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ABSTRACT

Over the past few years, heavy metal ion (HMI) pollution has become a crucial matter due to
their threat to human health and ecological systems.,. Furthermore, HMIs have been
reported to be hazardous, persistent, and in some of the global health organizations reports,
they have been declared as carcinogens. These HMIs include Pb (ll) and Cr (VI) and they
are very reactive and highly oxidizing in nature. Thus, the need to remediate these HMIs
from wastewater using magnetic nano adsorbents.

In this study, three nano-adsorbents such as cellulose nano crystals (CNC), magnetite
(M), and magnetic cellulose nanocrystal (MCNC) were synthesized for the removal of Pb (Il)
in wastewater. The magnetic cellulose nanocrystals (MCNCs) were synthesized using a co-
precipitation method from the magnetite (FesO4) and cellulose nano crystals (CNCs) were
used as a base for stability and easy dispersion of iron for the adsorptive removal of Pb (II)
ions. Furthermore, to enhance the adsorption capacity and to improve selectivity of the CNC
towards -targeting anionic Cr (VI) ions, the surface modification was conducted by crosslinking
CNCs with 2,2,6,6-tetramethylpiperidinyloxy (TEMPO), thereby oxidising the material to form
a bridge with the grafting of the polyethyleneimine (PEI). The surface of the CNC-TEMPO-PEI
was further magnetised by introducing iron on to the surface material via a co-precipitation
method.

Fourier-transform infrared spectroscopic (FTIR) analysis revealed the presence of C=0,
COOH, CH, OH and FeO stretching frequencies in MCNC, while powder X-ray diffraction (P-
XRD) confirmed the formation of MCNC and the monoclinic type 1 cellulose with 1f3 lattice and
magnetite cubic spinel phases of the CNC. Ultraviolet-visible spectroscopy (UV-Vis) showed
the presence of both CNC and magnetite at 400 nm. The scanning electron microscopy (SEM)
indicated a smooth fibroid surface of CNCs while magnetite (M) displayed 2 morphologies, the
rod like and spherical morphology, indicating the presence of iron and oxygen. The MCNC
were stable after 600 °C as shown on the thermograms generated from the thermogravimetric

analyser (TGA). Last, the Brunauer-Emmett-Teller (BET) displayed surface area, pore size



and pore volume improvement of 56 m2/g, 98 A and 0,1465 cm?3/g. A, respectively, for the
MCNC.

Following the characterization of the MCNCs nanocomposites, the material was used
for adsorptive removal of Pb (ll). It was discovered that for the Pb (Il) removal efficiency was
97 % with an acceptable precision of < 3 %. The highest efficiency was obtained at optimal
conditions of 60 mg dosage, 0,1 ppm concentration within a rapid contact time of 5 min at a
temperature of 60 °C and at a pH of 6. These parameters were optimised by using multivariate
optimization tools (Minitab) and were also validated against the magnetite and the CNC. A
maximum adsorption capacity of MCNC was also obtained at 47,70 mg/g for Pb (1) and the
material was re-used for up to 4 cycles. The results revealed that the reaction followed
Freundlich isotherms and Pseudo First Order kinetic model with a regression coefficient of
0,98 and 0,96 respectively. The adsorption thermodynamics studies indicated a spontaneous
process and an exothermic reaction.

On the other hand, the MCNC-TEMPO-PEI was characterised with FTIR, P-XRD, TEM
and SEM-EDS techniques. The FTIR confirmed a successful formation and the presence of
COOH, OH, Fe-O band and NH; groups on the nanocomposite. The P-XRD confirmed the
crystal structure of CNC-TEMPO and the amorphous structure of both the CNC-TEMPO-PEI
and the MCNC-TEMPO-PEI. The SEM-EDS results demonstrated the rod-like, oval and
irregular cubic morphology for successful preparation of MCNC-TEMPO-PEI nanocomposite.

