA, USA).

2.3.7 Thermogravimetric analysis measurements

Thermoanalytical measurements (TG/DTG) were carried out using a NETZSCH TG 209-
type thermobalance. Samples were measured in ceramic crucibles. The TG/DTG curves
were recorded while heating the samples to 1000 °C (at a heating rate of 10 °C/min) in a

dynamic argon gas flow (99.998%).

2.4 Adsorption experiments

2.4.1 Methylene blue adsorption study by UV-Visible spectroscopy

Metal oxide nanoparticles (V20s) were prepared at different annealing temperatures using
fresh MWCNTSs, Ce/MWCNTs, VMWCNTs, V:Ti/MWCNTs, V:Ti:Ce/MWCNTs and
V:Ce/MWCNTs for the removal of MB by adsorption from water. The maximum
absorbance of a MB solution in water (MB concentration: 20 mg/L) was monitored by a
NANOCOLOR UV-Vis spectrophotometer (MACHEREY-NAGEL, Germany) within
the range of 400 to 700 nm. The maximum absorbance was observed at Amax = 665 nm as
shown in Figure 17a. A stock solution was used to prepare the calibration solution for
UV-Vis spectroscopy at different MB concentrations (4, 8, 12, 16, 18 and 20 mg/L) to
prepare the plot of the MB absorbance as a function of MB concentration as shown in

Figure 17b.
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Figure 17. UV-Vis absorption spectrum of the (a) MB solution and (b) standard calibration

curve of MB solutions at different concentrations at 665 nm

MB stock solutions were diluted with distilled water. The pH of the dye solution was
set at the desired pH of 7 using 0.1 M NaOH or 0.1 M HCI. For each experiment, 30 mL
of MB solution (20 mg/L) was extracted and 20 mg of metal oxide was added to the
solution. The removal efficiency of MB was studied as a function of contact time,
adsorbent dosage and temperature in order to determine the optimum conditions for the
removal of MB from water. Once the reaction had finished, the samples were stockpiled
and taken for separation. The dye concentration in the supernatant was checked using the

UV-Vis spectrometer at 665 nm [180].

2.4.2 Kerosene adsorption study by gas chromatography

The adsorption tests over fresh MWCNTs, Ce/MWCNTs, V/MWCNTs,
V:Ce/MWCNTs, Fe/MWCNTs and PNIPAM:Fe/MWCNTSs nanoadsorbents were carried
out with kerosene cut to study the efficiencies with regard to the removal of hydrocarbons
from samples of water. Adsorption experiments were carried out in batch mode at room
temperature. The model contaminated stock solution was made in a laboratory using a
kerosene concentration of 500 mg/L in distilled water. The 50 mL of model solutions
were mixed for 20 min using a magnetic stirrer before 5 mg of the adsorbent was added.
Then each solution was shaken for between 15 and 60 min at room temperature. The
adsorbent was separated from the solution by filtration. The filtered aqueous solution was
used for the extraction step to prepare the sample for gas chromatography (GC) for the
purpose of determining its hydrocarbon content. The aqueous kerosene solution was
extracted with 20 mL of hexane and shaken at a rotational speed of 240 rpm for 30 min.

The hexane fraction was dried with Na>;SO4 powder. The blank solution was prepared by
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the same method without adding any adsorbent. The kerosene-hexane samples were
analyzed by an Agilent 7890A Gas Chromatograph with a J&W HP-5 capillary column
(30 m x 0.320 mm, 0.25 pm film thickness). A flame ionization detector (FID) was used
for the analysis [177].

After each experiment, the magnetic separation of adsorbents from aqueous solutions
was achieved by placing a magnet near the vessels containing samples contaminated with
Fe304 components. The aforementioned separated aqueous solution collected from the
adsorbent during the extraction step was used to prepare the sample for the purpose of
determining the hydrocarbon content by GC.

2.4.3 Kerosene and toluene adsorption study by high performance liquid
chromatography

Adsorption experiments were performed in batch mode. A stock solution of aqueous
kerosene and toluene mixtures was prepared by adding kerosene or toluene to deionized
distilled water. Kerosene or toluene mixtures of different concentrations were prepared

to obtain a calibration curve as presented in Figures 18a and 18b.
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Figure 18. Standard calibration curve for (a) kerosene solutions and (b) toluene solutions

subjected to HPLC

The stock mixtures were ultrasonicated for 60 min, then stirred for 24h at 25 °C and
ultrasonicated for 30 min prior to the batch adsorption experiments. For each batch
experiment, 50 mL of stock mixture and 2 mg of adsorbents (fresh MWCNTs, ox-
MWCNTs, Fe/MWCNTs, PE:Fe/MWCNTs or PS:Fe/MWCNTs) for kerosene or toluene
adsorption were added to a 120 mL glass bottle, which was subsequently sealed with a

stopper. Next, the bottles were transferred to a shaker and were shaken at 240 rpm for 120
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min. The effects of several parameters, namely time, adsorbent dose, kerosene or toluene
concentration, pH and solution temperature, on the adsorption process were evaluated.
After the batch experiments, each glass bottle was allowed to rest for 2 min before being
placed on an iron boron permanent magnet block to separate the hydrocarbon-containing
adsorbent particles.

The residual mixtures were transferred to a high-performance liquid chromatography
(HPLC) system (KNAUER, Germany) with a 3 um C18 column (25 cm x 4.6 mm) using
a water : methanol 30:70 v/v mobile phase with a flow rate of 1 mL/min [181]. A blank
experiment without an adsorbent was also performed to ensure that the decrease in
kerosene or toluene concentrations was not related to the reduction in the concentration
of hydrocarbons as a result of being adsorbed on the glass walls or vapourising due to
their high volatility.

The removal efficiency of kerosene, toluene and MB (RE%) as well as the quantity of
pollutants adsorbed (q:) were calculated by Equations (9) and (10), respectively:

Co=Ct

RE = (°C—) -100 % )

0

q =2y (10)
where Co denotes the initial pollutant concentration, mg/L; C; stands for the final
pollutant concentration at time t, mg/L; q. represents the adsorption capacity at time t,
mg/g; V refers to the volume of pollutant solution, L; and m is the mass of the adsorbent,
g. Each experiment was performed in triplicate under identical conditions and the mean
values were calculated and reported here.
2.5 Kinetics studies and adsorption isotherms
The interactions between the sorbents and adsorbents are explained by a few
theoretical approaches such as equilibrium isotherms and adsorption kinetics. Adsorption
equilibria explain the physicochemical processes involved in sorption and kinetic
measurements [182]-[184]. Furthermore, they explain the extent of the transport
mechanism of wastewater pollutants into the adsorbent which is comprised of the external
mass transfer of the sorbate from the bulk solution to the surface of the sorbent, the
internal diffusion of the sorbate to the adsorption site and the overall adsorption process
[180]-[181]. The kinetic models are relatively efficient when determining the rate at
which the adsorbent efficiently removes the adsorbate such as kerosene. In order to

ascertain reproducible results, three different kinetic models, namely pseudo first-order,
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pseudo second-order and intraparticle diffusion, were applied to study the adsorption
kinetics of pollutants on prepared and modified sorbents.
The pseudo first-order reaction rate constant was calculated by Equation (11):
log(qe — q¢) = log qe — k (11)

12303

where ge and qt denote the amount of kerosene adsorbed (mg/g) at equilibrium and at
time t (min), respectively, while k; stands for the pseudo first-order rate constant (min™).
A pseudo second-order reaction rate constant based on the equilibrium capacity of
adsorption is given by Equation (12):
t 1t

L= = 4L 12
ac kzqg-l_% (12)

where k> denotes the equilibrium rate constant of pseudo second-order adsorption
(g/mg min).

The third kinetic model, that is, intraparticle diffusion based on the theory proposed
by Weber and Morris, was used to identify the diffusion mechanism. The initial rate of

intraparticle diffusion is expressed by Equation (13):

1
qr= kgx tz+1 (13)

where kq denotes the intraparticle diffusion rate constant (mg/g min'?) and  represents
the intercept.
To study the equilibrium isotherm, Langmuir and Freundlich isotherm models were

used. The Langmuir isotherm model is used to describe monolayer and homogeneous
adsorption processes, because it hypothesizes that adsorbents form a one-molecule-thick
layer at fixed, identical and equivalent sites on the surface of the adsorbent. The Langmuir
model is expressed by Equation (14):

Ce 1 1

= C. +

de dmax € Amax b

(14)

where Ce (mg/L) and ge (mg/g) denote the residual pollutant concentration in the
solution and the amount of the pollutant adsorbed on the sorbent at equilibrium,
respectively; qmax (mg/g) represents the maximum amount of the pollutant per unit mass
of sorbent and b stands for the Langmuir adsorption equilibrium constant related to the
affinity between the sorbent and pollutant.

The Freundlich isotherm model is used to describe non-ideal as well as reversible
adsorption processes and is not limited to monolayer adsorption. Therefore, the
Freundlich isotherm model is used to describe multilayer adsorption processes with a non-

uniform distribution of the heat and sites of adsorption at different affinities on
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heterogeneous adsorbent surfaces. The Freundlich isotherm model is expressed by
Equation (15):

1
Ing. = In K¢ + ;lnCe (15)

where K and n denote the Freundlich adsorption constant (mg/g) and adsorption
intensity, respectively.
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3. Results and Discussion

3.1 Results of V205 nanoparticles at different annealing temperatures
3.1.1 FTIR results

FTIR spectra of V205 samples prepared at 90 °C and annealed at 250, 500 and 750 °C
were recorded within the wavenumber range of 4000 to 400 cm™' for functional groups
and chemical bonds which are presented in Figure 19. The appearance of the FTIR bands
at two different wavenumbers (3212 and 1661 ¢cm™) correspond to O-H stretching and
bending vibrations, respectively. The intensity of the bands decreased as the annealing
temperature increased. The characteristic peaks at 1020, 827, 615 and 479 cm’
correspond to the stretching vibrations of terminal oxygen bonds (V=0), the vibrations
of doubly coordinated oxygen (bridging oxygen) bonds (V-O-V), as well as the
asymmetric and symmetric stretching vibrations of triply coordinated oxygen (chain

oxygen) bonds, respectively [187].
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Figure 19. FTIR spectra of V20s samples prepared at 90 °C and annealed at 250, 500
and 750 °C

3.1.2 X-ray diffraction results

XRD techniques were used to investigate the crystallinity of the newly prepared
nanomaterials. The XRD patterns of V20s nanomaterials treated at increasing
temperatures of 90, 250, 500 and 750 °C, respectively are presented in Figure 20. The
major diffraction peaks of V2Os appear at 20 = 15.62°, 20.04°, 21.80°, 31.40° and 40.90°,
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which correspond to (200), (010), (101), (301) and (002) reflections, respectively [23],
[27]. These peaks relate to the shcherbinaite orthorhombic crystalline structure of
vanadium pentoxide (JCPDS Card No. 41-1426). By increasing the pretreatment
temperature from 250 to 750 °C, the intensity of diffraction peaks increased. Based on the
Scherrer equation, the mean size of treated V2Os nanomaterials was calculated to be

approximately 20 nm.
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Figure 20. XRD patterns of the V205 nanoparticles treated at different temperatures: 1 - V20s as
prepared, 2 - V20s treated at 250 °C, 3 - V20s treated at 500 °C, 4 - V205 treated at 750 °C

3.1.3 UV-Visible spectroscopy results

The UV—Vis absorption spectra of V205 samples were recorded using ethanol as a
solvent (0.001 M). UV-Vis optical properties within the range of 200-800 nm at various
temperatures (90, 250, 500 and 750 °C) exhibited temperature-dependent absorbance as
shown in Figure 21. The absorption peaks of “the prepared sample” of V20s appear
around 486 nm (Eg = 2.55 eV). The energy gap increased to 471 nm (Eg =2.63 eV) when
the sample was annealed at 250 °C, while it decreased to 500 nm (Eg =2.48 eV) when
annealed at 500 °C. On the other hand, the energy gap also increased to 484 nm (Eg=2.56
eV) when the sample was annealed at 750 °C. All these results were calculated according
to the equation in reference [188]. By increasing the annealing temperature, the phase
change of the vanadia nanoparticles occurred from amorphous to crystalline. A blue shift

of the absorption spectra occurred at annealing temperatures from 250 to 500 °C, while a
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red shift was observed between 500 and 750 °C. This phenomenon is the Burstein-Moss

effect [184]-[185].
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Figure 21. UV-Vis spectra of prepared V20s nanoparticles at 90 °C and annealed at 250, 500
and 750 °C

3.1.4 Scanning electron microscopy results

The Scanning Electron Microscopy results were studied to determine the morphology
of the nanoparticles. The SEM images of the V,0s nanoparticles pretreated at 500°C are

shown in Figure 22, indicating that V2Os particles appeared in the form of nanoflakes.
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Figure 22. SEM images of V205 nanoparticles annealed at 500 °C at resolutions of (a) 500 nm, (b) 2
pm and (c¢) 10 pm
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3.1.5 Results of thermogravimetric analysis

The obtained V205 nanoparticles were studied by thermogravimetric analyses within

a temperature range of 23 to 850°C at a heating rate of 5°C/min. The structure of the

sample studied was predominantly amorphous with some crystalline phases of

(NH4)2V6Oi16 as confirmed by XRD analysis. The mass of the sample at the beginning of

the analysis was 62.2 mg. The measurements were taken in a dynamic synthetic airflow

to determine the thermal stability and crystallization temperature of the sample. The

decomposition curves of V205 nanoparticles are given in Figure 23, and data concerning

the reduction in mass are given in Table 2. According to Figure 23, the thermal analysis

of V20s nanoparticles as well as the TGA and DTG curves indicated five stages from

room temperature up to 850 °C [186]-[187].
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Figure 23. Thermogravimetric curves (TG/DTG/DTA) of vanadium pentoxide

Table 2. Data concerning the reduction in mass from the thermogravimetric measurements

Stage Tinitial Trmax Tinal Mass loss Reduction in mass due to...
(°Q) (°Q) (°Q) (m?2%)
1 23 - 200 1.9 Dehydration
) 500 254 593 39 removal/OX|d§t|on of com-pounds
used during preparation
3 593 339 355 6.6 decomposition of (NH4)2VsO16 to
V20s

4 355 374 450 3.2 the initiation of crystallization

5 450 i 850 0.8 cryst.a.|||zat|on ansi/or N
decomposition of bulk impurities
Sample mass: 62.2 mg Total reduction in mass: 16.40%

39



3.1.6 Atomic force microscopy results

The AFM results concerning the grain size distribution on the surface of V20s at

various annealing temperatures are presented in Figure 24.
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Figure 24. AFM results of V205 at annealing temperatures of (a) 90 °C, (b) 250 °C, (c) 500 °C
and (d) 750 °
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The average grain sizes of all samples are on the nanoscale and vary from 70 to 86 nm
as shown in Table 3. It was observed that the grain size tends to reduce as the annealing

temperature increases.

