EXTRACTION OF CELLULOSE FROM AGRICULTURAL
WASTE FOR WATER PURIFICATION

by
Ntombizanele Jafta

Submitted in accordance with the requirements for the degree

MASTER OF HEALTH SCIENCES IN ENVIRONMENTAL
HEALTH (M_HSEN)

in the

Department of Life Science

Faculty of Health and Environmental Sciences

at the

Central University of Technology (Bloemfontein campus)

Supervisor: Dr M.J. Mochane
Co-supervisor: Dr T.C. Mokhena

August 2021

© Central University of Technology, Free State



DECLARATION

I, NTOMBIZANELE JAFTA, student number , do hereby declare that this research
project submitted to the Central University of Technology, Free State for the Master
of science in Environment, is my own independent work; and complies with the Code
of Academic Integrity, as well as other relevant policies, procedures, rules and
regulations of the Central University of Technology, Free State; and has not been
submitted before to any institution by myself of any other person in fulfilment (or partial

fulfilment) of the requirements for the attainment of any qualification.

o

N. JAFTA

© Central University of Technology, Free State



DEDICATION

This work is dedicated to my late grandmother, Nozigigaba Jafta, my parents, Sandile Jafta

and Mathabo Jafta, and the entire Jafta and Shomaele clan.

© Central University of Technology, Free State



[ Contral Uriversity of
chology, ree State

ACKNOWLEDGEMENTS

First and foremost | would like to thank God Almighty for the gift of life.

Throughout my study and the writing of this dissertation | have received a great deal of
support and assistance. | would like to thank the Central University of Technology and the
National Research Fund for their generous support and the grant that assisted me immensely

on this journey.

I would like to extend a special word of thanks to my supervisors, Dr M.J. Mochane and
Dr T.C. Mokhena. Your expertise was invaluable in formulating the research questions and
methodology and your insightful feedback pushed me to sharpen my thinking and to take
my work to the desired level. Dr Mochane, thank you for supporting me. You provided me
with the tools that | needed to choose the right direction and to successfully complete this
dissertation.

I would also like to acknowledge Mr T.P. Makhele for his continuous support and for his
assistance with my laboratory work. I also thank everybody in the Life Science Department
for your guidance and motivation, more especially Mr K. Lebelo, Ms T. Tsolo, Mrs M.
Mokgadi. Thank you for your encouragement, support, interest, and valuable inputs. I
would also like to thank my colleagues at DUT, UCT, CSIR, UNISA, and UOFS for
assisting me with the analyses of the data.

In addition, I would like to thank our research team and most importantly Tiisetso Mokoena.
I shall forever be grateful to you for your daily motivation and your assistance when | had

to complete this dissertation.

I give special and loving credit to my parents for raising me with love, guidance, support,
responsibility, and a lot of encouragement. Moreover, | could not have completed this
dissertation without the support of my brother, Jabulane Jafta, sister, Lindiwe Shomaele,
aunt, Bekiwe Mahlae, and grandmother Nomateketwa Shomaele. Lastly to my extended
family, and all my lovely friends, thank you for engaging with me in stimulating discussions
as well as happy distractions to rest my mind when I needed a break. Enkosi.

“Veni, Vidi, Vici”,

© Central University of Technology, Free State



[ Contral Uriversity of
chology, ree State

ABSTRACT

The escalating demand for clean water and rising water shortages due to population growth,
improper use, and expanding urbanisation have become a global issue. In most parts of the
world freshwater contains of contaminants such as heavy metal ions that are detrimental to
human health. Water treatment has thus become important for the removal of any contaminants
in water to render it safe for consumption. Continuous membrane and/or filter processes have
been shown to be effective in water treatment. In this study, agricultural residue in the form of
cellulose based maize stalks was used to extract cellulose which is a renewable and
environmentally friendly adsorbent material that contains nano- and micro cellulose
membranes. The membranes were prepared from cellulose nanofibers and CNT in the absence
and presence of sodium lauryl sulfate (SLS) via vacuum filtration process. To Improve the
stability and absorption of contaminants, carbon nanotubes were added into the cellulose
membranes. Furthermore, to enhance the dispersion of SWCNTs into the cellulose membranes,
SLS was used, and the resultant composite was “termed” the modified composites. The
membranes were analysed by means of SEM, transmission electron microscopy (TEM), X-ray
diffraction (XRD), Fourier Transform Infrared spectroscopy (FTIR), UV-vis spectroscopy
(UV), and thermogravimetric analysis (TGA). The ratios of the investigated cellulose
membranes were categorized as follows: cellulose: non-SLS SWCNT 1:0.3, 1:0.5 and 1:1, as
well as: cellulose: CNT: SLS 1:0.3:1, 1:0.5:1 and 1:1:1. SEM and TEM images showed that
the presence of sodium lauryl sulfate (SLS) resulted in a better dispersion of the carbon
nanotubes within the cellulose matrix with few agglomerates of carbon nanotubes being visible.
According to the XRD, the incorporation of carbon nanotubes in the form of single-walled
carbon nanotubes (SWCNT) and their modification in the form of SLS seemed to cause little
or no change in the peak positions. However, the addition of SWCNTs decreased the
crystallinity index of the cellulose i.e. 71.5% to 67.1% for cellulose: CNT 1:0.3. The presence
of SLS in the composites was demonstrated by symmetric stretching 2843 cm* and asymmetric
stretching 2910 cm™ as became evident using FTIR. Generally, as much as the SLS modified
system for cellulose (CNT 1:0.3 composites) showed high removal efficiency, the presence of
the SLS-based system seemed to hinder the formation of porous structure in the cellulose
membrane and, as a result, reduced the adsorption of the dye. The removal efficiency showed
that bromophenol blue dye (46.9%) was most adsorbed by cellulose when compared with dylon
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dye (2.6%). All investigated samples were found to be resistant to calcium carbonate (CaCQO3),
sodium hydroxide (NaOH), and nitric acid (HNO3).
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Chapter 1: General Introduction

1.1  Background to the study introduction

Water is an important renewable resource for sustaining life on earth [1,2]. The growing
demand for clean water supplies has become a global concern due to population growth,
excessive usage, and urban development. Researchers have warned that the lack of clean water,
as well as growing water scarcity, could worsen significantly by the year 2050 [3]. In addition
to direct human use, water contributes about 70% of fresh water worldwide for agricultural
applications [4]. Water quality is determined by the concentration of inorganic and organic
content and includes physical, chemical, and biological parameters [5,6,7]. The quality of
drinking water is a crucial component for sustainable socio-economic growth and development,
but a multitude of ill water management practices and harmful land uses have had a detrimental
effect on marine and soil habitats worldwide [8]. Moreover, with the ongoing and escalating
water crisis in South Africa, maintaining good water quality is vital for sustainable
development. Water quality is not only a pivotal factor in promoting biological safety, but it is
also an indicator of water suitability for maintaining numerous industrial applications and
processes [7,9,10]. The quality of water depends on various factors including local geology,
the environment, human uses such as waste disposal and industrial contamination, and it’s used
as a heat sink of water bodies [11]. When these factors exist in excess or in combination, they

contribute to water pollution.

Water pollution is known as “the addition of contaminants to water that alter its natural
properties [and] that make it unfavourable for life” [12]. This is a global issue that desperately
needs attention and prevention [12,13]. Most incidences of water pollution do not start in the
water itself, but virtually any human activity will affect the quality of the water environment
[14]. Major drivers of water contamination are manufacturing, mining, building, transportation,
and anthropogenic sources, with particular culprits being industrial and commercial activities
[15,16,17]. Pollutants that impact untreated water include microorganisms (viruses, protozoa,
and bacteria), organic chemicals (pesticides, herbicides, and industrial processes), inorganic
pollutants (salt and metals), and radioactive contaminants [18,20]. When present in water, the
pollutants listed above degrade the quality of the water and contribute to severe environmental
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problems [18,19,20]. It is thus undeniable that eradicating water contamination calls for
immediate action to ensure future prevention [21,22,23].

Clean water is the most desirable and important compound that most species need to sustain
life. When dissolved in water, elements such as calcium (Ca), magnesium (Mg), chlorine (CI),
and fluorine (F) pose little threat to species when they are in low concentrations and comply
with South African National Standard (SANS) 241 [24]. However, large concentrations of
dissolved metals in water can pose a significant risk to public health because they may be
harmful and are undetectable without laboratory analysis [25]. Several factors are responsible
for heavy metal accumulation in aquatic systems such as weathering and the degradation of
heavy metal-rich soil and rock, smelting, anthropogenic activities in mining, and the use of
heavy metals or heavy metal-containing substances [26,27]. Based on the above information,

effective water treatment to illuminate pollutants has become a matter of major concern.

Assessing metallic pollution in the environment is fraught with many problems due to the
rapidly increasing variability of metal concentrations over time and space [28]. Sediments are
potential reservoirs of absorbed heavy metals that are suspended in them. Earlier studies have
shown that metals are either picked up from the soil via roots or are suspended in untreated
river water that is used for irrigation. Moreover, heavy metal pollution of fresh water supplies
and produce poses a major risk to human health [30-32]. Many adverse health effects associated
with heavy metals have been established, but humans’ and animals’ exposure to heavy metals
in water has continued unabated and is even increasing in various parts of the world,
particularly in less developed countries [33]. Arsenic, mercury, and lead are the three main
‘rogue’ metals or metalloids that have a strong correlation to adverse health effects in humans
(Table 1.1). Arsenic, which is graded as Class A, is notoriously carcinogenic as it can
accumulate in the human body with severe adverse effects [34]. Its cumulative effects on the
human body include skin inflammation, skin hyperpigmentation, and skin and internal organ
cancer [34,35], while its acute symptoms are respiratory, gastrointestinal, and cardiovascular
failure [35].

Water intake is the only mechanism to access drinking water and controlling heavy metals in
water is therefore critical. Tchounwou et al. [36] noted that water samples have been analysed
in South Africa that have indicated hazardous concentrations of various metals such as
antimony, arsenic, cadmium, chromium, mercury, nickel, and selenium. All of these

metals/metalloids have severe impacts on human health, with arsenic being of most concern.
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Table 1.1: Health effects caused by heavy metals

Metals Acute Health Effects Chronic Health effects
Arsenic e Death caused by upper ¢ Nervous damage and sensory
respiratory, pulmonary, and loss in the peripheral nervous
abdominal pains as well as system and eventually death.

gastrointestinal and

cardiovascular failure.

Organic and e Neurological and renal e Chronic poisoning is

Inorganic disturbances may occur. characterised by neurological

mercury e Acute mercury exposure may and psychological symptoms
give rise to lung damage. such as tremors, changes in

behaviour, restlessness, anxiety,

sleep disturbance, and

depression.
Lead e Headache, irritability, abdominal ¢ In encephalopathy, the affected
pain person may suffer from acute
e Pain and various symptoms psychosis, confusion, and
related to the nervous system reduced consciousness.

e suffering from memory loss,
prolonged reaction time, and
reduced ability to understand.

Sources: Adapted from ATSDR, 2017; Jarup, 2003 [34,33]

Constraints caused by the inappropriate use of, or a lack of water put pressure on the already
limited supply of food globally. Moreover, existing water purification methods such as (1)
physical processes, such as filtration, sedimentation, or distillation; (2) biological processes,
such as sand filters, active carbon; (3) chemical processes, such as flocculation, chlorination,
the use of ultraviolet light. The technologies are very costly, and this has prompted researchers
to find new ways of extracting toxins from water. Heavy metal ions that are commonly found
in wastewater also tend to persist in the environment where they are extremely toxic even at
lower levels [37-40]. It is against this background that an inexpensive, efficient, robust, and
eco-friendly method for the removal of pollutants in the form of dyes and heavy metal ions

from wastewater is urgently required.
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Well-known water treatment methods include chemical precipitation, electrochemical
degradation, photo-degradation, ion exchange, membrane filtration, bio-removal, and
adsorption [41-44]. Among these, adsorption is considered ideal for industrial wastewater
treatment due to its high absorption capacity, ease of use, and economic viability [45,46].
Various high-capacity adsorbents such as activated carbon, alumina nanoparticles, modified
metal oxides, silica mesoporous substances, and cellulose adsorbents have been investigated in
recent years [47-49]. Cellulose-based adsorbents in particular have attracted increasing
attention because they are biodegradable, renewable, inexpensive, biocompatible, eco-friendly,

and highly stable in the presence of most organic solvents [50-52].

Agricultural residues are primarily composed of cellulose, hemicellulose, and lignin [53,54],
as shown in Figure 1.1 [55]. Agricultural residues are sourced from coconuts, sugarcane
bagasse, and maize stalks, to name a few. Cellulose, which possesses all the mechanical
properties of natural fiber, is stored in micro-fibrils that are enclosed by hemicellulose and
lignin [14,53,54,56]. Cellulose is one of the world’s most abundant, natural, and renewable
macromolecules and is commonly found in various biomass forms [57]. Natural cellulose fibers
may be used for different applications such as in the textile and pulp and paper industries. They
are also used as composites and components and have multiple other industrial applications
[58]. Selective application of cellulose include; osmotic drug delivery systems, bioadhesives
and muco adhesives, compression tablets as compressibility enhancers, liquid dosage forms as
thickening agents and stabilizers, granules and tablets as binders, semisolid preparations as

gelling agents and many other applications.

Lignin

Cellulose

Hemicellulose:
Plant cell wall Microfibril

Figure 1.1: Main structure of the plant cell wall in lignocellulosic biomass which consists
of lignin, hemicellulose, and cellulose [55]
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There are different methods used for water treatment, such as using adsorbents or a continuous
membrane and/or filter process. In recent years, cellulose and its applications have attained
high favour in both research and industrial areas due to its attractiveness in terms of mechanical
properties, high surface area, rich hydroxyl groups for modification, and natural properties with
100% environmental friendliness [59,60]. Nanocellulose is commonly classified as cellulose
nanomaterials consisting of nanometrically dimensioned fibrils that are obtained primarily
through mechano-chemical treatments [55,61]. These treatments effect the regeneration of
materials with special properties such as strength and chemical inertia and with wide surface
areas. Moreover, it is accessible for surface modification through plentiful hydroxyl group
which is composed of, renewable and environmentally safe adsorbent material in the form of
nano- and micro-cellulose was used for contaminant adsorption in the current study. The
desirable adsorbent material was obtained by extracting nanocellulose (nanofibers) from
agricultural waste, specifically maize stalks [62-64].