The adsorption performance of MCNC-TEMPO-PEI on Cr (VI) ions was investigated by
using univariate optimization tools. The MCNC-TEMPO-PEI was efficient at 5 ppm, using a
30 mg dosage at 25 °C within the acidic conditions at pH 2 within a rapid contact time of 15
min. The optimised parameters were further validated using 5 various adsorbent materials and
the results indicated that the MCNC-TEMPO-PEI was the most efficient by exhibiting the
highest adsorption capacity of 4,4 mg/g with a 98% removal. The interaction between the
MCNC-TEMPO-PEI and the Cr (VI) ions indicated a chemisorption of the electrostatic forces
governing the magnetic and ionic exchange interaction between of the adsorbate and the
analyte. The Langmuir adsorption isotherm displayed a correlation coefficient of 0,94 following

Vi



the PSO kinetic model against the adsorptive removal of Cr (VI) ions. The thermodynamic
interaction indicated a non-spontaneous endothermic reaction with a favourable reaction. The
adsorbent could be reused at least 8 times with a removal efficiency above 75 %. The results
revealed that the real wastewater samples analysed from this study did not contain Cr (VI)

ion.
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CHAPTER | (INTRODUCTION)

PREAMBLE

This chapter introduces the study with detailed information covering the background which
includes the importance of having access to clean and drinkable water, factors affecting the
quality of water, generation of wastewater effluents, toxins contained in wastewater, health
effects caused by these pollutants, current and adsorbents used for the remediation of

wastewater.

1.1. Background

Water is an essential element of life that is utilized by the ecosystem. From the 71 %
available global water, the world has about 2.5 % of pure water [1-2]. Of that 2.5 %, less than
1% of fresh water is accessible for safe consumption by humans and animals [1]. Access to
safe water for drinking for both humans and animals is a necessity which is required by the

World Health Organization (WHO) as shown in Fig. 1.1 [3].

Figure 1.1: Clean safe drinking water accessed globally [4]



Several factors have negatively influenced access to safe water globally over the past
few years. These factors include low rainfall, climate change, population growth, economic
growth, industrial expansion, poor water management and incorrect disposal of wastewater
[5]. These factors have resulted in water scarcity, particularly in countries like South Africa.
Amongst these factors, wastewater is a dominating factor in South Africa, particularly in urban
areas like in Gauteng Province as the South African economic harbour. In as much as
economic growth improves the country in acquiring necessary resources from industries,
industries like farming, textile, mining, manufacturing, and hospitals are constantly releasing
their waste into the nearest water streams as displayed in Fig. 1.2. The incorrect disposal
adds different toxins and contaminate the neighbouring main water streams [5-6]. This affects
the quality of water in various water bodies like rivers, dams etc. available for human

consumption [7].

Figure 1.2: Wastewater contamination from various effluents [8]

In other countries, the seriousness of this conduct has compelled governments to place
monitoring tools used to measure waste production to minimize water pollution [7].

Wastewater treatments plants (WWTPs) are established for the purpose of treating



wastewater. However, the WWTPs also generate wastewater effluents which also adds
secondary pollution and further generates more pollutants when disposed. Noreen et al [9]
reported that the majority of these pollutants are the HMIs with 70 % containment in
wastewater [9]. The HMIs are considered a class of mutagenic, carcinogenic and hazardous
pollutants [7]. On top of that, they have also been classified as persistent and destructive
pollutants since they are soluble in water and can further be absorbed by the species within
these water bodies [10]. This had led to serious health effects in humans ranging from acute

to chronic diseases as shown in Fig. 1.3.
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Figure 1.3: Diseases caused by Heavy metal ions (HMIs) consumption [8]

The acute illnesses include feeling tired, fatigued, nausea and body pain, whereas
chronic diseases include hypertension, peripheral neuropathy, kidney, brain and nervous
system failure also affecting plants and animals as well [11-12]. Thus, various wastewater
remediation methods have received significant attention globally, as scientists have developed
several techniques to address HMIs in wastewater [7,12]. These include ion exchange,
flocculation, electrochemical, reverse osmosis and chemical precipitation [13-14]. Even

though they have previously been reported to effectively treat wastewater, they have also



shown shortcomings, including the use of costly adsorbents, the need for multiple treatments,

higher maintenance and higher energy-intensive methods [15].