Table 3. Average diameter of grains found in V205 samples annealed at different temperatures

Sample Average diameter, nm
V20s at 90°C 86.02
V20sat 250°C 78.96
V20s at 500°C 70.34
V20s at 750°C 76.17

3.1.7 Methylene blue adsorption UV-Vis results

A study was carried out on vanadium pentoxide nanoparticles that were prepared and
pretreated at 250, 500 and 750 °C with contact times of between 0 and 50 min. The UV-
Vis analyses were conducted at 10 min intervals. The initial MB concentration, volume
of'the MB solution and mass of the samples were 20 mg/L, 30 mL and 20 mg, respectively.
The experiments were run at room temperature. The results are summarized in Figures 25
and 26 as well as in Table 4. The minimum MB concentration was measured following
the adsorption experiment using V205 nanomaterials treated at 500 °C compared to the

other samples which are shown in Figure 26.
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Figure 25. Change in MB concentration against time over prepared V20s nanoparticles and

those annealed at different temperatures
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Hence, the removal efficiency as well as adsorption capacity were also higher for V205
nanoparticles annealed at 500 °C, as is presented in Figure 26 and Table 4. In Figure 26,
it can be observed that the rise in the MB removal efficiency of the studied samples was
significant up to a contact time of 40 mins, after which it slowly decreased over the

following 10 min.
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Figure 26. Removal efficiency of MB from water against time over prepared V205 nanoparticles

and those annealed at different temperatures

Table 4. MB removal efficiency and adsorption capacity during MB removal from water over
prepared V20s nanoparticles and annealed at 250, 500 and 750°C after 40 mins of adsorption

Adsorbents RE (%) gt (mg/g)
prepared V20s 49.1 15.1
V205250°C 52.4 16.0
V205500°C 93.1 27.2
V205 750°C 65.1 19.8

MB adsorption studied over V205 nanoparticles annealed at 500 °C exhibited the
highest MB removal efficiency using the previously defined optimum contact time
presented in Figures 25 and 26. Following this, the adsorption experiment was studied
within the dosage range of 15 to 90 mg (Figure 27). It can be concluded that 60 mg of
V205 nanoparticles annealed at 500 °C achieved the highest MB uptake from water using
the following parameters: T =40 min, Cmp= 20 mg/L, V=30 mL and T = RT, which can

be observed in Figure 27.
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Figure 27. Effect of adsorbent dosage on MB removal over V:0s nanoparticles

annealed at 500°C

It was noted that when the temperature increased, the rate of removal of MB also
increased and the optimum solution temperature of 45 °C yielded a higher removal
efficiency (Figure 28). The optimum parameters concerning water contaminated by MB
were as follows: annealing temperature of V205 = 500 °C, Time = 45 min, Tsolution =45°C,

mads = 60 mg, for V=30 mL, C =20 mg/L and pHsolution =7.

100 A

98 -
97 -

90 L] L] L] 1

20 30 40 50 60
Temperature (°C)

Figure 28. Effect of the solution temperature on MB removal over V.0s nanoparticles annealed

at 500 °C

The data given in Table 5 summarize the adsorption capacities of some of the reported

adsorbent taken from the literature and compared with prepared vanadia metal oxide
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nanosize annealed at 500 °C for MB removal from water. The data show that the prepared

nanosorbent can be used for the adsorption of MB dye.

Table 5 Methylene blue adsorption capacities of different adsorbents

Adsorbent used Capacity (mg/g) Reference
V20s nanoparticles 27.2 Current work
Fes0s4 doped MWCNTSs 15.8 [193]
Activated carbon/black cumin seeds 16.8 [194]
Activated carbon treated by sulfuric acid 16.4 [195]
Activated carbon/ rice husk 9.8 [196]
Leaginous microalga 7.8 [197]
Magnetic LDH@Fe30a4/PVA composites 19.5 [198]
MnO2 nanoparticles 10.6 [199]
Biogenic ZrO2 nanoparticles 23.2 [200]
Magnetic MWCNTs nanocomposite 15.9 [141]

3.1.8 Kinetic and isotherm studies of MB removal from water over V205
nanoparticles

The kinetic models are relatively efficient for the determination of the rate at which
the adsorbent efficiently removed the adsorbate such as pollutants, including non-
biodegradable dyes from wastewater [201]. Data analysis revealed that the highest
adsorption and removal efficiency was achieved using V205 nanoparticles annealed at
500 °C. In order to determine the rate of removal of MB dye from wastewater, the
obtained experimental data from an MB adsorption study was analysed using pseudo first-
and pseudo second-order kinetic models [202]. The resulting graphs from the two kinetic
models of MB adsorption are shown in Figures 29 and 30. According to Figure 29, R?

was equal to 0.967 in the pseudo first-order kinetic model.

44



1.60 -

1.20 - PN y =-0.0336x + 1.6087
R2=10.9672

= ®

T

o 0.80 1

o) ®

on

(=]

= 0.40 4
0.00 ' . . . . i

10 20 30 40 ® 60

-0.40 - t (min)

Figure 29. Pseudo-first order plot for MB adsorption onto V20s annealed at 500 °C

t/qt (min/mg-g1)

2 -
y =0.0263x + 0.533
1.6 1 R? = 0.9882
1.2 ;
0.8 4 $
0.4 . . . . . .
10 20 30 40 50 60

t (min)

Figure 30. Pseudo-second order plot for MB adsorption onto V20s annealed at 500 °C

The statistical analysis of the adsorption data confirmed that the pseudo second-order
kinetics model is the most suitable at lower solute concentrations [203]. Similarly to in
the literature, the plot confirmed that the pseudo second-order kinetics model fits the best
to interpret and depict the MB adsorption process with the high correlation coefficient
(R?) of 0.9882 (Figure 30). Linear regression was exhibited between the adsorbent and
removal of the MB dye from wastewater as previously reported using various adsorbent

materials [204]-[206].
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The equilibrium adsorption isotherm was studied to evaluate and understand the
behavior of methylene blue adsorption over V2Os nanoparticles annealed at 500 °C. Two
equilibrium adsorption models, namely Langmuir and Freundlich, were applied. An
adsorption experiment was carried out using different concentrations of methylene blue
dye (5.0, 7.5, 10.0, 12.5 and 15.0 mg/L) and water as a solvent at room temperature.

The resulting adsorption isotherm shows that the Freundlich model with a

correlation coefficient of 0.8929 fits better as can be seen in Figures 31 and 32.
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Figure 31. Langmuir isotherm models for MB adsorption onto V20s annealed at 500 °C
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Figure 32. Freundlich isotherm models for MB adsorption onto V20s annealed at 500 °C
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3.1.9. Mechanism of MB adsorption on V20s nanoparticles

The sorption mechanism of MB over vanadium pentoxide nanoparticles can be
understood as follows: an ionic bond forms between the negatively charged oxygen atom
of the metal oxide nanomaterial and the positively charged sulfur atom in the MB
molecule. This could also be a covalent bond between an electron pair of the nitrogen
atom in MB and the metal atom in the metal oxide nanoparticles as represented in Figure
33. Results using metal oxides for the removal of MB from model solution show that the
sample annealed at 500 °C exhibited the highest removal efficiency of MB from water.
Therefore, V20s, TiOz and CeO; as well as their nanocomposites prepared and annealed
at 500 °C in addition to doped MWCNTs increase the removal efficiency of MB and

kerosene from water, as is presented in the following section.

lonic bond

Coordination bond

Figure 33. Proposed adsorption mechanism of MB as a result of V205 nanoparticles
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3.2 Results of metal oxide-doped MWCNTSs

3.2.1 Characterization of metal oxide-doped MWCNTs

3.2.1.1 FTIR results

FTIR spectra of TiO2 nanopowders are shown in Figure 34. The spectra represent the
FTIR results of the Ti(OH)4 nanopowder prepared and annealed at 500 °C for 2h. A broad
weak peak can be observed in the spectrum at a wavelength of approximately 3500 cm™,
which can be assigned to the stretching vibration of the hydroxyl group, that is, Ti-OH of
the TiO> nanoparticles. The bands between 630 and 532 cm™ can be assigned to Ti-O
stretching vibrations [207].

Transmittance (a.u.)

4000 3500 1000 2500 2000 1500 1000 500

Wavenumber {em)

Figure 34. FTIR spectra for CeOz, TiO2, V:Ti, V:Ce and V:Ce:Ti composite nanopowders
annealed at 500 °C

The FTIR spectra of the synthesized CeO; nanopowder and that annealed at 500 °C
for 120 min are presented in Figure 34. The absorption bands around 3450 and 1625 cm”
! can be attributed to the stretching and bending vibrations of molecular water. The bands
at 997 and 1458 cm™! are due to bulk sulphate formation in the CeO,. The broad band at
1168 cm™ with shoulders at 1124, 1091 and 1060 cm™ is due to sulphate species on the
surface [208]. It was suggested that species like CeOSQOy4 are formed due to the thermal
decomposition of Ce(SO4)2 which was used during the preparation [209]. The bands at
844 and 451 cm™ are related to Ce-O stretching vibrations [197]-[198].
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The main peaks for V:Ce and V:Ce:Ti composites can be observed in Figure 34 at
about 1020, 808 and 580 cm™ which can be assigned to V=0 stretching as well as V-O-
V asymmetric and V-O-V symmetric vibration bands, respectively. The triply
coordinated oxygen atom between three vanadium atoms contributes to the stretching
absorption peak at roughly 464 cm™. The presence of TiO: in the V:Ce:Ti composite

resulted in a weak band (shoulder) at 520 cm™ due to a Ti-O stretching vibration.

3.2.1.2 Raman spectroscopy results

The distinctive features of CNTs can be identified by Raman spectroscopy (Figure 35.
MWCNTs). The radial breathing mode (RBM) corresponds to the in-phase, radial
movement of the carbon atoms within the structure of CNTs, which is usually not present
in the Raman spectra of MWCNTSs due to the weakening effect of their larger diameters
[199]-[200]. However, two separate RBM bands were observed at 121 and 143 cm™'.
Since the position of an RBM band is influenced by the diameter of the CNTs, it can be
utilized to estimate their average diameter [199] [201]. The bands at 121 and 143 cm’!
indicate the presence of two small, slightly different diameters with averages of 2.1 and
1.8 nm, respectively. The band at 1284 cm™! can be assigned to the presence of defect
sites in the sp2 carbon structure (D band). The position of the D band depends on the
diameter and chirality of the carbon structure as well as the laser wavelength applied
[214]. The D band can be deconvoluted into two bands centred on the same wavenumber
for small crystallites of CNTs [215]. The peak at 1598 cm™ is attributed to the vibrations
of the sp2 carbon structure (G band). Splitting of the G band (G*-G") is not observed, as
is expected for MWCNTSs [212]. The band at 2561 cm™ (G’ band) is the overtone of the
D band, however, contrary to the D band, it indicates the long-range order of the structure
arising from defect-free sp2 carbon atoms [199]-[200].

As a result of being treated with strong acids, structural defect sites are introduced in
the form of carboxyl, carbonyl and hydroxyl groups via oxidation of the carbon structure
[203]-[204]. After oxidative treatment, the RBM band at 143 cm™! disappeared, moreover,
the G and G* bands shifted slightly to higher wavenumbers, that is, 1289 and 2566 cm™,
respectively, indicating successful surface modification (Figure35. ox-MWCNTSs). The

peak area or intensity ratios of the D and G bands (;—D i—D) can be used to estimate the
G G

quality of the CNT structure and the extent of surface modification via the presence of

defect sites [201]-[202]. Alternatively, the G’ and D band ratios (Ili', %) can be used to
D D
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calculate a more accurate estimation [218]. The calculated intensity ratios follow a similar

trend with regard to the peak areas (Table 1 in Appendix-A-). After oxidative treatment,

the j—D,j—D values decreased, while the Ilﬂ,% values increased (Table 1 in Appendix-A),
G G D D

indicating a slightly more disordered structure as a result of acid treatment [219]. No
major spectral changes were observed once the nanocomposites had been prepared (Table
1 in Appendix-A; Figure 35. Ce/, V/ & V:Ce/MWCNTs). Most probably, due to their low
surface concentration, no new peaks were identified in accordance with the Raman
scattering of V205 [219] or CeO; [220] polymorphs. However, based on their D- and G’-
band ratios, the structural order of the V and Ce nanocomposites surprisingly increased

slightly compared to that of the MWCNTs (Table 1 in Appendix-A).
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Figure 35. Raman spectra of the MWCNTSs samples: (A) normalized to the D-band intensity
within the 2750-50 cm™! range and (B) normalized to the RBM bands within the 200-50 ¢m™!
range

3.2.1.3 X-ray diffraction results

In the case of the prepared vanadium pentoxide nanoparticles annealed at 500 °C, the
main diffraction peaks of (200), (001), (101), (110), (301), (011), (310), (002), (600) and
(020) appear at 26 = 15.21°,20.32°,21.57°,26.01°,30.83°, 32.19°,34.17°,41.09°,47.17°
and 51.09°, respectively, as is shown in Figure 36. These peaks relate to the orthorhombic
Shcherbinaite crystal structure of vanadium pentoxide (JCPDS Card No. 41-1426).

The XRD results of titanium dioxide nanoparticles prepared by the sol-gel
hydrothermal method and annealed at 500 °C are shown in Figure 36. The main
diffraction peaks of TiO; treated at 500 °C are (110), (101), (111), (210), (211), (220) and
(002) corresponding to 26 = 27.41°, 36.03°, 41.25°, 44.01°, 54.11°, 56.07° and 62.81°,
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respectively of the rutile form, as indexed in JCPDS Card No. 21-1276 [221]. In addition
to the weak diffraction peaks of (101), (112) and (200) corresponding to 26 = 25.27°,
39.09° and 47.99°, respectively, the anatase form of TiO» (JCPDS Card No. 21-1272) is
observed.

The XRD results of the cerium dioxide nanoparticles prepared by the hydrothermal
method and annealed at 500 °C are shown in Figure 36. The main diffraction peaks of
CeOy are (111), (200), (220), (311), (222) and (400) which appear at 26 = 28.60°, 34.03°,
47.43°,56.35°,59.10° and 69.42°, respectively of the cerianite form, as indexed in JCPDS
Card No. 34-0394 [222].

The X-ray diffraction results for V:Ti, V:Ce and V:Ce:Ti composites annealed at 500
°C for 2h are also presented in Figure 36. In all mixed composites, the constituent

orthorhombic crystalline structure of V205 dominates over the CeO2 and/or TiO> forms

of crystals.
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Figure 36. XRD results for V20s, TiO2 and CeO: single metal oxides as well as V205:CeO: and
V205:TiO2:CeOz hybrid nanocomposites annealed at 500 °C

The XRD results for the samples of fresh V205:CeO, MWCNTSs, ox-MWCNTs,
V/IMWCNTs, Ce/MWCNTs and V:Ce/MWCNTs are presented in Figure 37. V:Ce
nanoparticles prepared by the hydrothermal method and annealed at 500 °C showed

reflections of both oxides, namely V205 and CeOsz. In the case of vanadia nanoparticles,
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the main diffraction peaks of (200), (010), (110), (101), (310), (011), (301), (020) and
(320) appear at 26 = 15.04°, 20.04°, 21.80°, 26.20°, 31.00°, 32.40°, 34.20°, 41.20° and
48.00°, respectively. These peaks relate to the orthorhombic Shcherbinaite crystalline
structure of vanadium pentoxide (JCPDS Card No. 41-1426) [223].