Cellulose is extracted from plant fibers using some of the chemical and mechanical methods
and they could be extracted in nano and micro forms by alkalization, bleaching and acid
hydrolysis process. For an example, Ranganagowda et al. [65] reported-on extraction of
cellulose from areca fibers using formic acid at 20% v/v as well as hydrogen peroxide (viz 10%
v/v) and 65% yield of cellulose was obtained. Furthermore, cellulose was extracted from sisal
fiber by two methods/procedure which included acid hydrolysis, chlorination, alkalization, and
bleaching [Juan 1. Mora'n][66]. The extraction method led to the production of cellulose. The
production of nanocellulose was formed by the acid hydrolysis of the extracted cellulose.
Khenblouche [67] and co-workers reported on the extraction of microcellulose fibers from the
retama raetam stems. The microcellulose were extracted from retama raetam stems by
employing 7 wt% sodium hydroxide which was followed by bleaching treatment. The
microcellulose were found to be highly crystalline with a crystallinity of 77.8%, and its
crystallite size was reported to be 3.62 nm. The acid hydrolysis and mechanical treatments of
cellulose extracted waste newspaper was reported by Takagi et al. [68]. The obtained cellulose
nanofibers were in the form of thick whisker-like structures with a diameter in the range 10-40

nm.

The nanocellulose based membranes have been reported to be promising materials for water
purification, however, there are challenges that are associated with these membranes, such as

cost-effective upscaling, stability, and biofouling. In this study, carbon nanotubes were added

5
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into the cellulose membranes in order to improve the stability and adsorption behaviour of the
cellulose membranes. Nanocellulose was extracted from maize stalks in this project to build a
filtration membrane for treating wastewater. The research aimed to establish how nanocellulose
and its modified surface structures impacted the adsorption of water contaminants such as
heavy metals and dye. A combination of the above-mentioned properties makes nanocellulose
an outstanding substrate for high-performance membranes and filters to extract pollutants

selectively from both industrial and drinking water sources.

1.2 Research Aims

Nanocellulose (nanofibers) was extracted from maize stalks to create a filtration membrane for
wastewater treatment, specifically to investigate how nanocellulose structures affected the
adsorption of different contaminants and to understand the effect of carbon nanotubes on the
adsorption efficacy of cellulose. The membranes were prepared from cellulose nanofibers and

CNT in the absence and presence of sodium lauryl sulfate (SLS) via vacuum filtration process.

1.3 Research Objectives

The objectives of this study were to investigate:

e The effectiveness of cellulose/CNT and cellulose/CNT/SLS membranes against anionic
bromophenol and commercial dye;

e The chemical resistance of cellulose/CNT and cellulose/CNT/SLS membranes; and

e The effect of CNT and CNT/SLS on the thermal stability of the selected cellulose

membrane.
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Chapter 2: Literature Review

2.1 Cellulose-Based Materials and their Classifications

The applications of cellulose in the industrial sector is steadily increasing. Amongst these
applications is wastewater treatment, which has received tremendous interest in recent years.
There are different classifications of cellulose depending on the methods and techniques of
preparation, shapes, and sizes [1]. Generally, there are three classifications of nano-cellulosic
materials which are the following [2]:

e cellulose nanocrystals (CNCs)

e cellulose nanofibrils (CNFs)

e Dacterial nanocellulose (BC or BNC).

A comparison of these different forms of nanostructured cellulose is presented in Table 2.1.

Table 2.1: Comparison of the different types of nanocellulose

Nanocellulose Shape Typical sources Advantages
Cellulose Cylindrical Hardwood, plants, High surface area, excellent
nanocrystals (CNCs) rods agricultural mechanical properties, low

residues, etc. density, low coefficient of

thermal expansion

Cellulose nanofibrils Complex fibers Hardwood, Low density, high surface
(CNFs) structure with softwood, plants, area, and good mechanical
thin fibrils agricultural strength
residues
Bacterial Ribbon shaped Low molecular Excellent mechanical
nanocellulose weight sugars such = strength, high purity, great
(BNC) as glucose stability

Source: 3, D. Tranche, 2018; published by the AIMS Press.
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2.1.1 Cellulose nanocrystals (CNCs)

Cellulose nanocrystals, also known as cellulose whiskers, are rod-like structures that are
acquired from lignocellulosic fibers and are generally obtained using the acid hydrolysis
process [1]. Cellulose from various plants and other lignocellulosic materials are used to extract
these nanocrystals. Cellulose nanocrystals have a crystalline structure which limits their
flexibility [1]. These nanocrystals have a nanosized distribution scale and they are usually 4—
55 nm in diameter and 90-400 nm in length, but a particular study [4] found that the diameter
of the nanocrystals was 4—7 nm and that they were 150—450 nm in length. Such nanocrystals
are for instance extracted from maize stalk leftovers [4]. Similarly, Sir6 et al. [5] reported that
the nanocrystals in their study had a diameter of 2—20 nm and a length of between 100—200
nm. Valenti et al. reported a nanocrystal mean length of 1.8 um with a thickness of 22.6 nm for

0.5 wt.% nanocellulose incorporated in polyhydroxyalkanoates matrix [6].

Cellulose nanocrystals have a high aspect ratio and present a disproportionate number of
hydroxyl groups on their surface. They also exhibit additional properties such as strong
transparency, ultrafine structure, high purity level, and excellent mechanical strength. For
example, their Young’s modulus ranges between 100-140 and a tensile strength of 7500 MPa
[7]. These properties make these nanosized materials effective for various applications in the
biomedical, food and paper, and pharmaceutical industries [8,9].

2.1.2 Cellulose nanofibrils (CNFs)

In earlier studies CNFs were isolated from plant sources such as wood pulp in a process that
included the pre-treatment and homogenisation of the pulp under high pressure [1]. This
technique has been successfully utilised for the isolation of CNFs, but it is energy-consuming
[10,11]. More effective processes have subsequently been developed using both mechanical
and chemical techniques that have resulted in CNFs of superior quality [10].

Using a mechanical process, the fibers structure obtained from the cellulosic sources is
removed and chemically treated to eradicate hemicellulose and lignin [12]. Before converting
the strands into CNFs, the cellulose fibers must be subjected to intense mechanical crushing to
remove volatile compounds such as, terpenoids, amino acids, fatty acid derivatives, benzenoid,

and phenylpropanoid chemicals from the divider of the plant unit [1,13,14,15]. Typically, the
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dimensions of the filaments range from 2—-80 nm, depending on the breaking-down force [16].
The morphology of CNFs is characterized by prolonged masses of rudimentary nanofiber with
anisotropic and isotropic reciprocating regions. These CNFs, as already stated, require intense
mechanical shearing. However, to encourage the defibrillation process, a preliminary treatment
of strands is required [1]. Pre-treatment is typically done using synthetic substances or,
conversely, enzymes that precede the mechanical procedure to achieve CNFs that have the

most desirable properties [1].

CNFs have a complex fibers structure with thin fibrils woven together in a web-like manner,
while CNCs are small, rod-like structures. CNFs have an average length of 200-1800 nm and
a diameter of 6-100 nm. CNFs contain more amorphous regions than CNCs as they form long,
flexible fibers networks. CNCs are obtained through acid hydrolysis which is a process that
removes the amorphous regions from the cellulosic structure, thus making them highly
crystalline [1]. The removal of amorphous regions makes CNCs more crystalline than CNFs.

In terms of aspect ratio, CNFs have a much higher aspect ratio than CNCs [1].

In addition to its biodegradability attributes, the principal property of the nanosized fibrils is
their higher strength compared to other natural and synthetic fibers [1]. According to Mariani
et al. [17], the tensile strength of CNF suspension films was 7.4-72.6 MPa while their Young's
modulus was 1.2-10.2 GPa. Other key characteristics of CNF films include their high specific
surface and good mechanical properties. CNFs have a variety of potential applications in the
biomedical field (tissue engineering), scaffolding, paper and film industries, and the electronic
and energy sectors (catalysts and sensors, coatings, membranes, and composites), and they
have also been used for environmental remediation, water treatment, hydrogels, and as

superabsorbent polymers [1].
2.1.3 Bacterial cellulose (BC)

The cellulose fibres extracted from bacteria sources exhibit a ribbon-like shape and have a
width below 100 nm. It was reported [18] that the cellulose derived from Asaia bogorensis
showed a bead-like rather than a ribbon-like shape. Contrary to the production/preparation
techniques used for other nanocellulose, bacterial cellulose synthesis is conducted using the

biosynthesis process which yields a gel-like, swollen, aqueous, flexible membrane [1].
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Stanislawska [19] mentions that fiber from the extracellular matrix of bacteria combine with

the aqueous region to form bundles of fibres, further creating a three-dimensional structure.

Although BCs may have potential for several applications, their disadvantages are that they
require extended processing time, are costly to produce, and require arduous large-scale
production and application processes [1]. Various other authors agree that the production of
these nanomaterials requires an expensive and time-consuming cultivation medium which

restricts large-scale production [11,20].

2.2 Extraction of cellulose and nanocellulose from Natural Fiber

Cellulose is the major constituent of most plant materials and is thus extracted from plant fiber
using both mechanical and chemical methods. Both nano- and micro-cellulose are produced in
three steps: alkalization, bleaching, and acid hydrolysis. Vu et al. extracted cellulose from
Vietnam’s rice straw by employing the ultrasound-assisted alkaline treatment process [21]. It
was shown that, when extracting cellulose sourced from rice straw using ultrasound irradiation
in the presence of an alkaline solution at high temperatures, enhanced production was achieved
when the time was increased from 10—30 minutes. Sun et al. [22] extracted cellulose from
sugarcane bagasse with ultrasonic irradiation in the presence of alkali and alkaline peroxide.
According to the authors, 44.7% yield of cellulose was obtained from the alkaline treatment
and 45.9% from the peroxide treatment. In another study, Feng et al. [23] used an
environmentally friendly process for the extraction of cellulose nanofibrils from sugarcane
bagasse using the ultra-sonification method combined with various mechanochemical pre-
treatments. These pre-treatments included the continuous explosion of steam, a hydrothermal
diluted alkali-catalyzed (0.4 wt.% NaOH) treatment, and hydrogen peroxide bleaching [20].
Using very small amounts of chemical reagents, existing pre-treatments have effectively
eliminated non-cellulosic constituents from the raw fiber with a yielding suspension of 0.6wt%
and a crystallinity index of 71.2% [20]. Nie et al. [24] extracted cellulose nanofibrils from
unbleached sugarcane bagasse pulps that were pre-treated by xylanase and subjected to low-
temperature pre-treatment involving various cold alkali concentrations [24]. Through ultra-
micro grinding and high-pressure homogenization, the cellulose nanofiber (CNF) had a
diameter of 13—30 nm and an average fibre diameter of 39.71 nm.
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According to the literature [25,26], cellulose nanocrystals may be derived from purified
cellulose fiber after the complete dissolution of non-crystalline fractions using the hydrolysis
process. Lignin content is normally left in the cellulose fibers after alkali treatment, which may
impede CNC extraction and result in poor surface wettability between the material of the
polymer matrix and the natural fibers. In most cases, lignin is the hardest chemical component
to remove from lignocellulose fiber [27]. In this case, bleaching is an additional step that is
necessary to further eliminate the residual cementing material in the alkali retted fiber,
primarily lignin. This method is known as delignification [28].

Sulfuric acid treatment of cellulosic materials is another method that has been commonly used
in the acid hydrolysis process for the fabrication of cellulose nanocrystals [28]. The acidic
sulfate groups formed during acid hydrolysis are simultaneously added and left on the surface
of developed cellulose crystals by esterifying the cellulose surface hydroxyl group [28].
Sheltami and co-workers [29] extracted cellulose from mengkuang leaves. The crystallinity of
the cellulose was found to be 69.5%. The extracted cellulose was treated with alkaline and
bleaching agents, while concentrated sulfuric acid was used to isolate cellulose nanocrystals

from the cellulose. Table 2.2 summarises different extraction methods and sources of cellulose.

Table 2.2: Different extraction methods and sources of cellulose and nanocellulose
Source Method Summary of findings Refs
Raw cotton liner Acid hydrolysis Increased crystallinity index of [30]
91%. Nanocrystals were 177 nm
long and 12 nm wide with an

aspect ratio of 19.

Reused wastepaper  Alkaline and CNC length ranged from 100 nm— [31]
bleaching treatments = 300 nm. The crystallinity index of
followed by acid extracted CNC was 75.9%
hydrolysis for
isolation of CNCs
TEMPO-oxidized TEMPO Cellulose nanowhiskers with a [32]
jute fiber selectively oxidized = super-thin diameter (3-10 nm) in
pre-treatment the form of a stable and transparent

dispersion with high crystallinity,
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Rice husk

Vietnam’s rice straw

Sisal fiber

Natural areca fibers

Cassava bagasse

Rice husk

combined with
mechanical

homogenization

Alkali and bleaching

treatments (acid
hydrolysis
treatment)
Ultrasonic

irradiation

Acid hydrolysis,
chlorination,
alkaline extraction,
and bleaching
Formic acid and
hydrogen peroxide

Sulfuric acid

hydrolysis

Sulfuric acid

hydrolysis

carboxylate functional groups, and

high surface areas.

Cellulose nanocrystals with a
diameter ranging from 1015 nm

were obtained.

Cellulose showed high thermal
stability with 5% degradation. The
yield increased with increased
sonication time from 10—-30 min
under the set conditions.

Purified cellulose sisal fiber of
about 100-500 pm and several
microfibrils with diameters in the
range of 8-12 um were obtained.
The cellulose was found to
contain a-cellulose to an extent of
92.8% with 70% crystallinity.
Cellulose fibers diameter was 9.6
nm and the yield was 65%.
Cellulose whiskers were extracted.
The degree of crystallinity was
found to be 43.7-54.1%. Yield
content was 30 wt.%. Length and
diameter were 1150 and 15 nm
respectively.

Cellulose whiskers were obtained
with a yield of 74%. The cellulose
varied in size from

6—14 nm in width and 100-400

nm in length.
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Dry softwood pulp Shear’s The diameters of the CNFs ranged  [38]
homogenization between 16-28 nm. The CNFs
process exhibited a slightly  higher

crystallinity and lower thermal

stability dry pulp fiber.