A recent trend is the application of adsorptive materials for the removal of HMIs from
wastewater because of their simplicity, high adsorption efficiency and easy removal steps [12].
This is due to the adsorbents having a high surface area, porosity and hence achieving high
removal efficiency. However, the conventional adsorbents are known to have shown several
setbacks such as being expensive and generating secondary pollutants after use.
Furthermore, several researchers have attempted to use these adsorbents but failed to
selectively remove their targeted analytes. Moreover, these adsorbents have been
synthesized by different methods such as chemical and physical methods [6,10]. With
chemical methods, toxic chemicals are used whilst physical methods use high temperature
and pressure conditions. Nowadays research is geared towards the use of biosorbents (water

remediation) from natural sources to preserve our ecological system [14-16].

Bio-polymeric materials are generally a perfect candidate for appropriate bio-sorbents
since they possess a large surface area and can be produced at a low cost with numerous
reusable cycles [16]. There is a need to substitute expensive adsorbents with cost-effective,
environmentally friendly and locally available maize stalk adsorbents in line with the principles
of green chemistry [17]. Maize waste is a preferred natural reductant due to its
physicochemical properties and acts as a reducing, stabilizing and regeneration agent during
the synthesis of the magnetic nanocomposite [15]. Moreover, maize waste contains a high
content of cellulose that can assist in the synthesis of cellulose nanocrystal (CNC) adsorbent

materials [16-17].

Cellulose nanocrystals as a biopolymer possesses large surface area but due to its
hydrophobic nature and poor selectivity, CNC can result in low adsorption efficiency thus,
hindering a higher percentage removal of HMIs from wastewater [18]. Yet these can be
overcome by surface modification using the crosslinking process that involves the addition of
other polymers to introduce other functional groups like (OH, COOH and NH) allowed to target

4



the analyte of interest [19-20]. The molecular imprinted polymers (MIPs) are the current
interest for researchers in achieving higher adsorption capacity and higher selectivity better

than the carboxy cellulose nanocrystal (CCNC) [21].

In addition to their vast selectivity, MIPs also have the ability to recognise active sites
and receptors for a particular analyte of interest [22]. Nonetheless, these polymerized
adsorbents have also exhibited some disadvantages drawn in the presence of UV radiation
when polymers are present [23]. These include, breaking the polymer chain and reducing the
molecular weight of the MIPs during adsorption [23]. On top of that, the methods for preparing
bulk polymerization, tend to evoke the recognition sites that intensively overload the
adsorbents (MIPs) inner structure, leading to the reduced mass transfer rate that can seriously
affect the MIPs performance [24]. Moreover, the MIPs have also shown disadvantages of
eliminating false similar structures of the analyte in question [24-25]. Therefore, the second
surface modification of adding magnetite to the MIPs is required to overcome these challenges
by introducing superparamagnetic properties, generate more active surface site and enhance

the adsorption capacity and selectivity of the desired analyte [26].

In this study, the intention is to synthesize Magnetic Cellulose Nanocrystal (MCNC) and
the Magnetic cellulose nanocrystals crosslinked with TEMPO and grafted on
Polyethyleneimine (MCNC-TEMPO-PEI) derived from the maize stalk for the selective and
removal of Pb (Il) and Cr (VI) from wastewater. Thereafter, optimize the surface methodology

for adsorption based on pH, dosage, concentration and contact time.

1.2. Problem statement

The indiscriminate discharge of wastewater effluents from WWTPs is not only
contaminating the water streams but also leaves a large amount of unused and unavailable
water that might have been utilised for human consumption after treatment. To remediate
wastewater, various studies have used treatment methods like ion exchange, flocculation,

reverse osmosis and chemical precipitation [27]. These methods have shown limitations like



generating secondary pollutants such as sludge, use of toxic and corrosive chemicals,

requiring tedious treatment, energy-intensive consumption, requiring higher maintenance and

use of expensive adsorbents when treating wastewater [13-14]. Adsorption has emerged as

a method of choice for the removal of pollutants from WWTPs because adsorbents have a

high surface area and porosity, and hence a high removal efficiency. However, conventional

adsorbents applied have several setbacks such as being expensive and generating pollutants

after use, low adsorption capacity, lack of selectivity and loss of material during the

regeneration process. Thus, the need for eco-friendlier, less costly, effective adsorption,

abundantly available adsorbents are required.