The main diffraction peaks of CeO: are (111), (200), (220) and (311) which appear at
20 =28.60°, 32.20°, 47.40° and 56.51°, respectively in the form of cerianite, as indexed
in JCPDS Card No. 34-0394 [224]. In mixed composites, the constituent V20s
orthorhombic crystalline structure dominates over the CeO2 equivalent. Furthermore, the
presence of some impurities were observed at 20 = 18.20° and 24.20°, originating from
the preparation step.

The XRD results for fresh MWCNTs, ox-MWCNTs, VMWCNTs, Ce/MWCNTSs and
V:Ce/MWCNTs samples treated at 200 °C are also shown in Figure 37. On the basis of
the XRD results, it can be seen that the graphene layers of MWCNTs are preserved after
acid treatment and deposition of metal oxides. The diffraction peaks at 26 = 25.3° and
~43° of the metal oxide-doped MWCNTs are (002), (100) and (101) reflections of
graphite, as indexed in JCPDS Card No. 01-071-4630 [225]. The peaks corresponding to
CeO; and V205 in the Ce/MWCNTs and V/MWCNTs could not be detected possibly
because of their nominal addition and/or good dispersion of the oxides. The major
crystalline phase with regard to the graphene layers of the MWCNTSs was recorded for all
multi-walled carbon nanotubes. The presence of some crystals of individual oxides was

detected for samples of V:Ce/MWCNTs.

MWCNTs
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e V/MWCNTs
_—

Intensity, a.u.

Ce/MWCNTs

v V:Ce/MWCNTs
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26,°

Figure 37. XRD results for fresh and doped MWCNTSs, where V, Ce and C denote the V105,

CeO: and graphene crystalline phases and * represents impurities
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3.2.1.4 Atomic force microscopy results

AFM in three-dimensional images of V20s, CeO, and V:Ce nanoparticles after

annealing at 500 °C are shown in Figure 38. The morphological images of V205, CeO»

and V:Ce nanoparticles clearly depict that the average grain sizes were found to be 70.34,

56.94 and 71.44 nm, respectively (Table 6), as is shown in Figures 38a-c. The addition of

cerium dioxide to vanadium pentoxide resulted in a slight increase in the average grain

size. The average grain size of TiO2 was 66.30 nm (Table 6).
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Figure 38. AFM results of (a) V20s, (b) CeO: and (c) V:Ce composites at an annealing
temperature of 500 °C

53



Table 6. Average diameter of grains found in nanoparticles sorbents prepared samples

Sample Average diameter, nm
V205 70.34
CeO2 56.94
TiO2 66.30
V:Ce 71.44

3.2.1.5 Electron and transition spectroscopy results

SEM results for metal oxides are shown in Figures 39a—c. Figure 39a shows the surface
morphology of V205 nanopowder identified in the form of nanoflakes close to 65-80 nm
in thickness, which is in agreement with the atomic force microscopy (AFM) results.
Figure 39b shows that the surface morphology of the CeO» nanopowder adopts a different
shape including nanorods, the diameter of which can be seen on the nanoscale (60-70
nm) and is also shown by the AFM analysis. Figure 39¢ shows the V:Ce nanocomposite
in which the vanadium pentoxide is preserved in the form of nanoflakes.

SEM and TEM results for fresh MWCNTs and for metal oxide-doped MWCNTs are
shown in Figures 40 and 41. It can be observed that the size of the carbon nanotubes
remains within the nanoscale range and their shape was not significantly affected during
the thermal modification of MWCNTs in the presence of nanoparticles (Figures 41a—c).
MWCNTs under a high magnification were 40 nm in diameter, as is shown in Figure 42a.
The shape of the tubes is very clear, as compare with high magnification TEM Figure 42b
and 42¢, 100nm and 40 nm for V:Ce/MWCNTs, its clear that nanoparticles doped
MWCNTs.

Figure 39 SEM images between 2 and 10 pm: (a) V20s, (b) CeO2, (¢) V:Ce
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(b)

Figure 40 SEM images on scale of 2 pm: (a) VMWCNTs, (b) Ce/MWCNTs, (¢) V:Ce/MWCNTs

(a) (b)

Figure 41 TEM images on a scale of 500 nm: (a) V/MWCNTs, (b) Ce/MWCNTs, (¢)
V:Ce/MWCNTSs

(@ (b) ©

Figure 42 TEM images on scale 40 nm of MWCNTs, and V:Ce/MWCNTSs 100 nm (a), and 40 nm
(b) of V:Ce/MWCNTSs

3.2.1.6 Energy Dispersive X-ray Spectroscopy (EDX) Results

EDX results were recorded to determine the amount of carbon, vanadium, titanium
and/or cerium on the surface of the samples. The analysis was carried out on three areas
of the specimens and the average measured compositions of the near-surface layer of the

samples are presented in Table 7.
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Table 7. Compositions of metal oxide-doped MWCNTSs

Samples Theoretical wt% wt% measured by EDX
Vi 31 2.93:1.00
V:Ce 3.1 2.89:1.00
V:CeTi 3:0.5:0.5 1.72:0.62:0.53
V/MWCNTSs 2.3/97.7 4.57/95.43
Ce/MWCNTSs 7.4/92.6 5.96/94.04
Ti/MWCNTSs 2/98 5.18/94.82
V:Ce/MWCNTs 6.0:2.1/91.9 4.16:6.18/89.66
V:Ti/MWCNTs 4.0:1.2/93.7 1.16:0.38/98.47
V:Ce:Ti/MWCNTs 3:0.5:0.5/96 3.31:1.95:1.64/93.20

The compositions of V:Ti and V:Ce mixed samples estimated by EDX analysis were
in good agreement with the theoretical values used in their preparation. Higher or lower
amounts of metal oxide/s than expected were detected in other samples. The EDX results
support the notion that metal oxides were deposited on the surface of the carbon

nanotubes.

3.2.1.7 Thermogravimetric analysis results

The untreated MWCNTSs sample used for surface modification shows two notable
regions (Figure 43. MWCNTs). A minor reduction in mass is observed up to 190 °C as
the water adsorbed on the surface is removed, while a major reduction in mass is noted
between 440 and 750 °C, indicating the thermal decomposition of the carbon structure
(Table 2 in Appendix-A. MWCNTs). After annealing at 1,000 °C, the residual mass
indicates the impure nature of the MWCNTs samples (m = 10.4%) due to the presence of
catalytic residues from the production of CNTs. The observed amount of catalytic
impurities is well within the acceptable range reported in the literature (cc. 6-43%) [205]
[213].

As a result of surface treatment using strong acids, the MWCNTs structure is oxidized
via the introduction of oxygenated surface functional groups, namely carboxyl, carbonyl
and hydroxyl [227]. The improved hydrophilic nature due to the modified surface
properties of the acid-treated MWCNTSs samples is indicated by the increased amount of
adsorbed water (Figure 43. ox-MWCNTs; Table 2 in Appendix-A. ox-MWCNTs between
21 and 155 °C). Oxidation of the carbon backbone results in the presence of defect sites

that eventuate in the lower thermal stability of the functionalized CNTs [228].
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Figure 43. Thermogravimetric curves (TG/DTG) of the MWCNTSs samples

The elimination of the introduced surface carboxyl groups is observed in the second
step between 155 and 366 °C, while a small reduction in mass between 366 and 500 °C
could be attributed to the decomposition of other thermally more stable surface functional
groups [227]. Significant decomposition was observed between 500 and 730 °C.
Compared to the pristine MWCNTs, the shift towards a higher starting temperature and
the narrower decomposition curve indicate the purifying effect of acid treatment, mostly
via the removal of carbon impurities. The significantly smaller residual mass (m=1.5%)
is due to the removal of catalytic residuals during acid treatment [227]. Consequently, the

acid treatment resulted in a purified MWCNTSs sample.

Small changes are observed following the addition of CeO» to the oxidized MWCNTs
(Figure 43. Ce/MWCNTs; Table 2 in Appendix-A. Ce/MWCNTSs). Since no thermal

decomposition is expected due to the presence of pre-annealed CeO- particles [216], the
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differences could be related to the interactions between the lanthanide oxide nanoparticles
and the carbon nanostructure. The slightly higher maximum temperature (257 °C vs. 226
°C) of the second stage could indicate a possible interaction between the surface carboxyl
groups of the CNTs and the introduced CeO; resulting in the increased thermal stability
of the surface moieties. Although the thermal stability of the MWCNTSs backbones did
not change considerably (628 °C vs. 623 °C), the increased reduction in mass as a result
of the third stage (360-485 °C) could be indicative of the increased ratio of MWCNTSs
particles having a slightly lower thermal stability. This effect could be related to the
thermal activation of the CeO; catalyst at elevated temperatures, resulting in the slight
enhancement of the pyrolysis of CNTs [229].

Similar changes can be observed following the addition of V205 nanoparticles (Figure
43. V/IMWCNTs; Table 2 in Appendix-A. V/IMWCNTs). No additional reduction in mass
is expected due to the addition of previously heat treated V,Os particles [228]. The
thermal stability of the second stage increased further (Tmax = 268 °C), indicating the
slightly stronger interaction of vanadium pentoxide particles with the functionalized
surface of the CNTs. Compared to the ox-MWCNTSs sample, major changes can be
observed in the thermal stability of the CNTs backbone: the reduction in mass ratio of the
third stage increased and the maximum shifted to 388 °C, while the prominent
decomposition stage also shifted to 498 °C from 628 °C. Only a small reduction in mass
at a maximum of 638 °C indicates the presence of MWCNTs particles with their original
thermal stability. These changes can be indicative of the thermally activated catalytic
properties of V20s nanoparticles [230], resulting in enhanced pyrolysis and the lower

thermal stability of MWCNTs.

The joint presence of CeO» and V,0s particles resulted in the further reduction in the
thermal stability of MWCNTs (Figure 43. V:Ce/MWCNTs; Table 2 in Appendix-A.
V:Ce/MWCNTs). The temperature range resulting in the thermal decomposition of the
MWCNTs backbones decreased slightly, where 3 overlapping stages can be identified
(316-422 °C, 422-545 °C, 545-700 °C). The observed decrease in thermal stability can be
explained by the increased catalytic activity due to the simultaneous presence of CeO»
and V205 catalysts [231]. Overall, the addition of V,0s particles significantly decreased
the thermal stability of MWCNTs. The residual masses after annealing at 1,000 °C can
be utilized to estimate the metal-oxide content of the samples (Table 2 in Appendix-A).

Considering the residual mass of the ox-MWCNTs samples (m = 1.5%), the estimated
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oxide contents of the Ce/, V/ and V:Ce/MWCNTs samples are 11.9%, 3.7% and 8.5%,
respectively, which are slightly greater than the values obtained by EDX (Table 6). These
differences can be explained by the higher degree of uncertainty of EDX, since the
analytical signal originates from a smaller volume (on the scale of um?) so the overall
composition is subjected to greater errors due to the possible inhomogeneity of the sample
[232]. Overall, the metal-oxide content of the MWCNTSs composites were found to be

greater than their theoretical values.

3.2.1.8 Low temperature nitrogen adsorption results

Metal-oxide samples calcined at 500 °C with masses of 0.5-1.0 g that had previously
been outgassed in a vacuum at 160 °C were used for the low temperature nitrogen
adsorption experiments. The total surface area of CeQ is relatively high (69 m?/g). The
pore volume and surface area of the micropores of CeO> nanoparticles also exhibit the
highest values among the pure metal oxides prepared (Table 8). V20Os has the lowest
surface area (3 m*/g) and is the main component of the mixed metal oxide nanocomposites
(V:Ce:Tiratio of 1.72:0.62:0.53).The surface area of mixed metal oxides depends on the
amount of individual oxides and interactions between constituent oxides. The surface area

is an important factor in the adsorption steps.

Table 8. Surface morphology of metal oxide nanocomposites

Samples SgeT Smicro V1.7-300 nm Vimicro Dav
(m?/g) (m?/g) (cm?/g) (cm?/g) (nm)
V205 3.0 0.0 0.0073 0.0000 13.4
Ce0; 69.4 155 0.1676 0.0069 13.4
TiO2 433 0.5 0.0457 0.0001 13.6
V:Ti 73 03 0.0232 0.0001 12.1
V:Ce 8.8 0.5 0.0368 0.0001 15.0
V:Ce:Ti 6.4 0.2 0.0321 0.0001 182

Additional increases in surface area were observed following the deposition of metal
oxides onto MWCNTs (Table 9). The reduction in the mass of a sample occurred during
outgassing before the BET analysis. The highest reduction in mass was observed in the
case of ox-MWCNTs and V:Ti/MWCNTs, 7.9 wt% (Table 9). It is assumed that the
presence of some moisture resulted in an acid condensate remaining in the bulk of the

sample after acid treatment and deposition of metal oxides which were subsequently dried
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at 100 °C. The result of treating MWCNTs with 3H2SO4:1HNOs3 could be due to defect
sites formed on its surface resulting in the splitting of CNTs [221] leading to the creation

of new openings in the channels of tubes and an increase in the total volume (Table 9).

Table 9. Reduction in mass during outgassing; total and micropore surface areas, Sger and
Smicro; Volume of pores between 1.7 and 300 nm in diameter and that of micropores, V1.7-300 nm and
Vmicro; average pore size of fresh and acid-treated MWCNTs as well as metal oxide-doped

MWCNTSs, Day values.
Samples Reduction SgeT Smicro V1.7-300 Vmicro Dav
in mass (m*/g) (m*/g) | (cm?/g) (cm?/g) (nm)
(wt%)

MWCNTs 0.1 156 25.4 0.6577 0.0109 16.1
ox-MWCNTs 7.9 140 13.6 1.0384 0.0052 28.2
Ti/MWCNTs 2.9 156 0.0 1.0015 0.0000 24.5
V/MWCNTs 1.3 135 6.9 0.8439 0.0018 24.5
Ce/MWCNTs 45 115 0.0 0.7002 0.0000 24.1
V:Ce/MWCNTs 6.9 129 0.0 0.8545 0.0000 25.8
V:Ti/MWCNTs 7.9 125 8.4 0.7004 0.0027 23.7
V:Ce:Ti/MWCNTs 7.6 126 3.3 0.8108 0.0001 26.0

As can be seen in Table 9, the acidic treatment applied resulted in a significant decrease
in the volume of the micropores. The acid treatment of MWCNTs could lead to the
formation of carboxyl and hydroxyl functional groups which might block the small pores
[222], possibly resulting in a slight decrease in Sger from 156 to 140 m?/g. This also has

an impact on the total pore-size distribution (Figure 44).
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Figure 44. Pore volume distribution of samples of fresh and oxidized MWCNTs as well as metal
oxide-doped MWCNTs
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The MWCNTs doped with newly prepared TiO> have a greater surface area. Sper was
calculated to be 43 m*/g which is similar than that of the commercial Degussa P25 titania
calcined at 500 °C (Sper = 52 m%/g) [233]. At 500 °C, the calcination temperature can
result in both the formation of rutile (18 wt%) and anatase (82 wt%) crystalline phases
[234]. In our TiO2 sample, the major crystalline phase was composed of rutile as
confirmed by XRD results.