Park et al. [39] suggest that a simple method for the extraction of cellulose nanocrystals (CNCs)
is to employ high-pressure homogenization (HPH) and to regulate the temperature of the
production process. The proposed process was evaluated and compared with normal acidic
hydrolysis [39]. The latter study showed a simple and green CNC extraction method that
employed HPH without acidic hydrolysis. CNCs with high crystallinity, which increased
linearly with increasing temperatures over 20 passes, were developed by temperature
controlled HPH. Rod-like cellulose nanocrystals with a width of 4-14 nm and a length of
60—320 nm were obtained. Flauzino Neto et al. [40] investigated the production of cellulose
nanocrystals from cellulose extracted from soy hulls. The nanocrystals were obtained by acid
hydrolysis. The hydrolysis was performed at 40°C and the resulting nanocrystals were
characterised by high crystallinity. The results showed that more drastic hydrolysis conditions
(40 minutes) resulted in shorter nanocrystals while some harm to the cellulose crystalline
structure occurred [40]. Cellulose nanocrystals with a length ranging from 100—200 nm and 15
nm in width were also extracted from Phormium tenax leaf fiber by acid hydrolysis [40]. The
study confirmed the removal of hemicelluloses and lignin, and that the prostine phorium fiber
containing both amorphous and crystallite regions were successfully treated with acid to obtain
CNC structures utilising a two-step chemical procedure [40]. Furthermore, the applied
hydrolysis parameters were capable of extracting microcrystalline material which is also
suitable for hydrolysis from macrofiber such as Phormium tenax. It should be noted that
producing cellulosic material is the preferred procedure for a high yield aqueous stable colloid

suspension of cellulose nanocrystals [40].

Chemical processes such as acid hydrolysis, chlorination, alkaline extraction, and bleaching
have been used for the extraction of cellulose from cotton, sisal, flax fiber, corn stover, and rice
husk [41]. According to Luduefia et al. [41], they used the acid hydrolysis method for the
extraction of cellulose in order to manufacture cellulose nanowhiskers (CNW) from different
sources as mentioned above. All used in their study had produced CNW with different

characteristics and diameters. These were cotton (~73.4 nm), sisal (~57.4 nm), flax (~39.4 nm),
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corn stover (~38.4 nm), and rice husk (~12.4 nm). The crystallinity of the CNW produced from
cotton was 94.0%, from sisal it was 85.9%, from flax it was 84.9%, from corn stover it was
80.6%, and form rice husk it was 76.0% [41]. Furthermore, the CNW extracted from rice husk
revealed low aspect ratio together with low diameter which make them suitable materials for

reinforcement in polymer matrices.

2.3 Functionalization of cellulose membranes

2.3.1 General overview

Cellulose membranes have played a critical role in various fields such as water purification,
the food industry, the oil industry, medical applications, and biotechnology. The literature
clarified that each field requires different functionality of the membranes for them to be applied
usefully in a specific application [42]. It thus follows that there is a need for the fabrication of
functionalized membranes for advanced applications. Different materials and chemicals have
been used for the functionalization of cellulose membranes such as (2,2,6,6-
Tetramethylpiperidin-1-yl) oxyl and (2,2,6,6-tetramethylpiperidin-1-yl) oxidanyl, commonly

known as TEMPO-, amide-, amino-, and hydroxyl-based groups.

2.3.2 Preparation, morphology, and effectiveness of TEMPO-functionalized cellulose
membranes

The main purpose for the surface modification of cellulose membranes is to change their
surface functionality and improve the interaction of the membranes with pollutants. In most
cases, TEMPO-oxidisation has been employed for the functionalization of cellulose in order to
introduce the carboxylic groups. Karim et al. [42] studied the development of nanocellulose to
achieve improved water permeability, better functionality, and improved mechanical stability.
This was achieved by functionalizing cellulose nanocrystals with TEMPO (2,2,6,6-
Tetramethylpiperidin-1-yl) oxyl-NaBr-NaClO combination to improve the metal adsorption
capacity of the cellulose nanocrystals. The pH of the solution was adjusted to 10 by adding
sodium hydroxide while the membranes were immersed in the solution for 180 seconds.
Atomic force microscopy (AFM) showed enhancement in the roughness of the membranes due
to using TEMPO modification. Furthermore, the membranes also showed enhancement in
terms of total acidic content. Generally, it was found that the permeability of the TEMPO-

functionalized membranes was not affected in water. It is well known that bromide at lower
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contents is not easily absorbed, especially not in medical wastewater. As a result, there is a
need to design systems that consist of an effective adsorbent or adsorbents. For instance, Liu
and co-workers [43] investigated the adsorption of bromide ions at lower concentrations
through the modification of cellulose beads with TEMPO and iron (111) (Fe [I1]). In study, the
cellulose beads were prepared by extrusion dropping technology. Generally, the main aim of
modifying cellulose beads with TEMPO to introduce the carboxylate groups into the cellulose.
The modification of cellulose beads took place or follows, cellulose was added into deionized
water, with both TEMPO and sodium bromide added into the mixture of deionized water and
cellulose beads. Finally, 10% sodium hypochlorite (NaClO) was added to the mixture. The pH
of the solution was kept at 10 by introducing sodium hydroxide into the reaction mixture. The
mixture was allowed to react over a four-hour period after which carboxylated cellulose was
obtained. These carboxylated cellulose beads were then combined with iron (I11) to form an
iron-to-iron carboxylated cellulose beads complex. The fabrication of the complex was done
by adding wet carboxylated cellulose bead (CCB) samples into the solution of iron (1)
chloride (FeClz) and the mixture was stirred overnight at room temperature. The resultant
yellow complex was first washed with distilled water, further washed with a water solution at
a pH value of 3, and then further washed with distilled water. The surface morphologies of the
investigated samples were analysed using SEM and the functionality of the CCB as well as Fe
(1)-CCB complex was determined using Fourier Transport Infrared spectroscopy (FTIR).
SEM of neat CB showed smooth surfaces whereas the surfaces of the complex (Fe-CCB) were
rough and irregular. FTIR spectroscopy revealed that the CBs, CCBs, Fe-CBs, and Fe-CCBs
displayed the well-known characteristic peaks of cellulose. It was concluded that the CCB
material was able to combine with the metal ions in the form of iron for further usage in

advanced applications.

According to Liu et al. [44], TEMPO-mediated oxidised cellulose nanofibers (TOCNFs) have
shown potential within the bioremediation of metal ions from contaminated water due to their
interaction with charged metal ions via electrostatic interactions involving surface carboxyl
groups. Copper is known as a common pollutant in industrial effluents and was thus the target
metal in the study. Isolation of TEMPO-oxidized cellulose nanofibers (TOCNFs) with different
carboxylate group content was prepared from cellulose sludge. The slurry pulp residue was
mechanically processed and distributed into a solution consisting of sodium bromide and
TEMPO. Sodium hypochlorite was added dropwise to the suspension while maintaining the

reaction pH at ca.10 by adding sodium hydroxide. Furthermore, with the option of two different

22

© Central University of Technology, Free State



[ Contral Uriversity of
chology, ree State

quantities of hypochlorite, two different degrees of oxidation were achieved. When all the
(NaClO) was depleted, the filtration of oxidized pulp was executed by washing it numerous
times with purified water until the filtered solution reached a neutral state. Using a micro-
fluidiser, the purified pulp fiber were distributed in water as they disintegrated to accomplish a
TOCNF water suspension. After the experiment, an electric conductivity titration method was
used to achieve the TOCNF with the carboxylate content. It was concluded by the authors that
the larger the surface area and the higher the carboxylated content were, the better they resulted
in the effective adsorption of copper metal. The surface morphology of the investigated
samples before and after copper adsorption was analysed by atomic force microscopy (AFM)
and SEM images. The authors reported that there were no copper nanoparticles on the surface
of the TOCNF before copper adsorption. However, to show the effectiveness of the TOCNF
membrane(s), the SEM revealed copper nanoparticles with different sizes on the surface of the
TOCNF.

The adsorption of lead ions by grafted TEMPO-oxidized cellulose nanofiber infused with
magnetite was investigated by Abou-Zeid and co-workers [45,44]. The TEMPO-oxidized
cellulose nanofibers were fabricated from bleached bagasse pulp utilising TEMPO-oxidation
as well as mechanical defibrillation. Furthermore, the authors synthesised the magnetite
nanoparticles using the so-called co-precipitation method. Different contents of the magnetite
i.e., 0,1, 3, and 5 wt.% in relation to the acrylic acid were introduced into the acrylic modified
TEMPO-CNF to form nanocomposites. The morphology of the TEMPO-CNF and 5 wt.% of
the magnetite nanocomposites was investigated using SEM. The TEMPO-CNF was observed
as smooth, tubular, and interconnected structures while the nanocomposite showed a rough
surface which may have been associated with grafting by acrylic acid. In terms of lead ions
removal, a comparative investigation was done to demonstrate the effectiveness of the
TEMPO-CNF magnetite composites in relation to time, namely 30 and 60 min. The
investigation was conducted with 1wt% of magnetite incorporated into the TEMPO-CNF at a
pH of 5.3. It was reported that there was a general increase in the adsorption of lead ions over
time. This was attributed to more effective nanocomposites which were able to enhance the
adsorption of the pollutant with time. The TEMPO-CNF showed less adsorption when
compared with the magnetite nanocomposite TEMPO-CNF. The magnetite nanocomposite
showed higher adsorption of lead ions due to the crosslinking between the polymeric chains

which resulted in the potential to trap the ions in the solution.
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Another investigation was done by the same authors [45,46] on the preparation of novel
adsorbents based on cellulose nanofibrils for heavy metal removal by TEMPO-mediated
oxidation and polyethyleneimine (PEI) grafting (TOCN-PEI) [42]. The PEI grafting into the
TOCN was done utilising the glutaraldehyde crosslinking process. The raw cellulose was
reported to have an average diameter of 10—30 um and a length in the range of 100200 pum.
The addition of PEI into the TOCN showed that the PEI covered the TOCN uniformly with
small pores occurring between the TOCN matrix. Raw cellulose showed low copper adsorption
which was evidence that the non-functionalized materials had few or no binding sites.
Furthermore, it became apparent that the raw cellulose-PEI was also a poor adsorber of copper
metal ions. The authors further showed that the TEMPO-oxidized cellulose was the most
effective system in terms of adsorption of Cu (Il) ions when compared with raw cellulose and
raw cellulose-PEI. The observed behaviour was ascribed to the presence of carboxylated
groups emanating in the cellulose, with high adsorption of Cu ions due to the electrostatic
effect.

2.3.3 Amide- and amino-functionalized cellulose-based materials

Various authors [43, 47-50] investigated the preparation of amide-functionalized cellulose
systems to produce effective materials for the adsorption of pollutants. Liu et al. investigated
an efficient, eco-friendly, amide-functionalized primarily cellulose-based porous adsorbent
[43]. According to the authors, the resultant amide-functionalized material had numerous
adsorption sites that ensued in the exceptionally efficient elimination of anionic dyes and
copper ions from aqueous media. The amide-functionalized cellulose was achieved by mixing
cellulose fiber and amide in a solution of sodium hydroxide and urea. The mixture was stirred
and stored in dark conditions, resulting in the achievement of amide-functionalized cellulose
materials. The authors reported that bisacrylamide, which was crosslinked with cellulose for
the fabrication of amide-functionalized cellulose, had different adsorption sites which
enhanced the adsorption of copper metal ions and dyes.

Mercury is classified as one of the most toxic metals as it is harmful to health and the
environment. Mercury waste has been found in wastewater originating from industries and, as
a result, there is a need to purify or clean wastewater that contains mercury. Sun et al. [47]
used two methods for the adsorption of mercury metal which were the esterification of

sugarcane bagasse cellulose with excess stearic acid and the grafting of poly-acrylamide brush
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by ultraviolet radiation to prepare cellulose-based adsorbent material. The pre-treatment of the
sugarcane bagasse fiber was done by pouring the fiber into 9wt.% of sodium hydroxide. The
sugarcane bagasse fibers was modified with stearic acid by adding the pre-treated bagasse into
a solution of ethanol containing stearic acid. The stearic acid-modified sugarcane bagasse fibers
was mixed with 15 wt.% acrylamide (AM) and the mixture was sealed in a tube that was
exposed to UV rays for 20 minutes. The surface morphology of the adsorbent material was
analysed through an optical microscope (OM) and SEM-EDS and the interaction of the
investigated samples was studied using infrared spectrometry (FTIR). The surface morphology
of the functionalized sugarcane bagasse (SBF-g-SA)-g-PAM sample was found to be different
from that of the sugarcane bagasse (SBF) sample. When the sugarcane bagasse was
decrystallized, the SBF was found to be porous and fibers filament was observed after
crystallization which enhanced surface reactivity and improved grafting reactivity. It was
reported that modifying the cellulose with stearic acid improved the grafting of SBF with
polyacrylamide (PMA). As a result, the (SBF-g-SA)-g-PAM system was made effective for
the removal of mercury ions in solution. Other studies [48,49] also reported the incorporation
of the amine functional groups on the surface of cellulose materials.

Jin et al. [50] investigated amino-functionalized cellulose nanocrystalline for adsorption of
dyes. Cellulose nanocrystals were fabricated by sulfuric acid hydrolysis. The fabricated
cellulose nanocrystals were introduced into the ethylenediamine at various contents. In
summary, nanocrystalline cellulose was oxidized with sodium periodate and subsequently
grafted with ethylenediamine to form amino groups on the surface of the cellulose. The surface
morphology of the samples was analysed by atomic force microscopy (AFM), and it was
reported that functionalization had little effect on the morphology of the cellulose nanocrystals.
The amino-functionalized cellulose nanocrystals were found to be effective adsorbents of dyes

as they showed high adsorption capability, more especially in an acidic medium.