1.3.

Aim and objectives.

1.3.1. Aim

This research project aims to synthesize, characterize and apply maize waste-derived

magnetic cellulose nanocrystal (MCNC) and magnetic cellulose nanocrystal functionalised

with TEMPO and polyethyleneimine (MCNC-TEMPO-PEI) for the adsorptive removal of Pb

(I) and Cr (V1) ions, respectively from wastewater.

1.3.2. objectives

The specific objectives are to:

v

Synthesize the cellulose nanocrystal (CNC), magnetite (M), magnetic cellulose
nanocrystal (MCNC), TEMPO mediated cellulose nanocrystal (CNC-TEMPO),
cellulose nanocrystal crosslinked with TEMPO and grafted with polyethyleneimine
(CNC-TEMPO-PEI), and the magnetic cellulose nanocrystal grafted with

polyethyleneimine (MCNC-TEMPO-PEI) derived from maize stalk.

Characterize the nanocomposites CNC, M, MCNC, CNC-TEMPO, CNC- TEMPO-PEI
and MCNC-TEMPO-PEI using the FTIR, XRD, UV-Vis, BET, SEM, EDS, TEM and

TGA.



v Optimize the most influential parameters (dosage, time, temperature, pH,
concentration) against the Pb (II) and Cr (VI) using both multivariate and univariate

optimization tools, respectively.

v Study kinetic, thermodynamic and adsorption isotherms under the optimum conditions.
v Investigate the adsorption mechanism.

v Evaluate the reusability of the studied of adsorbents and the leachability of the iron.
v Apply the proposed adsorbents in real wastewater samples.

1.4. Justification of the study

Currently, researchers have opted to use eco-friendlier methods since they possess
greens triple R’s (recyclable, reusable and reduce) materials [20]. The renewable cellulose
from the agricultural waste since it is cheaper and abundantly available for the synthesis of
magnetic nanocomposites has been used to replace expensive materials [16]. Agricultural
waste includes rice straws, nutshells, palm seeds, corn cob, corn stalk and corn pith [19-20].
The added advantage of crystalline cellulose derived from maize waste is its ability to possess
good surface area and enhanced porosity making it a convenient water treatment material due
to its hydrophilic and thermal properties [15,18]. Maize waste is used as a preferred natural
reductant due to its physicochemical properties. It acts as a reducing, stabilizing and
regeneration agent during the synthesis of the magnetic nanocomposite, it also can disperse

iron to inhibit agglomeration from the iron-based materials [28].

For efficient adsorption of the required analyte, the nano adsorbents are recommended
to perform a surface modification with the expectation of selectivity. Researchers have used
the TEMPO to connect the PEI since CNC mainly have OH groups. This makes it difficult to
selectively target the anionic analytes. Thus, the PEI is required to be grafted with the help of
the TEMPO oxidised material. The use of TEMPO comes with added advantages such as

selectively converting the primary OH groups, particularly on the C6 position of the CNC



surface to the COOH groups without alteration of the original CNC crystallinity [29-30]. This
compels it to produce functionalised CNC with smaller particle sizes and diameters [31]. Thus,
resulting in an increased number of carboxylic groups, having specific higher surface area,
high crystallinity, and high specific strength [32]. Moreover, it facilitates the introduction of the
amino groups useful for enhanced adsorption capacity from the addition of another polymer
(PE)).
1.5. Hypothesis

The nano composite adsorbents (MCNC and MCNC-PEI) from this study are expected
to remediate wastewater effluents to remove selected HMIs from WWTPs. Owing to their
selectivity, sensitivity, magnetic properties making them to easily attach their analytes and
easier desorption afterwards. Furthermore, our materials are also porous, selective towards
the analyte and possess higher surface area that increases the chances of having many active
sites during adsorption and enhance the adsorption capacity. Moreover, because of these
properties, their stability during interaction reaction with the adsorbate is increased, generating

numerous recyclable cycles.