The V205 sample calcined at 500 °C has an orthorhombic crystal structure with a small
surface area of 3 m?/g. As a result of the deposition of metal oxides over the ox-
MWCNTs, the pore volumes and pore diameters of the metal oxide-modified samples
decreased (Table 9) in comparison with acid-treated MWCNTs. In addition to this, it was
also observed that the micropores were totally blocked and disappeared after the
deposition of TiO2 and CeOs», as is shown in Table 9. When V>0s was added to the
MWCNTs, the surface area of the micropores decreased by 50%. The total surface area
of TYMWCNTs is similar to that of raw MWCNTs, meanwhile, is higher than for ox-
MWCNTs indicating that the titanium dioxide is dispersed and incorporated onto the
surface of MWCNTs. Therefore, it contributes to the morphological properties of the
samples. The specific surface areas of V/MWCNTs, Ce/MWCNTs and mixed metal-
doped MWCNTs were lower than in the case of ox-MWCNTs (140 m?/g).

The pore size distributions of these preparations are shown in Figure 44. Pores of 2-3
nm and 20-40 nm in diameter are present in higher amounts in the case of fresh
MWCNTs. The number of smaller pores (2-3 nm) decreases and that of 20-40 nm in
diameter slightly increases during the acid treatment of MWCNTs and in the case of metal

oxide-doped MWCNTs samples.

3.2.2 Adsorption test results

3.2.2.1 Methylene blue adsorption over metal oxide-doped MWCNTSs

A comparative study was carried out on the five adsorbents, namely fresh MWCNTs,
0x-MWCNTs, titanium dioxide-doped MWCNTSs (Ti/MWCNTs), vanadium pentoxide-
doped MWCNTs (V/MWCNTSs) and cerium dioxide-doped MWCNTs (Ce/MWCNTSs),
in order to study the efficiency of MB removal from aqueous solutions over metal oxide-
doped preparations. The removal efficiency of different nanoparticle preparations was
studied as a function of time.

V/MWCNTs resulted in the highest degree of MB removal from water. Following this,

the vanadium pentoxide nanoparticles were used to prepare different nanoparticle
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composites (V:Ti, V:Ce and V:Ce:Ti) and modify the MWCNTs. The removal
efficiencies of V/IMWCNTSs and their nanoparticle composite-doped MWCNTs were
studied as a function of various experimental parameters, including contact time, amount
of adsorbent and contact temperature, to determine the optimum conditions of MB
removal from water.

A study was carried out on single metal oxides, mixed metal oxides as well as raw and
metal oxide-doped MWCNTs as a function of time over 35 min. Measurements were
taken every 5 min. The initial MB concentration, volume of the MB solution and mass of
the samples were 20 mg/L, 20 mL and 4.5 mg, respectively. The MB concentration
reached its minimum after being pretreated with V:Ce/MWCNTs in comparison with
other nanocomposite samples (Figure 45). As can be seen in Figure 46, the
V:Ce/MWCNTs exhibit the highest MB removal efficiency from water in comparison
with raw, ox-MWCNTs and single metal oxide-doped MWCNTs.
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Figure 45. MB concentration against contact time of the studied samples
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Figure 46. MB adsorption efficiency against contact time using raw, oxidized and metal oxide

nanocomposite-doped MWCNTs

As can be seen in Figures 45 and 46, the decrease in MB concentration and increase
in the removal efficiency over time with regard to the studied samples were noticeable in
the case of V:Ce/MWCNTs and V/MWCNTs for the first 25 min and once an equilibrium
had been reached. After 25 min, the adsorption capacity of the samples increased slowly
and did not change significantly. The removal efficiency and MB adsorption capacity
over metal-oxide and composite nanoparticle-doped MWCNTs are presented in Table 10.
The highest removal efficiencies of 57% and 64% were reached over V/MWCNTs and
V:Ce/MWCNTs, respectively. These samples also exhibited the highest adsorption
capacities of 50.9 and 56.7 mg/g, respectively (Table 10).

Table 10. Removal efficiency (RE) and adsorption capacity (q¢) during MB removal from water

over different preparations after 35 min

Adsorbents RE (%) gt (mg/g)
MWCNTs 2.68 2.39
ox-MWCNTs 8.37 7.44
V/MWCNTs 57.30 50.93
Ti/MWCNTs 9.23 8.21
Ce/MWCNTs 45.85 40.76
V:Ce/MWCNTs 63.77 56.69
V:Ti/MWCNTSs 14.05 12.49
V:Ce:Ti/MWCNTs 28.17 25.05
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A similar adsorption capacity (62 mg/g) was obtained over a prepared magnetic
nanoadsorbent for the removal of methylene blue [235].

The effect of the amount of adsorbent was studied over the two best-performing
composite samples, namely V/MWCNTs and V:Ce/MWCNTs, which exhibited the
highest MB removal efficiencies. Different amounts of adsorbents from 1.5 to 10.0 mg
were added to the MB solution and the removal of MB was followed for 25 min at room
temperature. The results showed that the optimum adsorbent masses were 6.0 and 9.0 mg
in the cases of V/MWCNTs and V:Ce/MWCNTs, respectively in 20 mL of solution with

an MB concentration of 20 mg/L, as is shown in Figure 47.
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Figure 47. Effect of adsorbent dosage on MB removal over VVMWCNTs and V:Ce/MWCNTs

The effect of temperature on the MB removal efficiency was studied within the
temperature range of 15 to 65 °C over V:Ce/MWCNTs samples. The reaction time was
25 min, the mass of the adsorbent was 9 mg, the shaking speed was 240 rpm, the MB
concentration was 20 mg/L and the volume of the solution was 20 mL. The results showed
that the optimum temperature for MB adsorption over V:Ce/MWCNTs was 45 °C, as is

shown in Figure 48.

64



0 20 40 60 80
TC

Figure 48. Effect of MB adsorption over V:Ce/MWCNTs against temperature

3.2.2.2 The results of kerosene adsorption over metal oxide-doped MWCNTSs

The adsorption of kerosene from an aqueous solution by fresh MWCNTs as well as
metal oxide-doped MWCNTs was studied using the GC method and the results are
summarized in Figures 49 and 50 as well as Table 11. The initial aqueous kerosene
concentration was 500 mg/L and the mass of each sample was 5 mg. The effect of the
adsorption time on the kerosene concentration and removal efficiency was studied at
different times between 15 and 60 min over the metal oxide-doped MWCNTSs samples.
The kerosene concentration reached its lowest value 60 min after being pretreated with
all the prepared adsorbents (Figure 49). Therefore, the removal efficiency of kerosene

was higher after 60 min for all samples, as is shown in Figure 50.
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Figure 49. Reduction in kerosene concentration in an aqueous solution against time over MWCNTs,
Ce/MWCNTs, VVMWCNTs and V:Ce/MWCNTSs (Co =500 mg, Vsample = 0.05 L, mags = 0.005 g)
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Figure 50. Removal efficiency of kerosene from an aqueous solution against time over MWCNTs,
Ce/MWCNTs, VVMWCNTs and V:Ce/MWCNTSs (Co =500 mg, Vsample = 0.05 L, mags = 0.005 g)

The removal efficiency of samples increased rapidly during the first 45 mins, after
which it slowly decreased for the following 15 min. The GC results presented in Tablel1
show that the preparation of V:Ce/MWCNTs exhibited the highest adsorption capacity
and removal efficiency of kerosene from an aqueous solution (q:=4271 mg/g, RE =85%)
after an adsorption time of 60 min regarding the V/MWCNTs (q: = 3825 mg/g, RE =
77%), Ce/MWCNTs (q: = 3481 mg/g, RE = 70%) and fresh MWCNTSs (q: = 3300 mg/g,
RE = 66%).

Table 11. GC results of the adsorption capacity and removal efficiency of kerosene from an

aqueous solution using fresh MWCNTSs, Ce/MWCNTs, VMWCNTSs and V:Ce/MWCNTs over
different adsorption times

MWCNTs Ce/MWCNTs V/MWCNTs V:Ce/MWCNTs
Time RE ar RE ar RE ar RE qe
(min) | (%) | (mg/g) | (%) (mg/g) (%) | (mg/g) | (%) (mg/g)
15 47 2335 54 2681 51 2567 | 67 3355
30 53 2626 60 3009 69 3435 | 76 3822
45 65 3247 66 3308 75 3731 | 83 4161
60 66 3300 70 3481 77 3825 | 85 4271

3.2.3 Kinetic studies of kerosene removal from an aqueous solution over metal
oxide-doped MWCNTSs

The interactions between the sorbents and adsorbents are explained by a few
theoretical approaches such as equilibrium isotherms and adsorption kinetics. Adsorption
equilibria explain the physicochemical processes involved in sorption and kinetic
measures. They also explain the degree of the transport mechanism of wastewater

pollutants onto the adsorbent which is comprised of the external mass transfer of the
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sorbate from the bulk solution to the surface of the sorbent, the internal diffusion of the
sorbate to the adsorption site, and the overall adsorption process. The kinetic models are
relatively efficient when determining the rate at which the adsorbent efficiently removes
the adsorbate such as kerosene.

The change in the amount of kerosene adsorbed (q:) by samples as a function of time
is shown in Figure 51. Approximately half of the hydrocarbon concentration (250 mg/L)
is removed from water by all samples within the first 15 min of treatment (Figure 49),
after which the amount adsorbed rises more slowly as the surface becomes satured with
adsorbate. Similar adsorption behaviour was reported with regard to the removal of nitrate
[236] and dye molecules [237]. The adsorption capacity study shows that the q; of fresh
MWCNTs is lower than that of metal oxide-doped MWCNTs samples due to the

avalibility of more active sorption sites.
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Figure 51. Adsorption capacity of kerosene against the contact time over fresh and doped
MWCNTs
In order to ascertain reproducible results, three different kinetic models (pseudo first-
order, pseudo second-order and intraparticle diffusion) were applied to study the
adsorption kinetics of kerosene over fresh MWCNTs, Ce/MWCNTs, V/IMWCNTs and
V:Ce/MWCNTSs nanocomposites. From (Figure 1 in Appendix-A), it can be seen that the
pseudo first-order reaction appropriately fitted to the experimental data for metal oxide-
doped MWCNTs (R? ~ 0.90-0.97). The value of ge cal for V:Ce/MWCNTSs was closer to

the experimental values obtained (Table 12).
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Table 12. Parameters of the applied kinetic model equations with regard to kerosene adsorption

from the aqueous solution onto the samples studied

Kinetic Models Parameters MWCNTs Ce/MWCNTs V/MWCNTs | V:Ce/MWCNTs
at e (Mg/g) 3300 3481 3825 4271
pseudo ki (min?) 0.089 0.061 0.090 0.090
first-order Qe ol (Mg/g) 4946 2394 5164 4674
R? 0.8969 0.9631 0.9962 0.9494
pseudo second- ka2 (mg/g min) 0.30x 10™ 0.45x 107 0.16 x 107 0.28 x 107
order
qe cal (Mg/g) 3333 3333 5000 5000
R? 0.9847 0.9978 0.9975 0.9994
intraparticle Ka (mg/g min/?) 274 2104 3274 244
diffusion | 1247 1866 1441 2450
R? 0.9308 0.9966 0.9064 0.9740

The best-fit kinetic model with regard to the experimental results of kerosene

adsorption was the pseudo second-order one (Figure 52). This is indicated by the high

values of their linear regressions, namely R? > 0.98, for all samples as given in Table 12.

However, the values of qe cal for the V/MWCNTs and V:Ce/MWCNTs were higher than

the experimental values obtained, q¢exp. The pseudo second-order model has been applied

with regard to the sorption of oil and metal ions over MWCNTs [135].
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Figure 52 Pseudo-second order plot for kerosene adsorption onto metal oxide-doped MWCNTs
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The third kinetic model, that is, intraparticle diffusion, based on the theory proposed
by Weber and Morris, was used to identify the diffusion mechanism [238]. According to
this theory, the adsorbate uptake, q:, varies almost proportionally to the square root of the
contact time, t'%, rather than t [239]. The outcome of this third kinetic model is presented
in Figure 53. The constant K4 was obtained from the gradient of the plot of qt against t'’?
(Table 12). The resultant plot does not intercept the origin with linear response values and
R? varies between 0.90 and 0.99 for all samples.

The intercept of the plot is indicative of the boundary layer effect during sorption
[240]. Intraparticle diffusion would be considered the rate-limiting step if the plotted
curve intercepted the origin. Since the intercept (I) and intraparticle diffusion rate constant
(Kq) for all metal oxide-doped MWCNTSs samples were large (Table 12), the surface

adsorption of kerosene is the rate-limiting step rather than intraparticle diffusion in the

reported study.
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Figure 53. Intraparticle diffusion plot with regard to kerosene adsorption for metal oxide-doped
MWCNTs

3.2.4 Adsorption mechanism
3.2.4.1. Mechanism of MB adsorption over metal oxide-doped MWCNTSs

For fresh MWCNTs, a n-w interaction can form between n bond in methylene blue and
7 bond in the carbon nanotubes. The bond could also be a hydrogen bond between the
lone pair of electrons on the nitrogen atom and the hydrogen atom at the end of the tubes
or at defect sites. When the MWCNTs are oxidized by acids, covalent sidewall
functionalization of the nanotubes with -OH, -COOH and -C=0 groups occurs, n- ©

interaction takes place between electron pair of oxygen and m in MB. A stronger
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electrostatic interaction can form between carboxyl groups and cationic methylene blue.
After modification of the MWCNTSs with metal oxide nanoparticles, ionic bonds could be
formed between the negatively charged oxygen atom in the metal oxide and the positively

charged sulfur in MB (Figure 54).

hydrogen
bonding

Figure 54. Proposed adsorption mechanism of MB removal using metal oxide-doped MWCNTs

3.2.4.2. Mechanism of kerosene adsorption over metal oxide-doped MWCNTSs

A schematic diagram of the sorption of alkane molecules on the surface of MWCNTs
samples is presented in Figure 55. One of the most probable ways of bringing about the
sorption of nonpolar, alkane molecules on MWCNTs is via CH-- & interactions. The
CH: - -m interaction is a weak noncovalent hydrogen bond. In the case of fresh MWCNTs,
an interaction occurs between the hydrogen atoms of the saturated hydrocarbons
(kerosene) and the carbon atoms of the MWCNTSs. Furthermore, a van der Waals
interaction could occur. In the case of metal oxide-doped nanoparticles over MWCNTs,
hydrogen bonding forms between the oxygen atoms in the metal oxide-doped MWCNTs

and the hydrogen atoms in kerosene.
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Figure 55. Proposed mechanism for kerosene removal over metal oxide-doped MWCNTs
nanocomposites

3.3 Results of Polymer-modified Fe/MWCNTSs
3.3.1 Characterization Results of Polymer-modified Fe/MWCNTSs

3.3.1.1 X-ray Diffraction Results

The X-ray diffraction results of fresh MWCNTs, ox-MWCNTs, Fe/MWCNTs and
polymer-modified PNIPAM:Fe/MWCNTs nanocomposites are shown in Figure 56. In
the case of fresh MWCNTs, the main diffraction peaks of (002) and (100) appear at 20 =
25.9° and 43.0°, respectively, which relate to fresh MWCNTs [241]. No significant
changes were observed in the case of ox-MWCNTs, the main peaks remained almost
unchanged after oxidizing of MWCNTs in the presence of strong acids.