Alatawi et al. [48] investigated the covalent binding of amino-functionalized epichlorohydrin
(ECH) cross-linked with carboxymethyl cellulose (CMC) polymeric solid support with
different degrees of functionalization. The study demonstrated that functionalized cellulose can
also be employed in the treatment of urinary tract and kidney diseases besides being utilised
for water purification. Urease immobilization was investigated to determine the effects of pH
and temperature. The results showed that after 7 days, the immobilization of urease by amino-

functionalization showed 75% initial activity when compared with free urease which did not
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return its activity to the same extent as immobilized urease. However, it has improved the
membrane surface hydrophilicity and subsequently reduced membrane biofouling in the
membrane bioreactor (MBR) system [48]. The authors also prepared cellulose acetate (CA)
nanocomposite membranes by embedding amino-functionalized nanodiamond (ND-NH3) as
well as polyethylene glycol grafted ND (ND-PEG) in the cellulose-based system. Cellulose
nanocomposites were fabricated by incorporating various quantities of amino-functionalized
nanocrystalline to produce effective membrane material inhibiting oil depositions. Essential
flux, fouling activity, and anti-fouling properties against extracellular polymeric substances
(EPS) were studied to compare prepared nanocomposite membranes with the pure CA
membrane. Using SEM, the surface membrane and cross-section morphologies of neat CA
were compared with the selected nanocomposite membranes containing 0.5wt.% of pristine
and functionalized nanoparticles. It was reported that the optimum concentration of
nanocellulose loading was less than 1.0 wt.%. Above this concentration pore-blocking of the
fabricated membrane occurred which reduced porosity. It was further reported that the
ultrafiltration (UF) performance of the membranes revealed that the 1 wt.% was the optimum
concentration for water flux with 43% more than that of the neat membrane. Furthermore, the

nanocomposite membrane showed oil rejection at a rate greater than 98.2%.

Huang et al. [51] prepared a new nanostructured amino-functionalized magnetic bacterial
cellulose/activated carbon (BC/AC) composite bioadsorbent (AMBCAC) for the removal of
Pb?" and methyl orange (MO) from an aqueous solution. The findings showed that the
equilibrium adsorption potential (Q.) for Pb?" increased after amino group introduction. The

optimum pH for Pb?* and MO adsorption was 5.0 and 3.0 respectively [51].

Liang et al. [52] investigated the synthesis of a new adsorbent based on cellulose (PQC, where
P and QC designate polyethyleneimine and quaternized cellulose respectively) with quaternary
ammonium and amino functional groups for enhanced capture of Cr (V1) in water. Cellulose
was homogeneously quaternized for the preparation of PQC, and this was followed by grafting
and/or cross-linking it with polyethyleneimine in the presence of epichlorohydrin [52]. The
PQC followed the isotherm of Langmuir and had a maximum Cr (V1) uptake ability that was
far higher than many other recorded adsorbents derived from cellulose [52]. This behaviour
was attributed to physicochemical properties such as the robust porous structure and high
density of functional groups as well as quaternary ammonium, amino, and hydroxyl which

enhanced the functional groups that improved the availability to capture or reduce Cr (V1).
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Moeinzadeh et al. [53] synthesized nanocomposite ultrafiltration (UF) membranes by adding
different portions of amino-functionalized nanocrystalline cellulose (NCs) to enhance
membrane anti-fouling resistance in opposition to oil depositions. The latter authors reported
that, the porosity and hydrophilicity of the membranes were enhanced significantly with the
use of NCs despite a decrease in the pore length of nanocomposite membranes. The UF
performance effect showed that the nanocomposite membrane integrated with 1 wt.% of NCs
which accomplished an optimum water flux improvement, which was approximately 43%
more than the pristine membrane. Furthermore, such nanocomposite membranes also exhibited

promising oil rejection and extremely good water flux recuperation at a lower cost.

Yu et al. [54] investigated the use of a multi-amino adsorbent for arsenic adsorption. Glycidyl
methacrylate (GMA) was grafted onto the surface of cotton cellulose with ceric ammonium
nitrate (CAN) being used as the initiator. The delivered epoxy agencies reacted with
tetraethylenepentamine (TEPA) to deposit a multi-amino adsorbent. The SEM images of the
alkali-treated cellulose, cellulose-g-GMA as well as cellulose-g-GMA-b-TEPA, revealed
smooth surfaces for alkali-treated cellulose. The surface morphology of the cellulose-g-GMA
was rougher than that of the alkali-treated cellulose. The latter authors reported that the
optimum pH for adsorption was 5 for arsenate and 7 for arsenic. It was concluded that the GMA
and TEPA had been successfully grafted onto the surface of cellulose and that the modification
had improved the arsenic adsorption performances.

2.4 Preparation, morphology, and effectiveness of carbon nanotube-functionalized

membranes for adsorption of contaminants

Carbon nanotube (CNT) synthesis and its functions has been one of the most studied fields in
many disciplines such as chemistry, physics, materials science, and life sciences [55]. Carbon
nanomaterials have been utilized in different fields due to their special properties such as high
electrical conductivity and chemical resistance. CNTs have been shown to have great potential
as superior adsorbents for removing a variety of organic and inorganic pollutants from water
due to their large specific surface areas, compact scales, and hollow and layered structures
[56]. However, as much as carbon nanotubes are utilised as adsorbent materials for removing
pollutants from solutions, carbon nanotubes may be functionalized further to enhance their
ability to remove contaminants [57]. For example, multi-walled carbon nanotubes (MWCNTS)

undergo mild oxidation which allows the formation of oxygen-containing surface groups.
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Furthermore, it has been shown that, to improve the wettability of MWCNTS, polar solvents
may be utilised to enhance the effectiveness of the carbon nanotubes as adsorbent materials
[55]. In another study [57] multi-walled carbon nanotube/cellulose acetate (MWCNT/CA)
nanocomposite membranes were prepared by utilizing acetone as the solvent and deionized
water as the non-solvent. To enhance the distribution of the MWCNTS in the matrix, MWCNTSs
were functionalized in a strongly acidic medium. The concentrations of carbon nanotubes
employed for the fabrication of the membranes included 0.0005, 0.005, and 0.01 wt.%. The
morphology of the prepared carbon nanotube cellulose acetate was analysed using field
emission scanning electron microscopy (FESEM) [57]. It was found that there was a reduction
in the number of voids with an increase in the content of carbon nanotubes. Furthermore, it was
reported that there were no MWCNT agglomerates and that MWCNTs were uniformly
dispersed. It was further mentioned that the addition of small concentrations of MWCNT,
namely 0.0005 wt.% and 0.005 wt.%, enhanced permeability of water in the membrane. This
observation was ascribed to the formation of connective passages between membrane pores
which was due to the -COOH groups arising from the modified carbon nanotubes. An increase
in MWCNT content (0.01 wt.%) resulted in a reduction in the porosity and in the surface area

of the membrane which resulted in decreased permeability.

To investigate improved hydrophilicity and biocompatibility of MWCNT, Chang et al. [58]
used soluble starch-functionalized multiwall carbon nanotube composites (MWCNT-starch).
They prepared the MWCNTSs grafted iron oxide system for the removal of dye in a solution.
The MWCNT-starch oxide nanocomposites were fabricated by synthesizing iron nanoparticles
on the surface of the MWCNT-starch. The fabrication of the magnetic MWCNTSs took place
through suspension of MWCNTSs-starch in a solution of ferric chloride while the pH of the
solution was kept at 10-11. The surface morphology of the magnetite composites was
investigated using TEM. Micrographs of the non-magnetic MWCNT-starch showed that the
carbon nanotubes were embedded with starch. For the magnetic MWCNT-starch system, iron
oxide dispersed uniformly with no aggregates. Furthermore, the addition of iron oxides did not
demolish the structure of the starch in the MWCNTSs-starch system. The authors further
reported that the size of iron oxide nanoparticles in the composites consisting of MWCNT-
starch was smaller than that of the iron oxide nanoparticles in the MWCNT-iron oxide. The
fact that MWCNTSs displayed both adsorption and magnetic separation properties suggests that
they can be used as magnetic adsorbents to extract organic pollutants from aqueous solutions.

Furthermore, starch grafted on MWCNTSs can serve as a template for the formation of ZnO,
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TiO?, or Ag nanoparticles. The investigated samples were tested against anionic dye (MO) and
cationic dye (MB) and it was observed that there had been rapid adsorption of MO dye between
10—30 min. To determine the amount of dye adsorbed by the two systems, a pseudo second-

order model was utilised as shown in Equation 1:
t 1 t
ac  ka:  de

1)

where k with the unit (mg g™ min 1) is denoted as the second-order rate constant, while g: (mg
g1) represents the amount of dye adsorbed at time t and ge denotes the amount of dye adsorbed
at equilibrium. The values for t and ge were normally recorded from the intercept and slope of
t/q¢ versus t. When analysing the results, the authors found that the R-value was greater than
0.999, which indicated that the adsorption property of this systems may be explained by the
pseudo second-order equation. According to the k and ge values, more enhanced adsorption of
MO occurred with the MWCNT-starch-iron oxide than with the MWCNT-iron oxide. This was
attributed to the hydrophilicity of the starch in the composites which enhanced the dispersion

of the carbon nanotubes in the composites and dye solution.

Gao et al. [59] investigated the use of poly (1-glycidyl-3-methylimidazolium chloride)
(PGMIC)PGMIC, Fe304, and MWCNT to prepare magnetic polymer multi-wall carbon
nanotubes (MPMWCNT) for the removal of anionic azo dyes. In the study the adsorbent
system consisted of ionic liquid-based polyether, ferrous oxide, and multi-wall carbon
nanotubes. The nanocomposites were fabricated by following the steps shown in Figure 2.1.

|

Ly = PGMIC . = multiwalled carbon nanotubes and () = Fe;0s

L by

Figure 2.1: Schematic representation of nanocomposite fabrication steps
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By utilising TEM, it was shown that the Fe3O4 occurred on the surface of the MWCNTS, which
the authors attributed to the strong interaction between the two nanoparticles. Furthermore, it
was observed that both the nanoparticles and the polymer were embedded successfully into the
carbon nanotube surfaces. The effect of pH was also investigated for all the prepared samples,
and it was found that the adsorption of the dye was most favourable at a low pH. It was
concluded that the addition of polyether as well as ferrous oxide into the carbon nanotubes
enhanced separation and adsorption efficacy. Furthermore, two diffraction peaks were
observed in MPMWCNT from the XRD patterns, suggesting that the microstructures of the
MWCNTSs were not destroyed by the chemical treatment.

Gong et al. [56] investigated the synthesis of a magnetic multi-wall carbon nanotube
(MMWCNT) nanocomposite for the removal of cationic dyes from water. Industrial multi-wall
carbon nanotubes and iron oxide nanoparticles were used to fabricate the MMWCNT
nanocomposite. MWCNTSs were incorporated into the concentrate to purify the carbon
nanotubes. The purified MWCNTSs were added into the solution of ammonium ferrous sulfate
and ammonium ferric sulfate (Fe**: Fe 3 ratio of 1:2). The pH of the solution was kept at 10—11.
The surface morphology and the size of the investigated samples were analysed by utilising
SEM. The SEM micrographs showed that the iron oxide nanoparticles were covered on the
surface of the MWCNTS to fabricate the resultant nanocomposites. The surface of the samples
was also investigated by BET, and it was found that the carbon nanotube nanocomposite
adsorbent recorded a value of 61.74 m?g™*, while the MWCNTSs recorded 44.29 m?g, which
was lower than that of the nanocomposites. The XRD pattern of the nanocomposites showed
four diffraction peaks (26=30.2 °, 35.6°, 43.3°, and 57.2°) that were attributed to maghemite
and/or magnetite. The authors also reported that the adsorption percentages of dyes increased
when the MWCNT content in the nanocomposites was increased. The removal of dye increased
as follows: 30.1 to 99.16%, 17.11 to 98.33%, and 98.8% for MB, NR, and BCB respectively.
The mechanism of adsorption of the MWCNTSs was attributed to van der Waal’s interactions
between the hexagonal carbon atoms and the dye's aromatic structures.

2.4.1 Preparation, morphology, and effectiveness of graphene oxide functionalized

cellulose for contaminant extraction in water

The utilisation of nanomaterials in different applications has increasingly gained attention due

to advantages such as the existence of high active sites, the presence of functional groups, and
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a wide surface area [60]. Graphene in particular has extraordinary properties and a wide range
of applications in water purification [61]. According to Ain et al. [61], the primary graphene
derivatives are graphene oxide (GO) and reduced graphene oxide (rGo). Many active functional
groups, such as -OH, -COOH, -C = O and other hydrophilic groups, occur on the surface of
graphene oxide [62,53]. According to Gusain et al. [63], graphene oxides and other oxidized
carbons have high acidity and functional groups, allowing for excellent adsorption of cationic
and basic compounds through electrostatic and hydrogen bonding interactions, while their
pristine counterparts have hydrophobic surfaces and low adsorption.

Zhang et al. [65] stated that graphene oxide has a highly functionalized operative surface,
making it a possible material for removing contaminants from water [66]. Various authors
investigated the utilisation of graphene-based composites for removal of pollutants [67-77].
Ain et al. [61] prepared graphene oxide (GO) with iron nanoparticles (Fe*) inserted into the
surface of the graphene oxide. Graphene oxide was fabricated by using Hummer’s modified
method while the magnetic graphene oxide (MGO) was prepared by using the co-precipitation
method. SEM micrographs of the FeszOa/graphene composites revealed uneven and
heterogeneously distributed Fe3O4 in the graphene oxide matrix because of the agglomerates.
XRD showed an increase in the d-spacing which was attributed to the incorporation of oxygen
groups into the graphene because of oxidation. There were broad diffraction peaks in the XRD
pattern of the nanocomposites which indicated that the size of the nanoparticles was small. The
MGO dosage was investigated in relation to the adsorption performance in the range between
0.002 g/L to a high value of 0.016 g/L. It was reported that the adsorption capacity of the MGO
nanocomposites decreased with an increase in the dose of the adsorbent. This behaviour was
attributed to the availability of the adsorption sites and the surface area of the adsorbent
material. It was further concluded that the MGO nanocomposite with the concentration
between 0.014g/L and 0.016 g/L achieved the removal efficiency of 99.972%, 97.783%,
96.561%, 91.883%, 95.283% for Pb?*, Cr3*, Cu?*, Zn?" and Ni?*, respectively.