1.6. Research questions

1.6.1. Will the cellulose provide efficient support on the magnetite for the adsorptive removal

of HMIs?

1.6.2. Will the synthetic methods achieve the desired nano adsorbent?

1.6.3. How will the amine groups be introduced on the adsorbent for the removal of Cr (VI)?

1.6.4. Which analytical techniques will be used to check the formation, crystallinity of the

nano adsorbents?

1.6.5. At what optimal conditions will the nano adsorbent be the most effective adsorbent for

the removal of HMIs?



1.6.6. Which methods can be developed to optimize the adsorbent when interacting with the

analyte?

1.7. Dissertation outline

Chapter 1
In this chapter, the study is introduced by covering the background that includes wastewater
and the significance of having safe drinking water. The chapter further gave a summarised

problem statement, justification, hypothesis, aims and objectives, and the research questions.

Chapter 2

In this chapter, the focus is on literature review which includes, wastewater, HMIs and
remediation methods used by researchers over the years. The advantages and disadvantages
affecting the treatments, adsorption process, isotherms, kinetic, thermodynamic studies and
the comparison of other published studies.

Chapter 3

In this chapter, the focus was on the first nano adsorbent (MCNC), the extraction of CNC and
the synthesis of CNC, magnetite and MCNC production. The characterization methods, the
results of magnetite, CNC and the MCNC materials are discussed. The MCNC application
against the adsorptive removal of Pb (ll) ions is evaluated and reported. The surface response
methodology affecting the adsorbent and the adsorbate are explained and discussed. The
optimal conditions' of MCNC on Pb (Il), validation and the reusability results are also
discussed. The adsorptive results obtained from isotherms, kinetics, thermodynamics are
evaluated and reported, the chapter conclusion is also elaborated. The references are listed

at the end.

Chapter 4
In this chapter the CNC was moadified by crosslinking it with the TEMPO by introducing the
carboxylic group on CNC for easy binding of the PEI then functionalizing it with FezOa4. The

synthesis and characterization methods of CNC-TEMPO, CNC-TEMPO-PEI and MCNC-



TEMPO-PEI were investigated, and the results were also discussed. Then the MCNC-
TEMPO-PEI was applied for the adsorptive removal of Cr (VI) from wastewater. The
optimization studies, validation studies, reusability studies, isotherms, Kkinetics and

thermodynamics methods were discussed, also the conclusion is also summarised.

Chapter 5

In this chapter, general conclusion with specific achieved objectives were outlined in detail.
The limitations incurred from the study were also elaborated with necessary future work
recommendation.

Appendix

The supplementary information is presented in this section.
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CHAPTER (Il) (LITERATURE REVIEW)

PREAMBLE

In this chapter, wastewater is summarised with its contained toxins and provides a thorough
discussion of the heavy metal ions (HMIs). The nature, source, and toxicity of the HMIs to the
environment and to human beings is also discussed. Moreover, the remediation methods, the
advantages and disadvantages are further elaborated. Furthermore, the principles, uses and
functions of the adsorption process are also outlined. Various adsorbents and their properties
and limitations are also discussed. The effect of the adsorption parameters used to optimize
these adsorbents during the adsorption process is also discussed. The mechanism and the
type of interaction, the adsorbate and the adsorbents, the optimizing methods, adsorption
isotherms, kinetics and the thermodynamics reaction obtained are compared with other

studies and further discussed.

2.1 Background

Wastewater is explained as the disposed water from various effluents, these include
mining industries, farming, hospital, pharmaceuticals, and household effluents [1-2]. Feeding
towards diverse water streams such as lakes, rivers, oceans, and many others. This then has
caused global health concerns especially when they influence the eco-system and impact the
environment negatively [3]. Thus, studies from authors like Crini et al [4], reported that in their
country (Switzerland), the European legislations and framework policies have been
established in efforts to monitor and control indiscriminate discharge of wastewater to various
water bodies [4]. Therefore, it is imperative that wastewater effluents are treated since they
carry a lot of different toxins from heavy metal ions (HMIs), organic dyes, pharmaceuticals and

many others to the different water bodies as displayed in Fig. 2.1.
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Figure 2.1: Incorrect disposal of wastewater into a river from different effluents.