The main diffraction peaks of Fe/MWCNTs are (220), (311), (400), (422), (511) and
(440) corresponding to 20 = 31.41°, 36.0°, 44.53°, 53.25°, 57.01° and 63.11°,
respectively, which belong to magnetite [230]-[231]. According to the XRD results, an
amorphous structure for the polymer PNIPAM was observed, the main broad peak is

shown at 20 = 19.04°. After adding PNIPAM to Fe/MWCNTs nanocomposites, the peak
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of PNIPAM appeared and this confirmed the preparation of PNIPAM modified
Fe/MWCNTs nanocomposites [244] (Figure 56).

The peaks at 20 = 21.5° and 23.9° in the XRD pattern of PE:Fe/MWCNTs
corresponded to the (110) and (200) diffraction peaks of polyethylene, respectively [244],
as is shown in Figure 56. However, XRD patterns of polystyrene-modified Fe/MWCNTs
could not show the peak at 20 =19.4° as reported in litersture [245] due to the amorphous

structure of polymer and/or its small amount in sample.
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Figure 56. XRD patterns of fresh MWCNTSs, ox-MWCNTs, Fe/MWCNTs,
PNIPAM:Fe/MWCNTs, PE:Fe/MWCNTSs, and PS:Fe/MWCNTSs

3.3.1.2 Fourier transform infrared spectroscopy results

FTIR spectra of MWCNTs, ox-MWCNTs, Fe/MWCNTs, PE:Fe/MWCNTSs as
prepared and PE:Fe/MWCNTs after kerosene adsorption are shown in Figure 57.

For ox-MWCNTs Figures 57 and 58, the band at 3426 cm™ is relating to O-H of
stretching vibration of hydroxyl groups. While the peak at 1625 cm™ relates to vibration
of C=0 carboxyl bond of -COOH group. The peaks at 2925 cm™!, 2845 cm™!, 1460 cm’!
and 1395 cm™! are attributed to the asymmetric and symmetric C-H stretching, C=C

aromatic ring stretching and C-C stretching for MWCNTs respectively [246], [247].
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Figure 57 FTIR spectrum for MWCNTs, ox-MWCNTs, Fe/MWCNTs, PE:Fe/MWCNTSs and
PE:Fe/MWCNTs after kerosene adsorption

The PE:Fe/MWCNTs after kerosene adsorption is shown in Figure 57. The peaks at
the 2850-3000, 1460, and 725 cm™! wavelengths represent the chemical functional groups
of —CH>— stretching, —CH bending, and —CH>— rocking vibration of the aliphatic
hydrocarbon, respectively [248]. Kerosene a part of paraffin but has trace of unsaturated
hydrocarbons as double bonds or unsaturated cyclic compounds can be adsorbed onto
surface of polymer composite (PE:Fe/MWCNTS) [249], [250].

FTIR spectra of MWCNTs, ox-MWCNTs, Fe/MWCNTs, PS:Fe/MWCNTs as
prepared and PS:Fe/MWCNTs after toluene adsorption are shown in Figure 58. Table 13
shows the peaks assignments and type of vibration for fresh, oxidized and polysterene

modified Fe/MWCNTSs and PS:Fe/MWCNTSs after toluene removal from water.
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Figure 58 FTIR spectrum for fresh MWCNTs, ox-MWCNTs, Fe/ MWCNTs,
PS:Fe/MWCNTs and PS:Fe/MWCNTs after toluene adsorption

Table 13 FTIR peak assignments for fresh, oxidized and polysterene
modified Fe/MWCNTs [251], [252]

Sample FTIR wavenumber (cm™) Band assigment
Fresh MWCNTSs 3425 cm™? O-H stretching vibration of of
hydroxyl groups
2925 cm™ asymmetric C-H stretching
2845 cm™ symmetric C-H stretching
1490 cm? C=C stretching vibration
1395 cm* C-C stretching vibration
ox-MWCNTs 1625 cm* C=0 stretching of -COOH grop
3420 cm? O-H stretching of =COOH group
PS:Fe/MWCNTs 2925 cm? C-H stretching of aromatic ring
after toluene 2845 cm? C-H stretching of -CHs group
adsorption 1035 cm* C-H bending in plane

3.3.1.3 Raman spectroscopy results

The Raman spectra of fresh MWCNTs, ox-MWCNTs, Fe/MWCNTSs and polymer-
modified PE:Fe/MWCNTSs nanocomposites are shown in Figure 59. Three sharp peaks
were observed at 1338 cm™!, 1580 cm™! and 2695 cm™! in all samples corresponding to
the disorder-induced band (D band), the Raman-allowed tangential mode (G band) and
the second-order harmonic band (G’ band, Graphite) which attributed to the overtone of

the D band, respectively. The D mode indicates the disordered features of the carbon and
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defect sites in the curved graphite sheet and sp3 carbons along with other impurities, while
the G mode is associated with the ordered crystalline graphite in the MWCNTSs in
agreement with references [29] and [234]. The Raman spectrum shows a second-order
harmonic G* band (graphite) at 2930 cm™! correspondinlg to the D + G band. The
PE:Fe/MWCNTs are presented in Figure59 with a higher peak at 2650 cm™!, attributed
to the bonding of the polymer in MWCNTs, while this peak decreases when kerosene is
adsorbed, as can be seen in Figure 59 [235]-[236].
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Figure 59. Raman spectra of fresh MWCNTSs, ox-MWCNTs, Fe/MWCNTs, PE:Fe/MWCNTSs
and PE:Fe/MWCNTs after kerosene adsorption

Raman spectroscopy and adsorption test results for polystyrene-modified
Fe/MWCNTs samples are shown in Figure 60. According to the results of
PS:Fe/MWCNTSs with regard to the removal of toluene from water, the D, G and G’ bands
changed, moreover, after polystyrene was added and PS:Fe/MWCNTSs nanocomposites
formed, the D, G and G’ bands significantly increased in intensity with regard to the
bonding of the polymer in Fe/MWCNTs. Meanwhile, the bands continued to increase in
intensity and another band appeared at 4150 cm™!, which refers to the adsorption of

toluene over PS:Fe/MWCNTSs nanocomposites, as can be seen in Figure 60.
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Figure 60. Raman spectra of fresh MWCNTs, ox-MWCNTs, Fe/MWCNTs,
PS:Fe/MWCNTs and PS:Fe/MWCNTs after toluene adsorption cm™

3.3.1.4 Scanning and transmission electron microscopy results

SEM and TEM results of fresh MWCNTSs, ox-MWCNTs, Fe/MWCNTs and
polystyrene-modified Fe/MWCNTSs nanocomposites were recorded. By taking into
consideration that the magnetite nanoparticles were prepared over MWCNTs in a ratio of
1:1, according to Figures 61a-b, Fe3Os particles prepared over MWCNTs were well
within the nanoscale and nanotubes were observed. Therefore, it is clear that the shape of
the carbon nanotubes during oxidation of the MWCNTs with a strong acid and even after
the magnetite doped MWCNTs nanocomposites had been prepared is unaffected. After
modification of Fe:MWCNTs with polysterene, PS:Fe/MWCNTs were very clearly
shown in Figures 61c-d, indicating that the mixing of polystyrene while preparing the
nanocomposites facilitates the agglomeration of the MWCNTs and magnetite particles.

The TEM images in Figures 6le-f show magnetite-modified MWCNTSs
nanocomposites. The images indicate that the tubular shape of the CNTs during the
preparation and when the magnetite nanoparticles pass over MWCNTs is unaffacted.
Figure 61f shows that the diameter of the magnetite nanoparticles is less than 10 nm.
Figures 61f-g present the PS:Fe/MWCNTs nanocomposites from which it was also

observed that the agglomeration of the magnetite particles occurred following the addition
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of polystyrene. Similarly, the tubular shape of the CNTs remains unaffected even after

preparation of the nanocomposites had been completed.
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Figure 61 SEM images of Fe/MWCNTSs (a and b), PS:Fe/MWCNTs (c and d) and TEM images
of Fe/MWCNTs (e and f), PS:Fe/MWCNTs (g and h)

The SEM images of fresh MWCNTSs, ox-MWCNTs, Fe/MWCNTs and polyethylene-
modified Fe/MWCNTs are presented in Figure 62. The shape of the MWCNTSs can be
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distinctly observed in the SEM image of fresh MWCNTs (Figure 62). The shape of the
MWCNTs was not significantly affected by the oxidation of HNO; (Figure 62b). The
magnetite nanoparticles deposited on MWCNTSs can be observed in the SEM images of
Fe/MWCNTs (Figures 62c-d). Furthermore, the agglomeration of polyethylene over
Fe/MWCNTs can be observed in the SEM images of PE:Fe/MWCNTs (Figure 62e-f).
The TEM images of Fe/MWCNTs (Figures 62g-h) illustrate that magnetite modified the
MWCNTs and consisted of nanoparticles (Figure 62h).

(f) PE:Fe/MWCNTs and TEM images of (g) and (h) Fe/MWCNTs

SEM and TEM images of PNIPAM-modified Fe/MWCNTs are shown in Figure 63.
SEM and TEM micrographs show the microstructure and morphology of the
PNIPAM:Fe/MWCNTs nanocomposites. As is shown in Figures 63a and d, that is, the
SEM and TEM images of fresh MWCNTs, the diameter of the nanotubes is between 20
and 30 nm. Figures 63b and e clearly show that the magnetite nanoparticles cover the
outer surface of the nanotubes, where the presence of magnetite and CNTs is also evident
according to the characteristic EDX lines of iron, oxygen and carbon atoms (Figure 63g).

The SEM and TEM images of PNIPAM:Fe/MWCNTSs nanocomposites are presented
in Figures 63c and f, where the homogeneous distribution of magnetite nanoparticles is
similar to the previously described “fresh” MWCNTSs samples. However, the addition of
the polymer PNIPAM may cause agglomeration.
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Figure 63 SEM image of fresh MWCNTs (a), Fe/MWCNTs (b), P-NIPAM:Fe/MWCNT: (c¢);
TEM images of resh MWCNTSs (d), Fe/MWCNT: (e), P-NIPAM:Fe/MWCNTs (f) amd EDX
spectrum for Fe/MWCNTs (g)

3.3.1.5 Low temperature nitrogen adsorption results

The total and micropore surface areas, Sger and Smicro; the pore volumes of pores with
diameters of between 1.7 and 300 nm and their corresponding micropore volumes, Vi.7-
300 nm and Vmicro; as well as the average pore size, Day, of fresh ox-MWCNTs,
Fe/MWCNTs and polymer-modified Fe/MWCNTSs samples are summarized in Table 14.
The total surface area of fresh MWCNTSs was 161 m?*/g, which was higher than that
reported by the supplier of 120 m?/g.
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Table 14: Surface areas, pore volumes and average pore sizes of fresh MWCNTs, ox-MWCNTs,
Fe/MWCNTs and polymer-modified Fe/MWCNTSs

Samples Seer V1.7-300 nm Smicro Vnmicro Dav
m?/g cm’/g m?/g cm?/g nm
1 MWCNTs 161 0.7932 22.86 0.0096 17.9
2 ox-MWCNTs 146 1.1142 13.9 0.0053 26.0
3 Fe/MWCNTs 233 0.5737 0 0 8.5
4 PE:Fe/MWCNTSs 86 0.2969 0 0 10.1
5 PE:Fe/MWCNTSs after 73 0.2711 0 0 11.2
kerosene adsorption
6 PS:Fe/MWCNTs 136 0.3372 0 0 8.5
7 PS:Fe/MWCNTs after 129 0.3075 0 0 7.6
toluene adsorption
8 PNIPAM polymer 13 0.0619 0 0 15.0
9 PNIPAM:Fe/MWCNTs 73.2 0.3534 0 0 15.8
10 | PNIPAM:Fe/MWCNTs 71.1 0.3377 0 0 16.0
after kerosene adsorption

The oxidation of MWCNTSs with HNOj3 led to the formation of -COOH and -OH

functional groups, which can block micropore openings [234] and cause a slight reduction

in the BET surface area (Sger) from 161 (for fresh MWCNTSs) to 146 m*/g (for ox-

MWCNTs) as discussed in Part 3.2.1.8. The surface area and micropore volume of the

0x-MWCNTs were 40% and 55% smaller, respectively, than those of the fresh MWCNTs

(Table 14). These results were attributed to the formation of defect sites on the surface of

0x-MWCNTs, resulting in CNT splitting [256]. Acid treatment also effects the total pore

volume of MWCNTs, as is shown in Figure 64.
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Figure 64. Cumulative mesoporous volume distribution of prepared MWCNTs, ox-MWCNTs,
Fe/MWCNTs and PE:Fe/MWCNTs as well as of PE:Fe/MWCNTs after kerosene adsorption

In this study, the deposition of magnetite on MWCNTSs caused an increase in their

surface areas. Sger of Fe/MWCNTSs (233 m?/g) was higher than that of ox-MWCNTs,

indicating that magnetite, which was dispersed over the surface of MWCNTs, blocked

their micropores. Moreover, new pores with a diameter of 5 nm were formed on the

surface of the ox-MWCNTs (Figures 65 and 66).
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Figure 65. Pore volume distribution of MWCNTs, ox-MWCNTs, Fe/MWCNTSs, PE:Fe/MWCNTSs
and PE:Fe/MWCNTs after kerosene adsorption
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Figure 66. Logarithmic pore volume distribution of MWCNTSs, ox-MWCNTSs, Fe/MWCNTs,
PE:Fe/MWCNTs and PE:Fe/MWCNTs after kerosene adsorption

The addition of the polymers polyethylene and PNIPAM to the Fe/MWCNTs led to
significantly greater reductions in the surface area of Fe/MWCNTs (from 233 to 86 and
73 m?/g, respectively) and their pore volumes (from 0.5737 to 0.2969 and 0.3534 cm?¥/g,
respectively) in comparison with the depositon of polystyrene on Fe/MWCNTs (Table
14). The addition of polystyrene decreased the surface area of Fe/MWCNTs by 42% from
233 to 136 m?/g. The incorporation of polymers caused the agglomeration of
Fe/MWCNTs, as confirmed by the SEM images of polymers:Fe/MWCNTs (Figures 61-
63), thereby decreasing the number of smaller (<10 nm) and larger (>10 nm) pores in the
samples as well as decreasing their surface area.