Chen et al. [78] investigated the water purification ability of graphene oxide polyamide
membranes. The membranes were prepared by interfacial polymerization of trimethyl chloride
(TMC) with the content of GO ranging between 0.1-0.5 using polysulfone (PSF) as a substrate.
According to the latter authors, the FTIR spectrum of the GO sample and graphite powder
revealed that the surface of GO contained oxygen-containing functional groups and the usual

GO peaks were visible in the XRD pattern. It was reported that higher concentration of the GO
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resulted in good dispersion in the polyamide (PA) layer. At 0.3 content of the GO, it was
observed from SEM that the GO had a wrinkled appearance as well as edges after application
of electric field. This was due to the formation of edges and defect sites containing a lot of
oxygen functional groups. The membrane at 0.3 of graphene oxide was found to demonstrate
rejection rates for sodium sulfate (Na2SQO4) (97.6%) and MgSO4 (97.3%); however, there was
a low rejection rate for sodium chloride (NaCl) (25.1%). There was a general improvement in
antifouling property and selective divalent as well as monovalent ions, which are important
properties for water purification. Based on these findings, one can conclude that the
hydrophilicity and permeability of the membrane showed that the water flux of all the modified
nanofiltration membranes was higher than that of the original nanofiltration membrane.
Moreover, the flux of the nanofiltration membrane further increased after modification of the
electric field.

Nanocomposites consisting of zirconium and graphite oxide were prepared by Luo et al. [79].
The composites were prepared using the green hydrothermal method and the prepared material
exhibited three-dimensional hydrogel. Furthermore, the suspension of Reduced graphene
oxide-zirconium (RGO-Zr) resulted in a black colour after freeze-drying which provided
evidence that there was a conversion of GO to RGO. SEM revealed that the RGO-Zr had folded
edges when compared with the GO. Furthermore, they were embedded into the surface of the
reduced graphene oxide. This was due to enhancement in phosphate adsorption which occurred
as a result of ZrO» dispersion on the RGO surface. According to the authors, the ability to
adsorb phosphate was further enhanced when the temperature was increased. This behaviour
was attributed to the acceleration of the phosphate ions on the surface of the adsorbent. A
similar system consisting of graphene oxide-zirconium (GO-Zr) adsorbent for the removal of
phosphate from water was investigated by Zong et al. [80]. The post-grafting method was
utilised for the formation of the zirconia-functionalized method. The TEM results of the
graphene oxide-zirconium (GO-Zr) adsorbent system showed that the ZrO- covered the surface
of the GO in the adsorbent system when compared with neat GO. X-ray fluorescence (XRF)
revealed a 12.5% content of ZrO: in the adsorbent system. The XRD pattern revealed a 2-theta
value at 30°, which was attributed to the amorphous part of the ZrO,. The GO peak that is
normally found around 26 value of 11.1° showed reduction in its intensity which was ascribed
to the fact that the Zr (OH)4 was found on the surface of GO rather than being intercalated. The
adsorption studies revealed that phosphate adsorption adhered to or followed the Langmuir

adsorption isotherm which kinetically is pseudo-second order kinetics. Furthermore, the
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adsorption of the GO-Zr system was better than that of the GO, and the adsorption of phosphate

ion was more favourable in the acid system.
2.5  Thermal Stability of Cellulose-Based Membranes

The thermal stability of cellulose membranes and their functionalized membranes was
investigated using thermogravimetric analysis (TGA). Various studies [81-86] have
investigated the thermal stability of cellulose membranes and their functionalization, and it was
found that the type of functionalization used, the preparation method of the membrane
composites, the content of the functionalization, and the dispersion of the membrane

composite(s) influenced the thermal stability of the membrane composites.

In one study the membranes were fabricated by phase inversion with the dispersion of titania
nanoparticles into the cellulose acetate membranes [81]. TiO2 nanoparticles were fabricated
using the sonochemical method. The addition of TiO2 (5-25 wt.%) into the cellulose acetate
membranes showed improvement in thermal stability. It was argued that the enhancement in
thermal stability was due to a better dispersion of the TiO: into the cellulose acetate membrane.
The better dispersion that occurred was attributed to a coordination bond between Ti*" and the
acetate. It is well known that better dispersion results in high rigidity as a lot of energy is
required to break the polymer chains. Furthermore, it became clear that an increase in TiO>
content enhanced thermal stability as a result of more heat being absorbed by TiO: in the

membranes.

Zhang et al. [82] prepared cellulose carbamate membranes using the solid-liquid phase method.
Cellulose carbamate (CC) was produced from cellulose pulp and urea as well as from N,N-
dimethylacetamide (DMAC). The authors achieved the regeneration of cellulose by dissolving
cellulose carbamate (CC) into a solution of sodium hydroxide, and they then regenerated it
using a process of coagulation that solidified the final product. They reported that cellulose

enhanced thermal stability after regeneration and esterification.

Muhammad and co-workers [83] investigated the thermal stability of regenerated cellulose
using the ionic liquid method. These authors found a reduction in activation of the thermal
degradation for regenerated cellulose. Frone et al. [87] investigated the thermal stability of

bacterial cellulose (BC) membranes with different surface modifiers. Bacterial cellulose
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membranes were modified using 3-aminopropyl triethoxysilane (APS), vinyl-triethoxy silane
(VS), acylation, as well as acrylation. The treated membranes had higher thermal stability than
the untreated BC membranes. It was further observed that the thermal stability of the silane-
treated samples had higher thermal stability than with other treatments. This was attributed to
arich Si char layer that probably formed on the surface of BC membranes and that subsequently

protected the BC nanofiber from further degradation.

Silvério et al. [88] investigated the thermal stability of methylcellulose with cellulose
nanocrystals loading at 2, 4, 6, 8 and 10%. The samples were fabricated by the casting method.
There was a decrease in the thermal stability of methylcellulose (MC) and its nanocomposites
at 120°C. This decrease was ascribed to moisture as well as the high retention capacity of the
methylcellulose (MC).

2.6 Chemical resistance of fibers reinforced composites

Chemical resistances of fibers were investigated through by measuring by weight, volume, and
dimensional change. Various studies were reported on the chemical resistance of cellulose
membrane for advanced applications. Different factors were found to affect the chemical
resistance of the fibers such as type of fibers and surface treatment of the fibers. Lee et al.
reported on the chemical resistance of cross-linked cellulose acetate ultrafiltration membranes.
The authors reported that a high degree of crosslinking was very important for the chemical
resistance of the membranes. The authors reported that an enhanced crosslinking resulted in a
better resistance against polar solvents such as ethanol and acetone. Vigneshwaran et al. the
chemical resistance of natural fibers reinforced polyester composites. In this study, six various
chemicals (viz hydrochloric acid, nitric acid, toluene, benzene, sodium hydroxide, calcium
carbonate) were employed to the investigate the chemical resistance of the natural fibers
reinforced composites. The jute fibers were treated with sodium hydroxide and silane.
Generally, the authors reported that all composites showed positive results against the chemical
resistance. According to the authors, it was suggested that the silane treated composites showed
better resistance to all chemicals, with the highest weight gain observed on nitric acid (HNO3).
Furthermore, Jawaid et al. reported on the chemical resistance of the hybrid composites
fabricated from empty fruit bunches (EFB) and jute fibers, with the oil palm EFB noted as a
skin, while the jute fibers were the core material of the system. The ratio of the EFB/Jute was

noted as EFB/Jute 4:1. Various chemicals such as benzene, toluene, CCL4, hydrochloric acid,
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nitric acid, acetic acid, sodium hydroxide, sodium carbonate and ammonium hydroxide. It was
generally reported that all composites were found to be resistant to different chemicals and as
a result there was no corrosion. Najafi et al. investigated the chemical reagents of the natural
fiber reinforced polypropylene composites. The authors reported that the H202 soap solution
as well as acetone showed little or no effect on all the investigated composites. Furthermore,
the rice hulls composites were found to be significantly affected by sodium hydroxide, while
other chemical were reported to be unsuccessful on other types of fibers (wood flour and kenaf
fiber).
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Chapter 3: Materials and Methods

3.1 Materials

3.1.1 Maize stalks

Maize stalks were provided by a local farmer from Cofimvaba in the Eastern Cape, South
Africa.

3.1.2 Chemicals used

Sodium hydroxide (NaOH) was supplied in pellet form by Sigma-Aldrich, South Africa. It was
a chemically pure (CP) grade with an assay of 99% and a density of 2.13 g cm™. Sodium lauryl
sulfate (SLS) (90% assay) was supplied in powder form by Merck chemicals, South Africa.
This product has a density of 1.01 g cm™ and its chemical formula is CH3(CH2)110SOsNa. It
was used as an emulsifier. Sodium chlorite (NaClO2) with purity of 80% and density of 2.5 g
cm™ was procured from Sigma Aldrich, South Africa. Potassium hydroxide (KOH) was
supplied in pellet form by Sigma-Aldrich, South Africa. It was a chemically pure (CP) grade
with an assay of 99% and a density of 2.12 g cm™. A batch of single-walled carbon nanotubes
(SWCNTSs) was supplied by OCSiAl, Luxembourg. The nanotubes had a density of 1.35 g/cm3,
purity of 75%, and metal impurities of 15%. The diameter was below 2 nm and the length was
>1 micron. Dylon multi-purpose dye that is generally used for fabrics was supplied in powder
form by Henkel, United Kingdom. The dye with a density of 5.8 g cm™ was used to test the
adsorption capacity of cellulose and cellulose nanocomposites. Bromophenol blue dye was
purchased from Merck, Gauteng, South Africa. The chemical structure of this dye is
C19H10Brs0sS and it has a molecular weight of 669.99 g mol™.

3.2 Cellulose Nanofibril Isolation Process

Maize stalks were grounded into a coarse powder by ‘hamermeul’” and dried in a vacuum oven
at 60°C for 24 hours. The dried maize stalk powder was then treated with 1.5% NaOH, 1.5%
NaClO3, and 1.5% KOH, respectively, at 80°C for an hour. Each treatment was repeated four
times with repeated washes using deionized water until pH neutral was achieved. The powder
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content during all these chemical treatments was kept in the range of 5-6 wt.%. The powder
was dried in an oven at 40°C for 24 hours. The obtained powder (2wt%) was agitated in a
blender, then subjected to mechanical grinding using supermass colloider (MKCA-39 Masuko
Sangyo Co Ltd., Japan) at 1500 rpm for 25 min. until a gel-like substance was obtained. Figure

3.1 is a schematic representation of the cellulose nanofibrils isolation process.

-

Maize stalk Alkaline treatment
- *ﬂ
Bleaching

""1

#

Mechanical blender

Mechanical grinder Cellulose nanofiber (CNFs)

Figure 3.1: Cellulose nanofibrils isolation process

3.3  Preparation of Cellulose Membranes

3.3.1 Cellulose membrane

The isolated cellulose was agitated with a mechanical blender for 5 minutes. Cellulose
suspension was filtrated using a Buchner funnel. After draining the water, cellulose membrane
was removed from the Buchner funnel and dried at room temperature for 72 hours. The

obtained cellulose membrane is illustrated in Figure 3.2.
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Figure 3.2: Cellulose membrane

3.3.2 Nanocomposite preparation

The nanocomposite membrane was prepared in three ratios. Carbon nanotubes were added into
cellulose suspension, with ratios 1:1;1:0.5;1:0.3. Using a mechanical blender, the solution was
blended and placed in a Buchner funnel. After draining the water, the cellulose nanocomposite
was removed from the Buchner funnel and dried at room temperature for 72 hours. Figure 3.3
illustrates the cellulose nanocomposite membrane of which 0.5 g of SLS was used to improve
the dispersion of the CNTs for all prepared nanocomposites from different ratios. The
nanocomposites suspension with SLS was agitated using a mechanical blender for 20 minutes,
then filtrated using the Buchner funnel. The obtained membrane was dried at room temperature

for 72 hours.

Figure 3.3: CNT membrane

3.4  Dye Removal

Bromophenol and Dylon multi-purpose dyes were used as model dyes to determine the dye
removal efficiency of the prepared cellulose and cellulose/CNTs composites. Test solutions
were prepared by dissolving model dyes in deionized water. The prepared cellulose-based

membranes (0.05 g) were placed in the 50 mL dye solutions with a concentration of 15 mg L°
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! The adsorption rates of dye on membranes were monitored after 24 hours and determined by
UV Vis spectrometer. The amount of the adsorbed dye, Qe (mg g*), was calculated using

equation 2:

_ (Co=C)V
m

Qe )
where Qe is the amount of dye adsorbed on the membranes at equilibrium, Co (mg L™?) is the
initial concentration, Ce (mg L) is the concentration of dye in the solution at equilibrium, m
(9) is the mass of the membrane used, and V (L) is the volume of the dye. The dye removal
percentage (%) from the solution was calculated using Equation 3:

0—Ce

R(%) = CC—O x 100 (3)

3.5  Water Absorption and chemical resistance

Water analysis was investigated using different samples at various time intervals. The analysis
was done by placing a sample of known weight (Wi) into water at 24, 48, and 72 hours. The
surfaces of the samples were placed on a dry cloth in order to dry the samples and the

percentages of water absorption were determined using Equation 4 below:
Wf_Wi
wi

The chemical resistance of the cellulose membranes was studied using ASTM D 543-87

M(%) = x 100% (4)

method. Chemicals such as sodium hydroxide (NaOH), calcium carbonate (CaCO3) and nitric
acid (HNO3) were studied on the cellulose membrane and their membrane composites. Pre-
weighed samples were dipped in chemicals for 24 h and the percentage weight loss/gain were

determined.

3.6 Characterization Methods

3.6.1 Scanning electron microscopy (SEM)

SEM is an instrument that is used to observe the surface phenomena of various materials. In
the SEM process a sample is shot by utilizing high energy electron and the outcoming electrons
and/or X-rays are then analysed [see Figure 3.4]. The outcoming electrons provide information
on the morphology, orientation, and crystallographic knowledge properties of a material [1,2].

Shimadzu ZU SSX-550 Superscan SEM was used to determine the morphology of the fractured
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samples. All the analyses were done at room temperature. The samples were fractured by
freezing them in liquid nitrogen and simply breaking the specimen into an appropriate size to
fit the specimen chamber. The fractured samples were gold coated by sputtering to produce
conductive coatings onto the samples before recording the SEM micrographs.