Thus, in this study, the focus is on the HMIs as they were reported of being the superior
contributors of wastewater, with an estimation of over 70 % containment of HMIs presently in
the wastewater effluents [5]. The HMIs toxicity within the human system through polluted water
consumption that leads to severe health effects. This has prompted severe sicknesses
throughout the human system and affecting the brain, heart, blood, reproductive system and
the vascular system as exhibited in Fig. 2.2 [6-7]. Thus, several health organisations like the
Environmental Protection Agency (EPA), World Health Organization (WHO) and International
Agency for Research on Cancer (IARC) have declared HMIs as carcinogenic and toxic to the
human health [8-9]. Moreover, HMIs are stable in natural environment and soluble across a

wide pH range [10].
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Figure 2.2: Diseases caused by the consumption of high concentration of HMIs [6]

2.1.1 Heavy metal ions (HMIs).

The physicochemical properties of HMIs such as slow dissolution in water, softness and
malleability, account for their widespread use [6-10]. Furthermore, industrial development
expansion particularly in urban areas and the increase in population growth globally has also
accelerated the use of these metals. Their sources over the years have been from various
anthropogenic applications including mining, cosmetics, fossil fuel, paints, fertilizers and
industries (smelting, combustion, manufacturing and many more [11-12]. Moreover, they
appear in different oxidation states like the divalent, trivalent, pentavalent and the hexavalent
ions [10,13]. The toxicity of these HMIs depends on their composition and their oxidation states
[14-16]. The divalent lead ion [Pb (II)] and the hexavalent chromium ion [Cr (VI)] are the most
common, abundant elements within the natural environment (water and soil) [17-18]. Their

toxicity affects both adults and children negatively as exhibited in Fig. 2.2.
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This makes these HMIs persistent, hazardous, carcinogenic and non-biodegradable even at
lower concentrations [19-20]. Thus, the health organisations like the EPA and WHO have
recommended that the maximum containment level (MCL) of Pb (Il) for human consumption
should not exceed the range of 1-15 ppb in drinking water [21-22]. Whereas the MCL of Cr in
drinking water, should not exceed 20 ppb and can only be permissible for human consumption
at concentrations lower than 20 ppb [21-22]. This then necessitates researchers to treat
wastewater effluents for the removal of these pollutants deteriorating the water quality within

the eco-system.

2.2 Remediation methods

Researchers have demonstrated the essential need to use of adsorption process for the
remediation of wastewater. Thus, various treatment methods have been utilised over the past
decade in an effort to remediate wastewater from selective HMIs [23]. These include,
flocculation, chemical precipitation, ion exchange methods and many more [23-24]. However,
these methods have their shortcomings, like generation of secondary pollutants, use of harsh
conditions, require regular maintenance thereby increasing their operational costs [25-25].
Owing to these outcomes, the adsorption method has become a suitable alternative because
of its chemical and physical properties which provide a higher removal efficiency than other
treatment methods. Different treatment methods have been summarized in Table 2.1 with the

emphasis on their disadvantages.

Adsorption is a surface phenomenon where an adsorbent is used to hold the adsorbate
through the formation of either a physical or chemical bond [26-27]. This process is controlled
by the mobility of the adsorbate from the adsorbent under optimal/experimental parameters
such as pH, the concentration of the analyte, adsorbent dosage, contact time and temperature

distribution to provide effective removal of pollutants as illustrated in Fig. 2.3 [30-31].
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Figure 2.3: The adsorption process of the analyte adsorbing HMIs at optimal

parameters.