A further reduction in the Sper of polymer-modified Fe/MWCNTs was observed
following the adsorption of kerosene/toluene. This suggested that the absorption of
pollutants took place on the surface of the adsorbent and the fraction of adsorbed
hydrocarbon molecules remained in the bulk of the sample after desorption at 105 °C

under a vacuum.

3.3.1.6 Thermogravimetric analysis
The thermogravimetric analyses of fresh MWCNTSs, ox-MWCNTs, Fe/MWCNTs and
PNIPAM:Fe/MWCNTs were carried out. The reduction in mass of the fresh MWCNTs
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sample is small and monotonous up to 200 °C, indicating a minimal quantity of water
adsorbed by the hydrophobic sample, while a major reduction in mass is observed
between 430 and 733 °C (Figure 67/a, Table 15), which can be associated with the thermal
degradation of MWCNTs [213]. The asymmetric shape might be an indication of the
different thermal stabilities of MWCNTs as a result of different wall thicknesses present
in the sample. Above 1,000 °C, the relatively high amount of residual mass (11.88%)
indicates the impurity of the sample, most probably due to the presence of residues of

transition metal catalysts used during catalytic chemical vapour deposition [226].
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Figure 67. TG and DTG curves of MWCNTs-prepared adsorbent materials

Treatment of the MWCNTSs with strong acids (H2SO4 and HNO3) results in the
oxidation of the carbon structure along with the formation of surface carboxyl, carbonyl
and hydroxyl groups. Acid treatment can also remove amorphous carbon impurities and
decrease the amount of catalytic residues [214] [237]. The first mass loss step of ox-
MWCNTs (22-153°C, Figure 67b, Table 15) can be attributed to the removal of adsorbed
water, indicative of the increased hydrophilic character of the functionalized CNT
surface. The second mass loss step (153-350°C) is related to the elimination of residues
of oxygenated surface functional groups. A major mass loss step can be identified
between 470 and 730°C. As a result of acid treatment, the full width half maximum

(FWHM) is reduced and the asymmetric nature of MWCNTSs decomposition (470-597°C,
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597-730°C) becomes more prominent by removing smaller or less stable CNT
nanoparticles. The notably lower residual mass after being heated at 1,000 °C (6.04%)
can be related to the dissolved parts of the transition metal catalyst residues following
acid treatment.

At temperatures of up to 50 °C, the Fe/MWCNTs sample shows a very rapid reduction
in the amount of volatile compounds adsorbed on its surface (Figure 67b, Table 15). A
major decomposition step can be identified between 150 and 435 °C, consisting of two
overlapping processes (150-290 °C, 290-435 °C). In the absence of oxygen, the small
mass gain typical of magnetite oxidation from Fe3Os to Fe,O3 and the theoretical mass
gain of 3.45% for pure Fe;04[258] is not expected. No other changes in mass are expected
for magnetite [258]. Although the mass loss due to the oxygen-containing functional
groups of modified MWCNTSs structures is also expected in this region, the Fe
modification [259] increased the thermal stability of these functional groups (increased
FWHM and DTG maxima from 220 to 268°C, Figure 67c). The thermal decomposition
of residual CTAB, used as an additive in the preparation of Fe/MWCNTs, can also take
place in this region between 150 and 300°C, while the thermal decomposition of CTAB
decomposition products can take place up to 400 °C [260]. The pyrolysis of the CNT
structure is observed between 435 and 730 °C with a more uniform rate of decomposition
as a result of Fe3O4 modification. The relatively high amount of residual mass (75.69%)
having been heated at 1,000 °C indicates the additional presence of stable iron oxides in
the sample.

The PNIPAM:Fe/MWCNTs sample exhibits a small mass loss step (21-160 °C) related
to dehydration (Figure 67, Table 15). A significant mass loss is observed between 160
and 450 °C, consisting of two separate processes. This can be related to the thermal
degradation of the PNIPAM polymer. TG analyses confirmed that the polymer was
successfully attached to the surface: 34 wt% PNIPAM: 55 wt% Fe/MWCNTSs. The
removal of the surface functional groups from the CNT surface is also visible, while the

decomposition of the carbon backbone takes place between 450 and 700 °C.
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Table 15. Mass loss data of MWCNTSs samples from the TG curves

Sample T start T end Total Total mass Mass loss Mass loss
(°C) (°C) mass loss loss (mg) step (%) step (mg)
(%)

Fresh MWCNTs 20 200 1.69 0.1 1.69 0.1
200 430 3.23 0.2 1.54 0.1
430 733 88.72 59 85.49 5.7
733 1015 88.12 5.8 -0.60 0.0
Initial mass: 6.632 mg Residual mass: 0.788 mg (11.88%)

ox-MWCNTs 22 153 15.61 1.0 15.61 1.0
153 350 33.94 2.2 18.33 1.2
350 470 34.73 2.3 0.79 0.1
470 730 94.11 6.2 59.38 3.9
730 1015 93.96 6.2 -0.15 0.0
Initial mass: 6.612 mg Residual mass: 0.399 mg (6.04%)

Fe/MWCNTs 30 150 4.30 0.3 4.30 0.3
150 290 7.56 0.5 3.26 0.2
290 435 11.62 0.8 4.06 0.3
435 730 24.34 1.6 12.72 0.8
730 1015 24.31 1.6 -0.03 0.0
Initial mass: 6.508 mg Residual mass: 4.926 mg (75.69%)

PNIPAM:Fe/MWCNT | 21 160 2.55 0.2 2.55 0.2

> 160 350 20.16 1.4 17.61 1.2
350 450 33.72 2.3 13.56 0.9
450 700 45.33 3.1 11.61 0.8
700 1015 45.33 3.1 0.00 0.0
Initial mass: 6.736 mg Residual mass: 3.683 mg (54.67%)

3.3.2 Adsorption results
3.3.2.1 Kerosene adsorption over PE:Fe/MWCNTSs

The removal of kerosene over MWCNTs, ox-MWCNTs, Fe/MWCNTs and
PE:Fe/MWCNTs samples was studied in order to better understand the absorption
mechanism of saturated hydrocarbons over the polyethylene-modified Fe/MWCNTSs
surface. Adsorption experiments were performed using adsorbents by increasing the
adsorption time from 15 to 30, 60 and 120 min. The initial kerosene concentration,
mixture volume of kerosene and adsorbent mass were 200 mg/L, 50 mL and 2 mg,

respectively.
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Since the kerosene concentration was at its lowest after adsorption on
PE:Fe/MWCNTs (Figure 68b), the adsorption efficiency of the PE:Fe/MWCNTs

nanocomposite was the highest of all analyzed adsorbents (Figure 68a).
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Figure 68. Time evolution of the (a) kerosene removal efficiency (RE) on MWCNTs, ox-MWCNTs,
Fe/MWCNTs and PE:Fe/MWCNTSs as well as the (b) kerosene concentration in kerosene—water
mixtures treated with MWCNTs, ox-MWCNTs, Fe/MWCNTs and PE:Fe/MWCNTSs

The decrease in kerosene concentration in the PE:Fe/MWCNTs-treated kerosene—
water sample and the increase in the kerosene RE of the PE:Fe/MWCNTs adsorbent were
significant until an adsorption equilibrium was reached after 60 min (Figures 68a-b). The
kerosene RE of PE:Fe/MWCNTs after 120 min did not increase significantly. The
kerosene removal efficiencies and kerosene adsorption capacities of fresh MWCNTS, ox-

MWCNTs, Fe/MWCNTSs and PE:Fe/MWCNTs are summarized in Table 16.

Table 16. Kerosene removal efficiency (RE) and kerosene adsorption capacity (¢.) of MWCNTs, ox-
MWCNTs, Fe/MWCNTSs and PE:Fe/MWCNTs after 120 mins

Adsorbent RE (%) Qe (Mg/g)
fresh MWCNTs 41.8 2092
ox-MWCNTs 44.0 2204
Fe/MWCNTs 63.1 3154
PE:Fe/MWCNTs 71.2 3560

PE:Fe/MWCNTs yielded the highest kerosene removal efficiency (71.2%) and the
highest kerosene adsorption capacity (3560 mg/g) of all the analyzed samples (Table 16).
Therefore, the effect of the amount of adsorbent on the adsorption of kerosene from water

was evaluated using the PE:Fe/MWCNTSs nanocomposite.
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Different amounts of PE:Fe/MWCNTs adsorbent within the range of 1.0-6.0 mg were
added to kerosene—water mixtures and the removal of kerosene was followed for 60 min
at room temperature. The results revealed that the highest removal efficiency observed
using 4 mg sorbent, but the optimum recommended mass of PE:Fe/MWCNTs adsorbent
in a kerosene—water mixture with a kerosene concentration of 200 mg/L was 2.0 mg since
the removal efficiency did not increase significantly when the sorbent increased to 4 mg

(Table17).

Table 17. Kerosene removal efficiency (RE) of the PE:Fe/MWCNT nanocomposite adsorbent using
various adsorbent doses as well as at different pHs and temperatures of the mixture

Adsorbent dose RE (%) pH of mixture RE (%) Temperature of RE (%)
(mg) mixture (°C)
1 19 2 82 15 57
2 64 5 81 25 81
4 67 7 62 35 86
6 65 8 53 45 85
- - 10 51

The effect of temperature on the kerosene removal efficiency of PE:Fe/MWCNTSs was
analyzed within the temperature range of 15-45 °C. The adsorption time, adsorbent mass,
shaking speed, kerosene concentration and volume of the kerosene—water mixture were
60 min, 2.0 mg, 240 rpm, 200 mg/L and 50 mL, respectively. The results indicated that
the optimum temperature for kerosene adsorption on PE:Fe/MWCNTs was 35 °C (308
K) (Table 17).

The effect of pH on the kerosene removal efficiency of PE:Fe/MWCNTs from water
was evaluated within the pH range of 2—10. The adsorption time, adsorbent mass, shaking
speed, kerosene concentration, volume of the kerosene—water mixture and solution
temperature were 60 mins, 2.0 mg, 240 rpm, 200 mg/L, 50 mL and 35 °C, respectively.
The result showed that the removal efficiency for pH values 2 and 5 remanes almost stable
(RE=82 and 81%). Therefore the optimum pH value for kerosene adsorption on
PE:Fe/MWCNTs is recommended to be 5 since it is closer to neutral pH value (Tablel7).

3.3.2.2 Kerosene adsorption over PNIPAM:Fe/MWCNTSs

Kerosene removal over MWCNTs, ox-MWCNTs, Fe/MWCNTs and
PNIPAM:Fe/MWCNTs samples were studied in order to better understand the absorption
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mechanism of saturated hydrocarbons over the surface of PNIPAM-modified
Fe/MWCNTs. The adsorption process of kerosene is affected by several factors. In this
paper, different ranges of time (Time = 0-75 min), dose (m = 2.5-12.5 mg), temperature
(T =20-50 °C) and pH (pH = 3.5-10.0) were used to examine the optimum parameters
using PNIPAM:Fe/MWCNTs nanocomposites for the removal of kerosene from water.
Changes in removal efficiency of kerosene against time are presented in Figure 69.
The optimum adsorption time was determined to be 45 mins. Treatment with
PNIPAM:Fe/MWCNTs nanocomposites yielded the highest removal efficiency of
kerosene and the lowest kerosene concentration in comparison with fresh MWCNTs,
ox/MWCNTSs and Fe/MWCNTs. The removal efficiencies after 45 mins were 45, 55, 69
and 87%, while the adsorption capacities were 2.2, 2.8, 3.4 and 4.4 g/g sorbent for
MWCNTs, ox-MWCNTs, Fe/MWCNTs and P-NIPAM:Fe/MWCNTs, respectively, after
a process time of 45 mins.
The PNIPAM:Fe/MWCNTs nanocomposite sorbent was regenerated after batch
adsorption as a result of sonication with distilled water before being heated at 160 °C
using a vacuum oven. Four kerosene adsorption cycles were repeated using regenerated
PNIPAM:Fe/MWCNTs. The RE of kerosene was similar after each adsorption cycle. In
this work, different parameters such as adsorption time, adsorbent dose, temperature and
the pH of the mixture were studied to determine the optimum conditions for kerosene

removal from water over PNIPAM:Fe/MWCNTs.
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Figure 69 Time evolution of removal efficiency of kerosene from water treated with MWCNTs, ox-
MWCNTs, Fe/MWCNTs, and P-NIPAM:Fe/MWCNTs (C =500 mg/L, V=50 mL, Time=75 min,
m=5 mg, pH=7, T=20 °C)
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The effect of changing the adsorbent dosage within the range of 2.5-12.5 mg was
studied. The highest kerosene removal efficiency, namely 86.0%, from water was

achieved using an adsorbent dosage of 5 mg, as is shown in Figure70:
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Figure 70 Effect of changing P-NIPAM:Fe/MWCNTs adsorbent dosage on removal efficiency of
kerosene from water (C =500 mg/L, V=50 mL, Time=45 min, pH=7, T=45 °C)

The effect of the temperature on the kerosene removal efficiency was studied at 20,
30, 40 and 50 °C. By increasing the temperature of the solution resulted in an increase in
the kinetic energy of the molecules. Therefore, the collision energy between them was
increased and the rate of adsorption rose due to the binding of the kerosene onto the
adsorbent. The results showed that 40 °C was the optimum temperature to achieve the

maximum removal efficiency of kerosene from water over PNIPAM:Fe/MWCNTs,

namely 92.3%, as is shown in Figure 71.
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Figure 71 Effect of changing model solution temperature on removal efficiency of kerosene over

P-NIPAM:Fe/MWCNTs (C =500 mg/L, V=50 mL, Time=45 min, m=5 mg, pH=7)
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The effect of a pH of 3.5, 5.5, 7.0, 8.5 and 10.0 on the removal of kerosene from water
was studied. The results showed that at a pH of 3.5, the highest adsorption capacity of
kerosene of 95.1% over PNIPAM:Fe/MWCNTs was achieved, as is shown in Figure 72.
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Figure 72 Effect of changing pH of model solution on the removal efficiency of kerosene over
P-NIPAM:Fe/MWCNTs (C =500 mg/L, V=50 mL, Time=45 min, m=5 mg, T= 40 °C)