Electron beam from the source
incoming primaryelectrons

Augerelectrons
A
Secondaryelectrons | /' Backscattered electrons

o

v, : I,."J b

ra

Cathodoluminescence
X-rays . v

Figure 3.4: SEM instrument analysis process

3.6.2 Transmission electron microscopy (TEM)

Using transmission electron microscopy (TEM) it is possible to study the inner structure of
fractured material and to analyse its features on an atomic scale —i.e., within the range of a few
nanometers [3,4,5]. The TEM technique utilizes electrons to assemble enlarged images. This
process is similar to SEM, but the working principle of TEM is different to that of SEM.
Generally, TEM utilizes high E-beam energies within the range 60—350 keV that normally pass
through a thin sample to fabricate an image onto the fluorescent screen. In the preparation of
TEM samples they are sliced into thin sections that are less than 100 nm and the sliced sections
are then pre-treated with staining before visualization. A Philips CM 200 transmission electron
microscope (TEM) equipped with an AMT XR-60 CCD digital camera system was employed
to produce images of the membranes. An accelerating voltage of 80 kV was used for the TEM
analyses. Sample preparation was done as follows: a 10 pL droplet of cellulose membrane
suspension (0.0 1 wt.%.) was deposited on a carbon-coated TEM grid. A small drop of 2.0%
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uranyl acetate negative stain was then incorporated. The uranyl acetate excess solution was

extracted from the system, allowing the blotted piece to dry on the grid.
3.6.3 X-ray diffraction (XRD)

XRD is the most widely used technique to distinguish the crystalline phases present in various
materials [6]. Because each solid material has a unique X-ray diffraction pattern, this technique
can be used to determine the phases and components present. The structural properties of these
phases can also be measured using XRD analysis, such as grain size, crystallinity (relative to a
single reference material), and the presence of more than one phase (for example, for polymer
blends) [6,7]. The XRD technique involves concentrating an X-ray beam at an initial angle of
2 theta on the material(s), and then reading the strength of the diffracted ray with specific
detectors. Following the reading, the incident ray's angle 2 6 is adjusted for a new reading up
to a final 2 6 value. Bragg's law (see Equation 5) governs the diffracted beam through

crystalline phases [6,7].
nA = 2d sinf (5)

where d is the distance between atomic layers in a crystal, while lambda A. is the wavelength
of the incident X-ray beam and n is an integer [8]. The cellulose-based material and the films
of all the CNFs were scanned in the reflection mode using an incident X-ray of CuKo with a
wavelength of 1.54 A at a step width of 0.05 min™ from 2 6 = 10-100°. The crystallinity index

(Crl) was defined according to Equation 6 as:

Tooo—
Crl(%)= 2100 % 100 6)

Io2
Crl is the crystallinity index

loo2 stands for crystalline

I 100 Stands for amorphous material
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3.6.4 Fourier Transform Infrared (FTIR) spectroscopy

Infrared (IR) spectroscopy is a technique that works with the infrared region of an
electromagnetic spectrum [8,9]. IR spectroscopy operates with the light of a longer wavelength
in combination with a lower frequency than visible light. This technique provides in-depth
knowledge of the interaction of molecules within infrared light. The main utilisation of IR
spectroscopy is to provide more information on the functional groups. FTIR-ATR was used to
investigate the molecular structure and chemical bonds in cellulose and its nanocomposites. A
Perkin Elmer Spectrum 100 infrared spectrometer was used for FTIR spectroscopy. Cellulose
membrane was analysed in an attenuated total reflectance (ATR) detector over a 400—4000 cm”

! wavenumber range at a resolution of 4 cm™.
3.6.5 Ultraviolet-visible (UV-vis) spectroscopy

UV-vis spectroscopy is a technique that is used to determine the quantitative measurement of
various solutions, especially for known concentrations of solutes [10]. The physical principle
of the technique is such that the light of a known wavelength and its intensity is directed at a
certain sample. The final intensity is measured by the detector after the light has passed through
[11]. The amount of light absorbed by a certain sample at a particular wavelength can be
determined by using Beer-Lambert’s law (Equation 7):

A=log17° = ecCL (7)

where A is for absorbance, ¢ is the molar absorptivity (L mol* cm™), ¢ is the concentration of
the solute, while L is the path length. The absorbance at 800 nm was measured by Agilent
Technologies Cary 60 UV-Vis.

3.6.6 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a technique that measures the mass of a sample as a
function of temperature and/or time. The investigated sample is normally heated at a constant
heating rate or held at a constant temperature [12]. Furthermore, the sample may be

investigated under non-linear temperature programs which are those that are utilised in sample-
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controlled TGA. The investigated temperature programme depends on the information needed

for a particular sample. TGA measurement is shown as a TGA curve whereby the mass or

percentage mass is plotted against time and/or temperature [13,14]. A Perkin Elmer TGA7

thermogravimetric analyser was used for the TGA analyses in this study. Under nitrogen,

samples weighing between 5 and 10 mg were heated at a rate of 10°C min™ from 30-600°C

(flow rate 20 mL min™) and the corresponding loss was recorded.

3.7 References

1.

McMahon, G. (2007). Analytical instrumentation: a laboratory guide. Portable and
miniaturized instruments (p. 296), Chichester: Wiley.
A. Bogner, P.H. Jouneau, G. Thollet, D. Basset, C. Gauthier. (2007). A history of
scanning electron microscopy developments: Towards “Wet-STEM” imaging. Micron
,38,309-401
Campbell, D., Pethrick, R.A., White, JR., & Thornes, S. (2000). Polymer
characterization: physical techniques. Cheltenham: Stanley Thornes Publishers.
Leng, Y. (2008). Materials characterization: introduction to microscopic and
spectroscopic methods. Singapore: John Wiley & Sons.
Hosier, I.L., Vaughan, A.S., Mitchell, G.R., Siripitayananon, J., & Davis, F.J. (2004).
Polymer characterization. In: F.J. Davis (Ed), Practical approach in chemistry: polymer
chemistry. New York: Oxford University Press.
Buffeteau, T., Desbat, B., Eyquem, D. (1996). Attenuated total reflection of Fourier
Transform Infrared microspectroscopy: theory and application to polymer samples.
Vibrational Spectroscopy, 11, 29-36.
Mahendra, 1.P., Wirjosentono, B.*, Tamrin, I.H., & Mendez, J.A. (2019). Thermal and
morphology properties of cellulose nanofibers from TEMPO-oxidized lower part of
empty fruit bunches (LEFB). Open Chemistry, 17, 526-536.
https://doi.org/10.1515/chem-2019-0063

Buffeteau, T., Desbat,B., Eyquem.D.(1996). Attenuated total reflection Fourier
transform infrared microspectroscopy: Theory and application to polymer samples.
Vibrational Spectroscopy. 11,29-36.
Smith, B.C. (2011). Fundamentals of Fourier Transform Infrared spectroscopy. New
York: CRC Press.

52

© Central University of Technology, Free State


https://doi.org/10.1515/chem-2019-0063

10.

11.

12.

13.

14.

[ Contral Uriversity of
Techroogy, Free State

Saito, R., Fujita, M., Dresselhaus, G., & Dresselhaus, M.S. (1992). Electronic structure
of chiral graphene tubules. Applied Physics Letter., 60(18), 2204-2206.

Kataura, H., Kumazawa, Y., Maniwa, Y., Umeza,l.,Suzuki,S.,ohtsuka,Y.,Achiba,Y.
(1999). Optical properties of single-wall carbon nanotubes. Synthetic Metals, 103(1),
2555-2558.

Mochane, M.J. (2011). Polymer encapsulated paraffin wax to be used as phase change
material for energy storage. MSc Thesis, University of the Free State, South Africa.
Menczel, J.D., Bair, H.E., Vyazovkin, S., Gallagher, P.K.,, & Riga. A. (2009).
Thermogravimetric analysis (TGA). In: J.D. Menczel, & R.B. Prime (Eds.), Thermal
analysis of polymers: fundamentals and applications. Hoboken, New Jersey: John Wiley
& Sons.

Wunderlich, B. (2005). Thermal analysis of polymeric materials. Berlin: Springer.

53

© Central University of Technology, Free State



[ Contral Uriversity of
chology, ree State

Chapter 4: Results and Discussion

4.1 Morphology of the Cellulose Membranes and their SWCNT Composites

Figure 4.1 depicts the SEM image of a cellulose membrane and carbon nanotube membrane
composites. The neat cellulose membrane shows a typical web-like feature resembling
structures which are more visible at the junction points (Figure 4.1a). There are clear, bright
spots on the surface of the cellulose (Figure 4.1b) as evident by symbol A in the SEM. These
spots may be attributed to the presence of carbon nanotubes in the membrane composite.
Similarly, Maria and Mieno [1] observed that multi-walled carbon nanotubes were covering
the surface of cellulose fiber, with some carbon nanotubes forming bridge-like structures.
Figure 4.1c shows that, in the presence of sodium lauryl sulfate (SLS), there was a better
dispersion of the carbon nanotubes within the cellulose matrix with few carbon nanotube bright
spots being visible. The TEM images show agglomeration of the CNT (symbol A and C in
Figure 4.2 (a) and (b)) in the absence of SLS, while in the presence of SLS carbon nanotubes
were well dispersed in the cellulose matrix (Figure 4.2c¢) and in the process the porosity size of
the membrane might have been reduced. The agglomeration of CNTs in the absence of SLS
was attributed to the interaction between SWCNTSs nanoparticles which led to agglomeration.
According to the literature [2], conductive nanoparticles tend to be susceptible to enhanced
surface interactions that make them undergo particle adhesion upon direct interaction by
electrostatic and magnetic as well as van der Waal’s forces. It is noted that carbon nanotubes’
with high aspect ratio and flexibility provide a high possibility of the SWCNTSs’ entanglement
and agglomeration [3]. The results in the current study suggested that the SLS was able to
modify the SWCNTSs, which was also evident in the smaller average particle size — i.e., 14.8
nm — of the carbon nanotubes in the presence of SLS when compared with non-modified carbon
nanotubes (viz. 19 nm). Based on a better dispersion of the SWCNTS, it was concluded that the
cellulose was incorporated onto SWCNTSs which enhanced the dispersion of SWCNTSs into the

cellulose membrane matrix.

A better dispersion or compatibility of the SLS modified SWCNTSs was further supported by
the FTIR (Section 3.6.4) whereby there were no carbon nanotube peaks in the spectrum. The
improvement in dispersion was attributed to a ;-1 interaction between SLS and SWCNTSs that
improved the SWCNT dispersion in the cellulose membrane. Furthermore, it is well-

documented in the literature that the benzene ring also plays a noteworthy role in terms of high
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dispersive efficiency, more especially for a surfactant such as dodecyl-benzene sodium
sulfonate (NaDDBS) [3]. Zheng et al. [4] investigated the effect of anionic, cationic, and non-
ionic surfactants on the diameter as well as morphology of the electro-spun nanofibers. It was
reported that the diameter of the nanofibers reduced with the addition of surfactant and
increased in the surfactant content, with the anionic surfactant in the form of sodium dodecyl
sulfate (SDS) showing a smaller particle size, as a result enhancing the uniformity of the

nanofibers.

x 000 5.0xV LED SEM WD 10.lmm

Figure4.1: SEM images of (a) cellulose, (b) cellulose/carbon nanotubes (CNT)

composites, and (c) cellulose/carbon nanotubes (CNT)/sodium lauryl
sulfate (SLS) composites
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Figure 4.2:  TEM images of (a) cellulose, (b) cellulose/CNT, and (c) cellulose/CNT/SLS

composites

4.2  X-Ray Diffraction Analysis (XRD)

Figures 4.3 to 4.7 show the XRD diffractograms of cellulose membranes, cellulose/SWCNTSs,
and SWCNT-SLS/cellulose membrane composites. For all cellulose-based composites (Figure
4.3), the peaks that are observed (around 14.9° and 16.0°, and 23.4°) were attributed to
amorphous cellulose | and crystalline cellulose, respectively [5]. The small peak shoulders
(around 14.9° and 16.0°) corresponded to the 110and 110 diffraction planes in the cellulose,
while the 23.4° and 35.0° peaks corresponded to the 200 and 004 planes, respectively. The
incorporation of SWCNT and its modification in the form of SLS seemed to have little or no

changes in the peak positions as illustrated in Figure 4.3 and Figure 4.4. However, there was a
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reduction in the intensity of the peaks with the addition SWCNTSs, which may suggest that there
was a decrease in the crystallinity with the addition of SWCNT (Figure 4.3 and Figure 4.4),
which was also evident by a reduction in crystallinity index (Cl) (Table 4.1). The crystallinity
index (ClI) was determined as the height ratio between the intensity of the crystalline peak (Ioo2

- lam) and total intensity (loo2) from XRD curves using Equation 6

¢l = Yzoozlaml . 4 500y (6)

I200

where CI is the degree of crystallinity, loo2 is the crystalline peak, and lam is the amorphous
state. The decrease in crystallinity may be attributed to the interaction between SWCNTs and
cellulose, which affected the formation of crystalline regions negatively among cellulose
chains and which led to a decrease in the degree of crystallinity. Furthermore, Table 4.1
indicates that the SLS modified SWCNTSs/cellulose-based composites showed more reduction
in crystallinity index when compared with the non-modified SWCNT cellulose-based
composites. These results indicated that the non-modified SWCNT generally produced more
ordered crystallites than the modified SLS: SWCNTSs cellulose-based composites. The crystal
sizes of the SWCNTs/cellulose-based composites were calculated from the main crystalline
(200) plane using the Scherrer equation Equation 8 with shape factor K = 0.9 as follows:

KA
Dpjy=7— (8)

Bhilcoso

where Dni = crystallite size in the direction normal to the hkl family of lattice plane, K =
Scherrer constant, A = wavelength of the radiation (1.54 A), and B na = full width at half-
maximum in radius of the reflection of that family of lattice planes.