3.3.2.3 Results of toluene adsorption over PS:Fe/MWCNTSs

The removal of toluene over MWCNTs, ox-MWCNTs, Fe/MWCNTs and
PS:Fe/MWCNTs samples was studied in order to better understand the absorption
mechanism of saturated hydrocarbons over a polystyrene-modified Fe/MWCNTs surface.
Different contact times were used (15, 30, 60 and 120 min) to study the removal of toluene
over samples of adsorbent. The changes in toluene concentration were monitored by
HPLC. The initial concentration of toluene was 50 mg/L in all batch experiments, the
volume of the solution was 50 mL and the mass of the samples was 2 mg. The decrease
in the concentration of toluene and the removal efficiency of toluene from water against
the process time are presented in Figures73 and 76. PS:Fe/MWCNTs achieved both the
highest removal efficiency and decrease in the concentration of toluene after 60 mins
compared to fresh MWCNTs, ox-MWCNTs and Fe/MWCNTs. The highest removal
efficiency of 62% was achieved using PS:Fe/MWCNTSs. The removal efficiency and
sorption capacity mg/g using fresh and modified MWCNTs for toluene removal from
water were: MWCNTSs (240 mg/g and 19%) < Fe/MWCNTSs (450 mg/g and 36%) <
PS:Fe/MWCNTs (769 mg/g and 62%). Adding polystyrene to magnetic MWCNTSs were

improved their efficiency and capacity for toluene removal from water.
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Figure 73 Adsorption removal efficiency of toluene from water against time over MWCNTs, ox-

MWCNTSs, Fe/MWCNTs and PS:Fe/MWCNTs
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Figure 74 Concentration of toluene from water againt the time over MWCNTs, ox-MWCNTs,
Fe/MWCNTs and PS:Fe/MWCNTSs

The effect of different adsorbent dosages was studied using PS:Fe/MWCNTs. A set of
adsorbent dosages, namely 1, 2, 4 and 6 mg of PS:Fe/MWCNTs, was used to study the
removal efficiency of toluene from water. The following parameters were used during the
adsorption step: T = 60 mins, V =50 mL and Croene = 50 mg/L at ambient temperature.
Even though the results show that the highest removal efficiency of toluene from water
was achieved using an adsorbent dosage of 4 mg, when 2 mg of PS:Fe/MWCNTs was

used, the removal efficiency of toluene from water was 61%, while the removal efficiency
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using 4 mg led to an insignificant increase (64 %), as can be seen in Figure 75. Therefore,

the best results are achieved when an adsorbent dose of 2 mg is used.
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Figure 75 Effect of changing the adsorbent dosage on the removal efficiency of toluene over the

PS:Fe/MWCNTs

The effect of the pH on the removal of toluene from water was studied. The solutions
were immersed in various pHs (2, 5, 7, 8 and 10) over a PS:Fe/MWCNTs sample using
the following parameters: T = 60 min, V = 50 mL, mags = 2 mg, Cioluene = 50 mg/L at
ambient temperature, shaking speed = 240 rpm. Although the highest removal efficiency
of toluene, namely 84 %, over PS:Fe/MWCNTs was achieved when the pH was 2, the
results showed that when the pH of the solution was 5, the optimum removal efficiency
of toluene from water of 77% was achieved, as is shown in Figure76. Therefore, instead
of using a solution with a pH of 2, a pH of 5 can achieve a removal efficiency of toluene
from water of 77%. Furthermore, using a solution with a pH close to 7 is better than one
around a pH of 2 since a slight increase in the removal efficiency can be achieved, as can

be seen in Figure 76.
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Figure 76 Effect of changing pH of the solution on the removal efficiency of toluene over the

PS:Fe/MWCNTs

The effect of temperature on the removal efficiency of toluene over PS:Fe/MWCNTs
was studied at 15, 25, 35 and 45 °C. The following parameters were used: T = 60 min, V
=50 mL, mags = 2 mg, Cioluene = 50 mg/L, shaking speed = 240 rpm. The results showed
that the optimum temperature was 35 °C for the removal of toluene from water over
PS:Fe/MWCNTs as the highest removal efficiency was achieved, that is, 86%, as is
shown in Figure 77.

Some adsorption capacities and removal efficiencies of hydrocarbons reported in the
literature over adsorbent materials, including polymer-modified Fe/MWCNTs, are
summarized in Table18. The data revealed that the prepared and used polymer-modified
Fe/MWCNTs in this work have similar adsorption parameters to those reported and can
be successfully applied for the treatment of hydrocarbon-contaminated water. The
optimum paramers for toluene removal from water using PS:Fe/MWCNTs were:
Tsolution = 35 °C, Time = 60 min, m = 2 mg, pHsolution =5 for C = 50 mg/L, V = 50

mL.
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Figure 77 Effect of changing temperature of the solution on the removal efficiency of toluene

over the PS:Fe/MWCNTs

Table 18. Adsorption capacities (qt) and removal efficiencies (RE) of hydrocarbons using several

adsorbents
Adsorbent materials Pollutants Pollutant Adsorbent qt RE Reference
concentration dose (mg/g) (%)
(mg/L) (mg)

PE:Fe/MWCNTSs Kerosene 200 2 3559 72 This study
PS:Fe/MWCNTs Toluene 50 2 768 62 This study
P-NIPAM:Fe/MWCNTs Kerosene 500 2.5 4320 87 This study
Activated carbon Kerosene 700 1500 370 98 [261]
Agricultural waste Toluene 1150 12500 576 94 [262]
barley
Lauric acid-treated oil QOil 5600 1000 1200 - [263]
palm leaves
CNTs—iron oxide Toluene 61 50 382 70 [264]
KOH activated Toluene 250 100 357 - [265]
coconut shell based
carbon treated with
NH3
CNTs—iron oxide p-Xylene 48 50 460 90 [264]
Microemulsified Kerosene 500 10 4700 94 [266]
MWCNTs
Nipa palm fruit fiber Kerosene 0.008 20 1.43 66 [267]
Hydrophobic alumina Crude oil 500 2500 200 - [268]
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3.3.3 Kinetic and isotherm studies on the removal of kerosene and toluene from
water over polymer-modified Fe/MWCNTs

A study of adsorption kinetics was carried out to determine the rate of removal of
kerosene and toluene from water. From the results, it is clear that initially adsorption is
rapid [269] due to surface phenomena such as the physical affinity between the adsorbent
and the kerosene or toluene concentration, moreover, due to the availability of vacant
sites, it reaches its maximum after 120 min. The kinetic analysis concerning the
adsorption of hydrocarbons was carried out using pseudo first-order equation (11),
pseudo second-order equation (12) and intraparticle diffusion equation (13). The

graphical representations of three kinetic models are shown in Figures78 and 79 a to c.

The best fit kinetic model with regard to the experimental results of kerosene and
toluene adsorption was the the pseudo second-order model, as is indicated by the highest
values of their linear regression curves, namely R? = 0.9961 and R? = 0.9910 for kerosene
and toluene, respectively. In the case of kerosene adsorption over PE:Fe/MWCNTs, qe
cal = 3,333 mg/g which is very close to the value measured experimentally of qt exp =
3,560 mg/g. While in the case of toluene adsorption over PS:Fe/MWCNTs, qe cal = 1,111
mg/g, which is higher than the experimental value of qt exp = 769 mg/g, supported that
the results in figure73 and 74, the highly removal efficiency and lowest continoues
decrease in toluene concentration during process time even after 120 min. It supported

the fact that the prepared composite need more time to be reached close to 1,111 mg/g.

The results of kinetic studies are in agreement with the previously reported adsorption

mechanisms of saturated and aromatic hydrocarbons [270]-[272].
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Figure 78 Pseudo-first order plot (a), pseudo-second order plot (b), itra-particle plot (c) for
kerosene adsorption over PE:Fe/MWCNTSs
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toluene adsorption over PS:Fe/MWCNTSs

The validity of the Langmuir and Freundlich isotherm models for kerosene and
toluene can be verified by the linear plots of Ce/ge against Ce and log ge against log Ce
of equations (14) and (15), respectively, as are presented in Figures 80 and 81. The
isotherm data of the present adsorption systems can be fitted well by the Langmuir
equation for the adsorption of kerosene over PE:Fe/MWCNTs with a correlation
coefficient (R?) of 0.9949 (Figure 80a) and by the Freundlich equation for the adsorption
of toluene over PS:Fe/MWCNTs with an R? of 0.9443 (Figure 81b):
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Figure 81 Langmuir isotherm plot (a) and Freundlich isotherm plot (b) for toluene

adsorption onto PS:Fe/MWCNTs

3.3.4 Adsorption mechanism of hydrocarbons on polymer-modified Fe:MWCNTSs
Adsorption mechanism of kerosene over fresh MWCNTs, ox-MWCNTs,
PE:Fe/MWCNTs and PNIPAM:Fe/MWCNTs. In the case of fresh and polymer-modified
MWCNTs, saturated hydrocarbons can be adsorbed on the surface of the adsorbent via a
CH:- & interaction, which is one of the weak non-covalent hydrogen bonds, between a

hydrogen atom in kerosene and a carbon atom in MWCNTs, PNIPAM or polyethylene.
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In the case of 0x-MWCNTs, a hydrogen bond could be formed between the oxygen
atom in the carboxyl group and a hydrogen atom in alkanes.

Furthermore, in the case of Fe/MWCNTs, due to the presence of metal oxides, the
formation of a hydrogen bond between the oxygen atom in magnetite and a hydrogen
atom in kerosene is possible. In addition, the adsorption of hydrocarbon molecules to the
surface of the adsorbent could also be due to van der Waals forces. The adsorption of
kerosene over PE:Fe/MWCNTs and PNIPAM can be seen in Figures82a and b.
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Figure 82 Proposed mechanism of kerosene adsorption over (a) PE:Fe/MWCNTs and (b) P-
NIPAM: Fe/MWCNTs

The proposed mechanism of the removal of toluene from water is shown in Figure§3.
In the case of fresh MWCNTs, w-7 interactions between CNTs and the aromatic rings
of toluene occur [7]. In the presence of magnetite, cation—r interactions were proposed

between the m electrons of aromatic rings and the iron cation-terminated activated
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surfaces (acid-base interaction) [273]. The affinity for toluene increases over
PS:Fes04/MWCNTs following the formation of n—n bonds between the benzene ring of
the adsorbed aromatic compound and the polymer [274], [275].
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Figure 83 Proposed mechanism of toluene adsorption over PS:Fe/MWCNTs
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4. Conclusion

The ability of vanadium pentoxide as well as various metal oxide-doped MWCNTs
nanocomposites and polymer-modified Fe/MWCNTSs to remove the pollutants kerosene,
toluene and methylene blue dye from water was studied in this work. Below a summary
of the physicochemical characterization and adsorption test results for each group of

adsorption materials studied in this work is given.
4.1. V205 nanoparticles for the removal of methylene blue dye from Water

The vanadium pentoxide nanoparticles were successfully synthesized via a
hydrothermal method and treated at different temperatures (90, 250, 500 and 750 °C).
The nanostructure of the prepared material was confirmed by FTIR spectroscopy, X-ray
diffraction and SEM. It was confirmed by FTIR spectroscopy that the surface
dehydroxylation and decomposition of the starting material, NH4VOs3, occurred at 250°C.
A similar observation was made by a TG study, which showed that the thermal
decomposition of NH4VOs3 to V205 occurs between 293 and 355 °C.

The XRD data showed that the orthorhombic crystalline structure of V2Os begins to
form even at a lower temperature of 90 °C and a well-defined crystalline structure was
observed at 750°C. Heat treatment leads to a significant increase in the crystallinity of the
samples, meanwhile, can cause a decrease in the surface area of the sample. The reduction
in the surface area of the adsorbent can explain the decrease in the sorption activity of the
sample annealed at 750°C with regard to the removal of methylene blue.

On the other hand, the obtained results indicated that the heat-treated vanadium
samples within a temperature range of between 90 and 750 °C exhibit rather high
adsorption capacities varying from 15 to 27 mg/g in terms of MB removal from water. It
was found that an increase in the adsorbent dosage up to 60 mg and a slight increase in
the temperature of the solution (V=30 mL) from RT to 45 °C yielded the maximum
removal efficiency of MB, namely 98% (20 mg/L) from water after 40 mins of treatment.

The applicability and suitability of two common kinetic models was tested. The
results of which demonstrated that the best fit of experimental adsorption data was to the
pseudo second-order model, while the Freundlich inhomogeneous adsorption model fitted
with a higher correlation coefficient with regard to the equilibrium adsorption studies.
The presented work showed that V205 nanoparticles could be applied for the removal of

organic industrial pollutants, e.g. methylene blue dye, from wastewater.
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4.2. Metal oxide-doped MWCNTSs nanocomposites for the removal of kerosene and
MB dye from water

The results showed that the novel MWCNTs-based adsorbents are nanomaterials with
a major crystalline phase consisting of graphene layers of the MWCNTs. The EDX and
TGA studies confirmed the successful deposition/attachment of metal oxides on the
surface of MWCNTSs. The deposition of TiOz (5wt%), V205 (4-5wt%) and CeO> (6-
12wt%) as well as V:Ti (~2wt%), V:Ce (8-1wt%) and V:Ce:Ti (6-7wt%) oxides over the
oxidized MWCNTs brought about the blockage of some micropores. Meanwhile, the
surface area remained relatively high (115-135 m?%/g) for adsorption treatment.

The experimental results showed that the adsorption capacity and removal efficiency
of kerosene from water over MWCNTs increased after adding metal oxides. The highest
adsorption parameters (RE = 85% and qt =4271 mg/g) were obtained for vandia and ceria
mixed over MWCNTs (V:Ce/MWCNTs). The obtained results were further analysed
through kinetic models, which demonstrated that the best fit of experimental data was to
the pseudo second-order model. Furthermore, the intraparticle diffusion model showed
the influence of the boundary layer effect, thereby confirming the significance of the rate-
limiting step on the surface sorption of kerosene. The attachment of hydrocarbons to the
adsorbent surfaces in all likelihood occurs through the formation of weak hydrogen
bonds.

Metal oxide nanoparticles and their composites modified by MWCNTs were also
successfully applied for the removal of methylene blue dye from water. It was found that
V/MWCNTs exhibited the best degree of MB adsorption compared with fresh MWCNTs,
0x-MWCNTs, Ce/MWCNTs and TVMWCNTs. Based on the adsorption results over
V/MWCNTs, different vanadia nanocomposite-modified MWCNTs were prepared and
studied for the removal of MB from water. The results showed that the V:Ce/MWCNTs
achieved the best degree of MB removal from water compared with other preparations.
The optimum parameters using V:Ce/MWCNTs for MB removal from water are as
follows: contact time = 25 mins, temperature = 45 °C, adsorbent mass = 9.0 mg, solution
volume = 20 mL, MB concentration = 20 mg/L and shaking speed = 240 rpm. The
adsorption mechanisms of MB can be interpreted mainly by m-m and electrostatic
interactions in the case of oxidized and metal oxide-doped MWCNTs.

The studied metal oxide-doped MWCNTs can be considered as potential
nanoadsorbents for the depollution control of hydrocarbons (kerosene, oil, etc.) and

methylene blue dye, moreover, could open new avenues for their application.
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4.3. Polymer-modified Fe/MWCNTs for the removal of hydrocarbons from water

The successful deposition of Fe3Os over MWCNTs (Fe/MWCNTSs) was achieved by
coprecipitation and proven by SEM/TEM and EDX analyses. Magnetite containing
adsorbent materials can be easily separated after the adsorption step using a magnetic
field. It was observed that the modification of Fe:MWCNTs using the polymers
(polyethylene, polystyrene or PNIPAM) enchanced the adsorption properties of carbon
nanotube-based samples.

PE:Fe/MWCNTs increased the removal efficiency and adsorption capacity of
kerosene from 42% and 2092 mg/g to 71% and 3560 mg/g, respectively. The optimum
parameters of the treatment process were as follows: V=50 mL, Cgerosene=200 mg/L,
contact time = 60 min, Tsolution=35 °C, Mags=2.0 mg, pHsolution=5 and shaking speed=240
rpm.

The adsorption results show that PNIPAM:Fe/MWCNTs used for the removal of
kerosene from water enhanced the removal efficiency and adsorption capacity of
MWCNTs from 45% and 2200 mg/g to 87% and 4300 mg/g, respectively. The parameters
of the treatment process were as follows: V =50 mL, Cierosene = 500 mg/L, contact time
=45 min, Tsolution=20 °C, Mads= 5.0 mg, pH mixture=5 and shaking speed = 240 rpm.

PS:Fe/MWCNTs used for the removal of toluene from water enhanced the removal
efficiency of MWCNTs from 19% and 240 mg/g to 62% and 769 mg/g, respectively. The
optimum parameters of the treatment process were as follows:V=50 mL, Ciolene=50
mg/L, contact time=60 min, Tsolution = 35 °C, Mads = 2.0 mg, pHmixwre=5 and shaking speed
=240 rpm.

The adsorption kinetics of kerosene and toluene followed a pseudo second-order
kinetic model using PE:Fe/MWCNTs and PS:Fe/MWCNTSs polymer composites.
Moreover, the equilibrium adsorption study revealed that kerosene adsorption over
PE:Fe/MWCNTs followed the Langmuir adsorption isotherm model, suggesting that
adsorption was a uniform and homogeneous process. The Freundlich adsorption isotherm
model fitted better with a high correlation coefficient when using PS:Fe/MWCNTs for
the removal of toluene from water, suggesting the adsorption of toluene is a
heterogeneous process and not the result of monolayer adsorption.

This study has proven that polymer-modified magnetic MWCNTs are highly

promising adsorbents for the removal of hydrocarbons from contaminated water.
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5. New scientific findings

The new scientific findings obtained during my PhD research in several theses are as

follows:

5.1. V20s Nanoparticles for the removal of methylene blue from water

5.1.1.

The nanostructure of prepared V205 was confirmed by FTIR, XRD, AFM and
SEM studies. TG/DTA and FTIR analyses confirmed that the surface
dehydroxylation and decomposition of the starting material NH4VO3 occurred at
250 °C, while thermal decomposition of NH4VO; into V205 occurred between
293 and 355 °C [Appendix B. 1-2].

. Taffirmed by XRD data that the orthorhombic crystalline structure of V205 begins

to form at an even lower temperature of 90 °C and a well-defined crystalline
structure was observed at 750 °C. Heat treatment led to a significant increase in
the crystallinity of samples, while it can cause a decrease in the surface area of the
sample. The reduction in surface area for adsorption of the sample can explain the
decrease in the sorption activity of the sample annealed at 750 °C with regard to

the removal of methylene blue [Appendix B. 1-2].

. The obtained results indicated that the vanadium samples heat treated at 90 and

750 °C have rather high adsorption capacities of between 15 and 27 mg/g in terms
of MB removal from water when compared to other sorbents reported in the
literature (qt between 15 and 19 mg/g). The optimum parameters concerning
water contaminated by MB were as follows: annealing temperature of V205=500
°C, V=30mL, C=20 mg/L, Time=45min, Tsolution=45°C, Mads=60 mg, pHsolution=7
[Appendix B. 2].

I found that the best-fit kinetic and isotherm models with regard to the
experimental results of methylene blue adsorption were the pseudo second-order
and Freundlich equations with correlation coefficients R? of 0.9882 and 0.8929

respectively [Appendix B. 2].
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5.2. Metal Oxide-Doped MWCNTs Nanocomposites for the Removal of Kerosene
and Methylene Blue Dye from Water

5.2.1.

5.2.2.

5.2.3.

5.24.

I synthesised the novel adsorbents, namely metal oxide-doped MWCNTs
nanoparticles, while preserving the crystalline phase and morphology of the
graphene layers of carbon nanotubes (confirmed by BET, XRD, SEM, TEM).
[Appendix B. 3].

I confirmed the successful doping of metal-oxide nanocomposites over MWCNTs
surfaces using EDX and TGA analyses. The deposition of TiO2 (5wt%), V20s (4-
5 wt%) and CeO> (6-12 wt%) as well as V:Ti (~2wt%), V:Ce (8-10wt%) and
V:Ce:Ti (6-7 wt%) oxides over the oxidized MWCNTSs caused the blockage of
some micropores. Meanwhile, the surface area available for adsorption treatment

remained relatively high (115-135 m?%/g) [Appendix B. 3].

I found that the adsorption capacity (qt) and removal efficiency (RE) of MWCNTs
with regard to the removal of kerosene and methylene blue from water increased
after adding V205:CeO, over MWCNTS: qtkerosene increased from 3,355 to 4,271
mg/g and REkerosene increased from 67 to 85% (V=50 mL, C=500 mg/L, Time =
60 min, Tsolution=25 °C, Mads=5 mg, pHsolusion= 7); while qtms increased from 2.4
to 56.7 mg/g and REwms increased from 3 to 64% (V=20 mL, C=20 mg/L, Time =
25 min, Tsolution=25 °C, mads =4.5 mg, pHsolusion=7) [Appendix B. 3].

I evaluated the kinetic data and the pseudo second-order kinetic model for the
removal of kerosene from water with a correlation coefficient R> of 0.9994 was
proposed. Furthermore, the intraparticle diffusion model showed the presence of
the boundary layer effect, thereby confirming the significant contribution of the
rate-limiting step towards the surface sorption of kerosene. The attachment of
hydrocarbon molecules to adsorbent surfaces is likely to predominantly occur as

a result of the formation of weak hydrogen bonds [Appendix B. 3].

5.3. Polymer-modified magnetite/ MWCNTs for the removal of hydrocarbons from
water

5.3.1.

I designed new type of polymer (polyethylene (PE), polystyrene (PS), poly-n-
isopropylacrylamide-co-butylacrylate ~ (PNIPAM))-modified = Fe/MWCNTs

mesoporous materials for the removal of hydrocarbons from water. The presence
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53.2.

5.3.3.

5.34.

of magnetite components facilitated the facile separation of adsorbents from the

mixture when subjected to an external magnetic field [Appendix B. 4, 5, 6].

I observed that the covalent functionalization via acids of MWCNTs followed by
the deposition of iron oxide and non-covalent polymer modification preserved the
crystalline structure of the carbon nanotubes. Furthermore, the surface area (Sger
=71-136 m?/g) and pore structure (7.6-16.0 nm) of polymer-modified
Fe/MWCNTs remain suitable for their application in wastewater purification

processes [Appendix B. 4, 5, 6].

I proved using EDX analyses that iron oxide is attached to the surface of carbon
nanotubes. The magnate crystalline structure of iron oxide was verified by XRD
analysis. TG analyses confirmed that the polymer was successfully attached to the
surface: 34 wt% PNIPAM: 55 wt% Fe/MWCNTs. The Raman spectroscopic
studies confirmed the interaction between the carbon nanotubes, iron oxide and
polymers. The calculated ID/IG ratio of the Raman peaks of MWCNTSs, ox-
MWCNTs, Fe/MWCNTs, PE:Fe/MWCNTs and PS:Fe/MWCNTs were 0.95,
1.08, 0.99, 0.87 and 0.89 respectively [Appendix B. 4, 5].

I concluded that the adsorption capacity and removal efficiency of the polymer-

modified Fe/MWCNTs are higher than for MWCNTs:

qt exp and RE for kerosene: MWCNTs (2092 mg/g and 42%) < Fe/MWCNTs
(3154 mg/g and 63%) < PE:Fe/MWCNTs (3560 mg/g and 71%) under the
following experimental conditions: C=200 mg/L, V=50 mL, Tsolution =25 °C, Time
=120 min, m = 2 mg, pHsolution =7 [Appendix B. 4].

qt exp and RE for kerosene: MWCNTs (2200 mg/g and 45%) < Fe/MWCNTs
(3400 mg/g and 69%) < PNIPAM:Fe/MWCNTs (4400 mg/g and 87%) under the
following experimental conditions for PNIPAM:Fe/MWCNTs: C = 500 mg/L, V
=50 mL, Tsolution=25°C, Time=75 min, m=5 mg, pHsoluiion=7 [Appendix B. 6].

qt exp and RE for toluene: MWCNTs (240 mg/g and 19%) < Fe/MWCNTs (450
mg/g and 36%) < PS:Fe/MWCNTs (769 mg/g and 62%) under the following
experimental conditions:C = 50 mg/L, V =50 mL, Tsoluton=25 °C, Time=120
mins, m = 2 mg, pHsowtion=7 [Appendix B. 5].
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5.3.5.

5.3.6.

5.3.7.

5.3.8.

These results can be attributed to the fact that the hydrophobic/hydrophilic
properties of MWCNTs are modified by preparing magnetite over MWCNTs
followed by adding different types of polymers.

I observed that the experimental data of kerosene and toluene adsorption over
PE:Fe/MWCNTSs, PNIPAM:Fe/MWCNTs and PS:Fe/MWCNTs fitted well to the
second-order kinetic model (R?> 0.99). In the case of kerosene adsorption over
PE:Fe/MWCNTs, ge cal = 3,333 mg/g which is very close to the value measured
experimentally of qt exp = 3,560 mg/g. In the case of toluene adsorption over
PS:Fe/MWCNTs, ge cal = 1,111 mg/g, which is higher than the experimental
value of qt exp = 769 mg/g [Appendix B. 4, 5, 6].

The equilibrium adsorption study concerning the removal of kerosene from water
using polyethylene-modified Fe/MWCNTs showed that the Langmuir isotherm
was obeyed and fitted with a high correlation coefficient, which suggests that the
adsorption process is uniform and homogeneous. The Freundlich adsorption
isotherm model fitted better when PS:Fe/MWCNTSs were used to remove toluene
from water, suggesting that the adsorption of toluene is heterogeneous and non-

uniform [Appendix B. 4, 5, 6].

I proposed that the most probable mechanisms for the sorption of non-polar,
alkane molecules on MWCNTs is via CH- - -m interactions. CH- - -7 interactions are
a type of weak non-covalent hydrogen bonds. In the case of fresh and polymer-
modified MWCNTs, saturated hydrocarbons can be bonded to the surface of an
adsorbent via a CH:--m interaction between a hydrogen atom in kerosene and a
carbon atom in MWCNTs and/or the polymer, namely PNIPAM or polyethylene.
In addition, the adsorption of hydrocarbon molecules to the surface of the
adsorbent could be due to intermolecular attractive forces (van der Waals forces)
and ionic bonds (through stoichiometric charges of opposite signs) [Appendix B.

4, 6].

In the case of fresh MWCNTs, pi-pi interactions between the aromatic rings of
CNTs and that of toluene occur. The carboxylic oxygen atoms of the acid-treated
surface of MWCNTSs and magnetite act as an electron donor, while the aromatic
ring of toluene behaves as an electron acceptor in the formation of pi-pi

interactions. It was found that the adsorption affinity of toluene by
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PS:Fe/MWCNTs increases as a result of the formation of pi-pi interactions
between the benzene rings of toluene and the polystyrene components of the

adsorbent.
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Appendix A

Table 1 Spectral analysis data from the deconvolution of D- and G-bands and the calculated

ratios. Ratio changes compared to the MWCNTSs sample are displayed in brackets

ample enter rea ntensity olle olle: o/l o/As A Ao
Sampl c A | i Io/l ] lel Ao/A Ao/A AclA
1284 0.04722 0.001782
MWCNTs 1289 0.05887 s . - i o .
1598 0.06684 0.001207
2561 0.10150 0.000862
1289 006760 0.001419
MWCNTs 1289 0.03089 1.44 1.65 0.61 1.48 0.97 1.03
% 1599 0.06651 0.000988 (-0.04) (-0.19) (0.06) (-0.11) (-0.08) (0.08)
2567 0.10176 0.000862
1289 0.06237 0.002172 . . l N 3 -
Ce/MWCNTSs 1289 | 0.07774 : : : _ _ _
1599 0.07962 0.001361 (0.12) (0.89)|  (-0.18) (0.17) (1.39)|  (-0.55)
2567 0.05748 0.000794
1289 0.04876 0.001454 > . N N - -
VIMWCNTS 1289 |  0.07993 : - : . , .
1600 0.09178 0.001041 |  (-0.08) (0.46)|  (-0.11)| (-0.18) (1.03)|  (-0.48)
2561 0.06200 0.000632
1289 0.06845
CV:Ce/ 0.002304
:Ce 1289 0.09338 1.78 2.65 0.38 2.42 2.24 045
MWCNTSs
1598 0.06680 0.001291 (0.31) (0.81)| (-0.17) (0.84) (1.19)|  (-0.51)
2566 0.07237 0.000868
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Table 2 Mass loss data from the termoanalitical measurements

Sample start (1°-C) (Ice)nd Mass loss step maslll);ils E::ssigual C:I?lt-l::(ai;ee:’
content (m/m%)
21 190 0.15mg (2.5 %)
MWCNTs 190 440 0.05 mg (0.8 %) 528mg | 0614mg Va
440 750 508 mg (86.2%) | (896%) | (10.4%)
750 1016 0 mg (0 %)
21 155 1.43 mg (20.1 %)
155 366 1.32 mg (18.5 %)
MWCNTS ox. 366 500 0.32 mg (4.5 %) (79;3?5% O('}%S(y'?)g n/a
500 730 3.84 mg (53.9 %)
730 1016 0.11 mg (1.5 %)
22 190 0.35mg (5.1 %)
190 360 038 mg (4.7.%) 6.04mg | 0.938mg CeO2: 11.9%
Ce/MWCNTs 360 485 0.49 mg (7 %) 86.6%) | (13.4 %) o
485 700 4.86 mg (69.6 %)
700 1015 0.01 mg (0.2 %)
22 190 0.58 mg (8.4 %)
190 330 0.4 mg (5.7 %)
VIMWENTS 330 418 0.88 mg (12.6 %) 6.6 mg 0.364 mg V20s: 3.7%
418 590 459mg (65.8%) | (948%) | (52%)
590 700 0.15mg (2.1 %)
700 1015 0.01 mg (0.2 %)
21 190 0.52 mg (7.4 %)
190 316 0.25 mg (3.6 %) CoOZHVa0s:
V-Co/MWCNTS 316 422 1.02mg (14.6%)  621mg 0694 mg 8.5%
422 545 3.42mg (49.1%)  (900%)  (10.0%)
545 700 1.01 mg (14.6 %)
700 1016 0.06 mg (0.8 %)
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Figure 1 Pseudo-first order plot for kerosene adsorption onto metal oxide-
modified MWCNTSs
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