There is a clear correlation between the CI values and crystal sizes, with the decrease in crystal
sizes being accompanied by the decrease in crystallinity indexes, especially for cellulose:
SWCNT 1:0.3 and cellulose: SWCNT 1:0.5 membrane composites. The same behaviour was
also observed for the SLS modified carbon nanotubes cellulose-based membranes with the
cellulose: SWCNT: SLS 1:0.3:1 and cellulose: SWCNT: SLS 1:0.5:1 sample. This suggested
that the cellulose at the interface of microfibrils was not totally crystalline, which implied
partial crystallinity that became disordered with the conversion of microfibrils into CNFs.
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Figure 4.3:  XRD curves of cellulose, cellulose: SWCNT 1: 0.3, cellulose:
SWCNT 1:0.5 and cellulose: SWCNT 1:1
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Figure 4.4:  XRD curves of cellulose, cellulose: SWCNT: 1: 0.3:1, cellulose: SWCNT:
SLS 1:0.5:1 and cellulose: SWCNT: SLS 1:1:1

The SLS modified carbon nanotubes showed a reduction in both the amorphous and crystalline
regions of the cellulose when compared with neat cellulose and cellulose: SWCNT composites
(see Figure 4.5 to Figure 4.7) (Symbol A to F). Furthermore, similar behaviour was observed
for the neat cellulose and cellulose: SWCNT: SLS composites that also showed a significant
reduction in the amorphous region as well as crystalline regions. Ideally, based on the reduction
in amorphous region, one would have expected the crystallinity indices of the SLS-based
composites to increase; however, based on the reduction in both regions, the overall
crystallinity indices decreased. Poletto et al. [6] reported that both curaua and ramie showed
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higher crystallinity indices accompanied by high crystallite sizes, which was ascribed to a
decrease in the amorphous region. Tang et al. [7] reported that the crystallinity of neat cellulose
was 71.0% while the crystallinity of TEMPO-oxidized cellulose was 69.5%, which was lower
than that of neat cellulose. The reduction in crystallinity was attributed to the oxidation process,
where the exposed hydroxymethyl groups that are generally found on the surface of cellulose
crystals may have partially participated in the oxidation process [7], as a result decreasing the
crystallinity. In the current study the in-plane regularity at 100 for the carbon nanotubes
appeared at 45°, as is indicated in Figures 4.5 to 4.7, and this observation was reported in study
[8]. The seems to be little or no effect on the peek position of SWCNT at 100 in the presence

of cellulose.

3500 Celullose:CHT 1:1
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Figure 4.5:  XRD curves of cellulose: CNT: 1:1 and cellulose: CNT: SLS 1:1:1
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Figure 4.6:  XRD curves of cellulose and cellulose: CNT: SLS 1:1:1
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Figure 4.7:  XRD curves of cellulose and cellulose: CNT 1:1

Table 4.1: Crystallinity index and crystallite sizes for the cellulose membrane and its
SWCNT/cellulose composites

Membrane Crystallinity index CI (%) | Crystallite size (nm)
Pure Cellulose 71.5 49.4
Cellulose: CNT 1:0.3 67.1 6.7
Cellulose: CNT 1:0.5 63.8 6.1
Cellulose: CNT 1:1 59.2 54.6
Cellulose: CNT: SLS 1:0.3:1 65.8 47.1
Cellulose: CNT: SLS 1:0.5:1 62.0 24.2
Cellulose: CNT: SLS 1:1:1 59.4 36.0

4.3 Fourier Transform Infrared (FTIR) Spectroscopy

Figures 4.8 to 4.9 illustrate the FTIR spectra of neat cellulose membranes, cellulose/CNT
composites, and cellulose/modified SLS CNT composites. The absorption bands of cellulose-
based materials are normally reported in two wavenumber ranges, i.e., 3500-2800 cm™ and
1650—500 cm™. The detected peaks in the wave number range of 3334—2896 cm™ are typical
of polysaccharide stretching vibrations of O-H and C-H bonds [9,10,11]. In this study, neat
cellulose showed a stretching vibration of the hydroxyl group in polysaccharides that was
characterized by a large peak at 3334 cm™ (Figure 4.8). According to the literature, this peak
also comprises of the inter- and intramolecular hydrogen bond vibrations [12]. The CH
stretching vibration of all hydrocarbon constituents in polysaccharides is linked to the band at
2896 cm™ [9,10] for neat cellulose. Stretching and bending vibrations of -CH; and -CH, -OH

60

© Central University of Technology, Free State



and C-O bonds in cellulose are represented by absorption bands at 1423, 1356, 1312, 1154,
1104, 1021 cm™ and 894 cm™ in cellulose [13,14]. The crystalline structure of cellulose is
related with the band around 1423—1430 cm™, while the amorphous area of cellulose is ascribed
to the band at 894 cm™ [15,16].

Transmittance fa.u
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CalulcsaCNT 1:0.3
CeluboeCNT 1:0.5

—Celulose CNT 1:1

I ] 1 ) ] 1 1
Wavenumbaer icm

Figure 4.8:  FTIR curves of cellulose, cellulose: CNT 1:0.3, cellulose: CNT 1:0.5 and
cellulose: CNT 1:1

The functional groups of carbon nanotubes that were located at the wavenumbers — i.e., 3323
cm™? and 1034 cm™® — were attributed to the -OH and C-O stretching, respectively. However,
in the cellulose/CNTSs composites, the -OH and C-O stretching of CNTs were overlapping with
those of the cellulose which occurred at 3334 cm™ (-OH) and 1024 cm™ (C-0). The addition
of CNTs seemed to have little effect on the peaks of neat cellulose. However, there was a slight
shift (Figure 4.9 symbol A) in the wavenumber (1641 cm ) of cellulose to lower wavenumber
(1641 cm -1) in the presence of SWCNTSs. This behaviour may be ascribed to the chemical
bond in the membrane composites. This peak around 1641 cm™ for cellulose was attributed to

the absorption of water in the cellulose.
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Figure 4.10: FTIR curves of cellulose, cellulose: CNT: 1:0.3:1, cellulose: CNT: SLS
1:0.5:1 and cellulose: CNT: SLS 1:1:1

Figure 4.10 illustrates the FTIR spectra of cellulose and cellulose: CNT: SLS membranes at
various ratios of CNT and SLS. There was a clear reduction in the peak intensity of the cellulose
inthe CNT: SLS cellulose-based composites when compared with neat cellulose. The presence
of SLS (chemical structure C12H25NaO4S) in the composites was indicated by symmetric
stretching 2843 cm ! and asymmetric stretching 2910 cm 1, as shown by symbol B in Figure
4.10. The asymmetric and symmetric peaks seemed to be absent in the non-SLS peaks, as is
indicated by symbol C in Figure 4.11. Furthermore, as explained in the peak intensity of

cellulose, it was also clear that the addition of SLS into CNT decreased the peak intensity when
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compared with non-SLS composites, as is shown in Figure 4.11 symbol D. The decrease in the
peak intensity in the presence of SLS was an indication of ;-1 interaction between SLS and
CNT. The majority of the CNTSs functional groups were not visible in the FTIR of the SLS/CNT
cellulose composites which further emphasized that the dispersion of CNTs was improved in
the presence of SLS. These results were well supported by the SEM investigation (section 4.1),

which showed better dispersion of CNTSs in the presence of SLS.

Vg,

_' D/

Transmittance /a.u
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Celulose CNT:SLS 1:1:1
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Figure 4.11: FTIR curves of cellulose: CNT: 1:1 and cellulose: CNT: SLS 1:1:1

4.4  Adsorption efficacy of cellulose, cellulose/SWCNT and cellulose/SWCNTSs/SLS

Generally, the adsorption of unwanted/polluted materials depends on the physical and/or
chemical process that is utilised. In the chemical interaction process, the extraction/adsorption
of material interacts with the pollutant through an electrostatic force. Generally, a few steps are
involved for chemical adsorption of pollutants in a solution, such as (i) transferring of bulk
solution to the external surface of the adsorbent which takes place through pore diffusion from
the outer surface of the adsorbent to the inner surface; and (ii) the adsorption of the pollutants
on the active surfaces of the pores. The physical adsorption takes place through binding of the
adsorbate on the surface of the adsorbent through forces of attraction [17]. Generally, the
adsorption of pollutants by membranes occurs by merging the functional group onto the pore
wall as well as the surface of the cellulose membrane. When a polluted solution passes through
the membrane, the active sites in the membrane will bind with the target pollutants to extract
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the contaminants from the solution (Figure 4.12). The removal of unwanted materials by carbon
nanotubes takes place through four possible sites, namely outer grooves, inner grooves,
interstitial channels, and the inner region of the carbon nanotubes (Figure 4.14). In the current
study both anionic and cationic dyes were employed in order to investigate the method of
adsorption for cellulose/SWCNT composites. Figure 4.13 to Figure 4.17 show the UV spectra
of cellulose membranes and their SWCNTs cellulose membranes. Table 4.6 shows the
adsorption efficiency of cellulose membranes against the bromophenol dye that was used.
Table 4.2 indicates that cellulose: CNT 1:0.3 and its modified SLS system had the highest
removal efficiency which was followed in efficiency by the neat cellulose membrane. As much
as the cellulose: CNT composites have the highest efficiency, there is a slight difference
efficiency of this system when compared with neat cellulose. Since both the dye and adsorbent
system generally consist of negatively charged ions it is highly unlikely that the adsorption
took place through electrostatic interaction [18-21]. However, it was highly possible that the
adsorption of the dye took place through the porosity of the material. The fact that both the
cellulose: CNT 1:0.3 and its modified SLS system had the highest removal efficiency made it
very clear that it was the most porous system as it was able to initiate pore diffusion from the
outer surface of the adsorbent system into the surface of the porous cellulose membrane.
Generally, as much as the SLS modified system for cellulose: CNT 1:0.3 composites showed
high removal efficiency of bromophenol dye, the presence of the SLS-based system seemed to
hinder the formation of a porous structure in the cellulose membrane and, as a result, this
reduced the adsorption of the dye. This behaviour showed that, in the presence of sodium lauryl
sulfate, there was slow pore diffusion of the pollutants due to a limited porous structure in the
membranes. El Badawi et al. [22] reported that the incorporation of modified CNTs led to a
reduction in pore volumes, with the membrane having the largest CNT content resulting in the

lowest permeation rate value.
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Figure 4.12: Schematic representation of the membrane adsorbent
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Figure 4.13: Various adsorption areas on the surface of SWCNT

The removal efficiency (R%) of the adsorbed dyes was calculated using Equation 3, where
Co (mg L) is the initial concentration and C. (mg L) is the concentration of dye in the

solution at equilibrium:

R(%) = % X 100 3)
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Table 4.2:  Summary of the removal efficacy of bromophenol and Dylon dye
Sample ID Removal efficiency: Removal efficiency:
Bromophenol blue % Dylon dye %
Pure Cellulose 46.9 2.6
Cellulose: CNT 1:0.3 48.7 15.4
Cellulose: CNT 1:0.5 44.9 17.9
Cellulose: CNT 1:1 15.8 2.6
Cellulose: CNT: SLS 1:0.3:1 48.9 10.3
Cellulose: CNT: SLS 1:0.5:1 31.7 23.1
Cellulose: CNT: SLS 1:1:1 14.6 15.4
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Figure 4.14: UV-vis curves of bromophenol blue dye, cellulose, cellulose: CNT 1:0.3,

cellulose: CNT 1:0.5 and cellulose: CNT 1:1
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Figure 4.16: UV-vis curves of bromophenol blue dye, cellulose, cellulose: CNT: SLS
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Figure 4.17: UV-vis curves of bromophenol blue dye, cellulose, cellulose: CNT 1:1 and
cellulose: CNT: SLS 1:1:1.

The cellulose membrane’s permeability was also tested using a Dylon dye as most commercial
dyes are cationic. Table 4.2 indicates that the Dylon dye removal efficacy of all cellulose
membranes/SWCNT and cellulose/SWCNTSs/SLS was better compared with that of the neat
the cellulose membrane, but it was completely different to what was observed in the case of
anionic bromophenol blue. In this case it seemed as if the mechanism of adsorption was due to
an electrostatic interaction whereby the negatively charged cellulose/SWCNT was attracted by
the positively charged commercial dye. Furthermore, due to the presence of anionic SLS, the
SLS-based composites showed a better removal efficacy than the cellulose/SWCNT. This
might be attributed to the presence of more negatively charged SLS molecules in the system
that were able to adsorb more of the positively charged dye. However, when the adsorption
efficiency of the two dyes was compared with that of the cellulose/SWCNTS/SLS, the
bromophenol blue dye was mostly absorbed by the system. One can argue that the porosity of
the membranes played a major role in the adsorption of pollutants in this system. A careful
inspection of the photographs in Figure 4.18 shows that bromophenol dye was better absorbed
by the cellulose membranes than the commercial dye, which explains that porosity might have

played a more significant role in the adsorption of the dye than electrostatic interaction.
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Figure 4.18: Photo images of the cellulose membranes after immersion in different dyes

45  Thermogravimetric Analysis

Figures 4.19 to 4.22 depict the TGA curves of cellulose, cellulose: CNT and cellulose: CNT:
SLS composites. The neat cellulose membrane and its composites showed two degradation
steps (Figure 4.19). The first degradation that occurred between 40°C and 130°C was attributed
to the evaporation of the absorbed water from the cellulose, low molar mass components, and
volatile materials. The second degradation that occurred between 200°C and 400°C was
attributed to the degradation, dehydration, and decomposition of the cellulose membranes.
According to the literature [23,24,25,26], the degradation of cellulose below 300°C is known
to occur faster because of the destruction of the hydrogen bonds. This behaviour changes the
crystallinity and produces free radicals, namely the carbonyl as well as the carboxyl groups.
Cellulose degradation between 300°C and 390°C produces products such ash, tar, and
condensable as well as non-condensable gases.
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Figure 4.19: TGA curves of cellulose and cellulose: CNT 1:0.3, cellulose: CNT 1:0.5
and cellulose: CNT 1:1

The addition of CNTSs at the ratio of 0.3, 0.5 and 1 into the cellulose enhanced the thermal
stability of the cellulose as is depicted in Table 4.3 and Figure 4.19. This was due to the
formation of the physical heat barrier against the diffusion of the volatile products out of the
system, which was produced during thermal decomposition and, as a result, thermal stability
was enhanced. Similar behaviour was reported in the literature [22- 26]. For example, the
thermal stability of poly (ethylene 2,6-naphthalate)/CNT and poly (terephthalate of
ethylene)/CNT) nanocomposites was reported [23]. It was observed from the study that the
addition of the unmodified and modified carbon nanotubes into the poly (ethylene 2,6-
naphthalate) enhanced the thermal stability of the polymer matrix, which was attributed to the
formation of a heat barrier by the CNTs. Furthermore, the modified carbon nanotubes, which
were modified with concentrated sulfuric acid and nitric acid to introduce the carboxylic acid
groups onto the surface of the nanotubes, enhanced the thermal stability due to a better
interfacial adhesion between the polymer and the carbon nanotubes. The char content for 0.3
of carbon nanotubes seems to be higher than that of 0.5 carbon nanotubes content. There is no

clear explanation for such a behaviour

70

© Central University of Technology, Free State



[ Contral Uriversity of
Techroogy, Free State

Table 4.3: Degradation temperatures at 10% and 40% for cellulose membranes

Samples T10% Ta0%
Cellulose 242.1 319.7
Cellulose: CNT (1:0.3) 313.9 353.2
Cellulose: CNT (1:0.5) 276.5 329.5
Cellulose: CNT (1:1) 306.0 372.7
Cellulose: CNT: SLS (1:0.3:1) 264.8 323.6
Cellulose: CNT: SLS (1:0.5:1) 221.7 270.6
Cellulose: CNT: SLS (1:1:1) 231.0 356.7

Figures 4.20 to 4.22 illustrate the thermal stability of neat cellulose membranes and SLS-
modified CNT-based cellulose membranes. The modification of carbon nanotubes by SLS
reduced the thermal stability of the unmodified CNT/cellulose composites in all investigated
samples when compared with unmodified composites. For example, the T1o% for cellulose:
CNT: SLS (1:0.3:1) showed a 15.6% reduction compared with cellulose: CNT (1:0.3), while
the Tao0 for cellulose: CNT: SLS (1:0.3:1) revealed an 8.4% reduction in relation to the
unmodified cellulose: CNT (1:0.3). It seemed that the presence of sodium lauryl sulfate might
have initiated the degradation of the overall composites due to the low degradation temperature
of surfactants in the range of 200—300°C. Moreover, the presence of a lower thermal stability
material in the form of SLS accelerated the degradation of the composites and, as a result,
reduced thermal stability. Conversely, Sefadi et al. [27] reported an increase in thermal stability
of the graphite-modified sodium dodecyl sulfate (SDS) reinforced ethylene vinyl acetate
(EVA). This behaviour was attributed to a strong interaction between the chains of the polymer
free radicals as well as volatile products and the filler. This strong interaction retarded the
degradation of the polymer as well as the diffusion of the volatile materials out of the composite

system, which improved thermal stability.
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Figure 4.20: TGA curves of cellulose, cellulose: CNT 1:0.3 and cellulose: CNT: SLS
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Figure 4.21: TGA curves of cellulose, cellulose: CNT 1:0.5, and cellulose: CNT: SLS
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Figure 4.22: TGA curves of cellulose, cellulose: CNT 1:1 and cellulose: CNT: SLS
1:1:1.
4.6  The effect of Sodium Lauryl Sulfate (SLS) on the water absorption of
cellulose/Carbon Nanotube Composites (CNT)

The nature of the interaction between water and cellulosic membranes has been a topic of
fundamental curiosty for biological and environmental applications. Generally, it is well known
that cellulosic materials have a high moisture tendency because of the presence and availability
of hydroxy groups in cellulose. In most cases, the presence of water molecules in the cellulose
membrane tends to influence interfacial bonding, which normally results in poor transfer
between the cellulose membrane matrix and the reinforced fillers, which will eventually
negatively affect the structural intergritiy of the membranes. Figure 4.23 schematically
indictaes that the hydroxy groups (OH") of the cellulose membrane are completely exposed at
the surface, and this means that they can easily form hydrogen bonds with nearby water
molecules (H20). It is well documented in the literature that the formation of a hydrogen bond

continuously changes the patterns in the liquid phase [28].
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Cellulose

Figure 4.23: Schematic representation of the absorption of water (H20) by cellulose

Figure 4.24 illustrates the effect of sodium lauryl sulfate on the absorption of water by cellulose
membrane/carbon nanotubes. Figure 4.25 also clearly depicts that the addition of carbon
nanotubes into the cellulose mebranes enhanced the absorption of water into the composites
when compared with neat cellulose. This is very interesting due to the hydrophobic nature of
the carbon-based materials. However, it has been reported in the literature that nanocarbon-
based materials have an intrinsic hydrophilic nature [29], which might have been the reason
for the high water absorption rate in the presence of the single-walled carbon nanotubes.
Generally, there was a reduction in water absorption in the presence of sodium lauryl sulfate
(SLS) during all the investigated times (in hours) for samples. The main reason for this
observation might be that SLS is amphiphilic, which means that it consists of a hydrophobic
tail and a hydrophilic head (Figure 4.26). It is possible that the hydrophobic tail of the structure
might have coated the surface of some of the OH-groups in cellulose, as a result reducing water
absorption in the system. This results was in line with the removal efficiency (section 4.4)
whereby the SLS-based composites showed less dye removal efficacy due to the presence of
less porous strucutres in the membrane system. Futhermore, it became apparent that, when the
time was increased from 24—72 hours, there was a possibility of micro cracking at the interface
of cellulose/SWCNTs and/or cellulose/SWCNTs/SLS, which might have been due to swelling
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in the membranes, resulting in enhanced penetration of water molecules into the composite.
Zakaria et al. [30] reported that the neat bacterial cellulose (BC) showed the highest water
absorption value of 79%. Furthermore, similar to the results in the current study, the bacterial
cellulose silylated membrane absorbed less water, which was attributed to silane coating onto
the BC membrane which produced a hydrophobic structures on the surface of the cellulose,

thus reducing the absorption of water.
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Figure 4.24: Structure of sodium lauryl sulfate (SLS)
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Figure 4.25: The effect of sodium lauryl sulfate on the water absorption of cellulose
membranes
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4.7 The effect of Sodium Lauryl Sulfate (SLS) on the chemical resistance of
cellulose/Carbon Nanotube Composites(CNT)

The chemical resistance of the cellulose membranes was investigated by testing samples
against different chemicals such as sodium hydroxide (NaOH) (10%), calcium carbonate
(CaCO03) (20%), and nitric acid (HNO3) (40%). Figures 4.26 to 4.30 depict the chemical
resistance of different cellulose-based membranes against sodium hydroxide, calcium
carbonate, and nitric acid. The aim of investigating the effects of chemical absorption was to
determine whether the cellulose and cellulose/CNT membranes might be employed in chemical
resistance applications.

Generally, weight gain in the composite is an indication that the composite is chemically
resistant [31]. It was observed that all the investigated samples showed weight gain when
immersed in different chemicals. For example, Figure 4.26 and Figure 4.27 show the initial
weight before immersion in the chemicals and, after 24 hours’ immersion, there was an increase
in weight. Similar results were obtained in the literature [32-35] as researchers reported an
increase in weight when samples were immersed in chemicals. However, as much as the
literature above showed improvement in chemical resistance, it became evident that, in some
cases, the chemical used might decrease the chemical resistance of the fibers-based composites.
For example, Noorunnisa Khanam et al. [35] reported chemical resistance for all investigated
samples except carbon tetra chloride (CCls). The other chemicals utilised for their chemical
tests were toluene, benzene, acetic acid (5%), HCI (10%), HNO3 (40%), NaOH (10%), sodium
carbonate (2%), and ammonium hydroxide (10%). The reduction in chemical resistance in the
presence of carbon tetrachloride was attributed to the attack on the chlorinated hydrocarbons
within the cross-linked polyesters, with the unsaturated polyester resin used as matrix in this
study. The type of fibers and content of fibers incorporated into the polymer matrix had a
different effect on the chemicals utilised for chemical resistance studies. For example, Tajvidi
et al. [36] investigated the chemical resistance of natural fibers in the form of wood flour,
newsprint, and kenaf in a fibers-reinforced polypropylene (PP) matrix. The samples consisting
of 25% and 50% fibers were immersed for 7 days in chemicals such as NaOH (10%), HCI
(10%), bleach solution (NaClO) (13%), H202 (3%), as well as an acetone and soap solution
(1%). The results showed that the H202, soap, and acetone solutions had little effect on the
chemical resistance of the samples irrespective of the natural fibers/PP composites.
Furthermore, various fiber showed different behaviour regarding chemical resistance. For
example, the natural fibers of rice hulls was strongly affected by the sodium hydroxide solution,
whereas it was not effective against other fiber. It was shown that 25% of kenaf fibers in the
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composite was quite defenceless against acid, which was evident by its weight loss. This
behaviour was ascribed to the low acid resistance of the hemicelluloses and kenaf fibers which
is well known to have a high hemicellulose content [37-38].
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Figure 4.26: Chemical resistance results of the neat cellulose membrane tested against

sodium hydroxide, calcium carbonate and nitric acid
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Figure 4.27: Chemical resistance results of neat cellulose: CNT 1:1 membrane tested

against sodium hydroxide, calcium carbonate and nitric acid

Figures 4.28 to 4.30 depict a comparison between the results for the unmodified CNT/cellulose
and the SLS-treated carbon nanotubes/cellulose membranes. Based on the data of all the
chemical resistance graphs, it was evident that the samples tested with sodium hydroxide (10%)
showed high values of chemical resistance for SLS-modified CNT/cellulose membranes
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compared with the unmodified CNT/cellulose membranes in all investigated samples. The
reason for this finding was not clear, but it seemed that the effect of common ions might have
played a key role in this observation as both had sodium ions in their structure. The samples
tested with both calcium carbonate and nitric acid showed higher values for the unmodified
CNT/cellulose samples when compared with the SLS-modified CNT/cellulose composites.
There was also no clear reason for this observation, but it has been reported in literature that
more weight gain is an indication that the material is less chemically resistant [31]. This was a
possibility in the current study, meaning that the modified samples were chemically more
resistant than the unmodified samples. Singha et al. [39] reported less weight loss for silane-
treated fiber, with 6% mercerized silane-treated fiber showing the lowest loss, followed by
compositions such as 8, 10, 4, and 2%. Furthermore, Hossen et al. [31] reported that the
composites showed chemical resistance, excluding carbon tetrachloride, with treated jute
composites. They argued that this revealed better chemical resistance when compared with
unmodified jute composites. Generally, in the composites that this study utilised the values of
the chemical resistance were positive, which implies that there was a swelling of the composites
with gel formation instead of them dissolving in these chemicals. Furthermore, the fact that

there was no weight loss also meant that there was no erosion or corrosion of the composites.
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Figure 4.28: Chemical resistance results of neat cellulose, cellulose: CNT 1:0.3
membrane and cellulose: CNT: SLS 1:0.3:1 membrane tested against

sodium hydroxide, calcium carbonate and nitric acid
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Figure 4.29: Chemical resistance results of neat cellulose, cellulose: CNT 1:0.5
membrane and cellulose: CNT: SLS 1:0.5:1 membrane tested against

sodium hydroxide, calcium carbonate, and nitric acid
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Figure 4.30: Chemical resistance results of neat cellulose, cellulose: CNT 1:1 membrane
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Chapter 5: Conclusions and Recommendations

Nanocellulose was extracted from maize stalks that had been sourced as agricultural waste to
create a filtration membrane for wastewater treatment, specifically to investigate how
nanocellulose structures affected the adsorption of different dyes contaminants and to
understand the effect of carbon nanotubes on the adsorption efficacy of cellulose. It is
suggested that such fabricated membranes may be useful in chemical applications due to the
chemical resistant property of the cellulose membranes. The cellulose membranes were
modified with carbon nanotubes and sodium lauryl sulfate (SLS) in order to enhance both their
stability and absorption effectiveness. Generally, TEM and SEM showed a better dispersion of
carbon nanotubes in the cellulose matrix in the presence of SLS. In the absence SLS there were
clear agglomerates of the carbon nanotubes in the cellulose matrix. The presence of carbon
nanotubes in the cellulose membrane matrix enhanced the thermal stability of the composites,
while the presence of SLS in the cellulose/CNT decreased the thermal stability of the
composites. It seemed that the presence of sodium lauryl sulfate might have initiated the
degradation of the overall composites due to the low degradation temperature of surfactants in
the range of 200—300°C. In light of the findings, it was concluded that the presence of CNT
without SLS was able to act as a heat barrier, thereby blocking the volatiles from leaving the
composites while also preventing the entrance of heat into the composites. Based on their
removal efficiency, it was apparent that the cellulose membranes were able to absorb and thus
remove a certain percentage of both the dyes, irrespective of the membrane used. In terms of
the bromophenol dye-based system, it was concluded that the SLS-based composites were less
effective in removing the bromophenol dye compared with the non-SLS-based composites,
even though the cellulose: CNT: SLS 1:0.3:1 composites showed high removal efficiency.
When comparing the potential removal efficiency for both dyes, it was clear that the
bromophenol dye was more effectively adsorbed by the cellulose membranes, with high
removal efficiency observed in the bromophenol dye system. However, the removal efficiency
observed in this study was less than 50%, with the highest removal efficiency being 48.93%,
which didn’t give us a higher adsorption efficiency. Future studies thus need to investigate the
enhanced functionalization of cellulose membranes in order to improve their removal
efficiency. This may be achieved by fabricating cellulose membranes with materials that are
capable of achieving and enhancing large adsorption capacity, thus reaching high removal rates

of pollutants. Additives such as activated carbon, graphene, and acetate have to be utilised in
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future studies in order to compare their effectiveness against the carbon nanotubes that were

utilised in the system employed by this study.
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APPENDIX A

5.0kV LED

Figure A.2 SEM Image Pure Cellulose
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x20,000 5.0kV LED

Figure A.3 SEM image of Cellulose: CNT: SLS 1:0.5:1

Figure A.4 Sem image of CNT: SLS 0.5:1
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Figure A.5 EDS Report Cellulose:CNT

Figure A.6 EDS Report Pure Cellulose

Figure A.7 EDS Report Cellulose: CNT: SLS

88

© Central University of Technology, Free State



	Ntombizanele Jafta
	210045116
	Submitted in accordance with the requirements for the degree

	MASTER OF HEALTH SCIENCES IN ENVIRONMENTAL HEALTH (M_HSEN)
	Supervisor: Dr M.J. Mochane
	Co-supervisor: Dr T.C. Mokhena