The advantage of adsorption is that it is versatile, economically efficient, has low energy
consumption and produces fewer by-products that are harmful [17]. To provide an effective
adsorption capacity, adsorbents that have a higher surface area, porous and crystalline nature

are required for the removal of HMIs in wastewater [26].
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Table 2.1: Wastewater treatment methods used by various researchers for wastewater treatment

purposes.
Remediation methods Disadvantage Refs
Reverse osmosis Membrane fouling [3]
Energy-intensive
High maintenance
lon exchange Expensive resin [28]
Require pre-treatment method
lonic completion
Sensitive to pH
Flocculation High sludge generation [29]
require multiple treatments
Coagulation Require multiple treatments [30]
Chemical precipitation  Use of toxic chemicals [31]

Generate secondary pollutants.

Separate with difficulty

2.3 Adsorbents
Current adsorbents used within adsorption process includes metal oxides, carbon-
based materials, polymers, metal organic frameworks, imprinted polymers, agriculturally

based materials, and many others as indicated in Fig. 2.4.
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Figure 2.4: Various adsorbents used for the adsorptive removal of HMIs [32-33]

These adsorbents are extensively used due to the unique properties they possess like
higher purity, good crystal structure, excellent surface area, larger pore sizes and pore volume
[32,34]. Because of these traits, adsorbents have gained a lot of attention in research recently.
Moreover, ensuring effective adsorbents, maintained good adsorption capacity, and
sometimes demonstrated fast adsorption rate for HMIs removal in wastewater [33-34]. The
exploration of these adsorbents is further discussed in the next section starting with the metal

oxides (MOs).
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2.3.1 Metal oxides-based adsorbents

Metal oxides such as ZnO, NiO, CuO, AgO, TiO2, MnO,, AlO, and many others have
been applied for the removal of HMIs in aqueous solutions [27,35]. This could be due to the
amphoteric feature of metal oxides (MOs) that allows them to react with both acids and bases
during adsorption [36]. For an example, Shaik et al [37] synthesized ZnO nanopatrticles for the
removal of Cr (VI) and obtained an 82 % removal as displayed in Table 2.2 [37]. Furthermore,
metal oxides can be functionalised or synthesized with ease aiming to improve its adsorption
capacity [21-22]. Saravanakumar et al [38] functionalised NiO with biochar for the adsorptive
removal of Pb (Il) ions where they obtained the adsorption capacity of 43 mg/g with the highest
removal efficiency of 95 %, under the following optimized parameters: 30 ppm, 27 °C and
pH=6 as displayed in Table 2.2 [38]. In other studies, MO like Al,O3; were also used for the
removal of various HMIs especially the cationic metals such as Pb (ll), Cd (Il) and Cu (ll) as
exhibited on Table 2.2 [39]. This might be due to the diatomic molecules from the negatively
charged surface (oxygen) attacking the cationic analytes in suitable pH medium [39]. It is also
noticeable that in addition to these aforementioned MOs, other studies are using iron and its
derivatives [(a Fe»O3), maghemite (y Fe2O3) and magnetite (Fez04)] in the adsorption process,
making them by far the leading metal oxide applied for adsorptive removal of various HMIs in
various water types, particularly for modification purposes [40]. Owing to its superior magnetic
properties that easily attract metal ions using the magnetic field with the help of an external
magnet during the adsorption processes is easily obtained [40-41]. Furthermore, the iron
reduces the use of tedious steps required during adsorption, thus, the need recommended for

usage during the adsorptive removal of HMIs.

Table 2.2 below gives a summary of various adsorbents used for the removal of HMIs.
Moreover, Table 2.2 also shows the optimal conditions and active functional moieties for the

removal of HMIs from water.
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Table 2.2: Various adsorbents that were modified and used for the adsorptive removal of HMIs from different water samples.

Adsorbent Water type Functional HMI Parameters Adsorption Recyclability Year Ref
group capacity Cycles Published
mg/g
Or % removal
MnFe,04/G-AC Simulated water COOH, OH, Pb (1) pH=6, 150 min, 50 625 5 2021 [11]
Cc=0 mg, 50 ppm
Fes0, Waste water Fe Cr (IN& 100 ppm 347,63 3 2022 [21]
Pb (1) 317,62
MgO-Biochar Wastewater NH, Pb (1) & 600 min, pH=5, 384.08 3 2022 [29]
Cd (I1) 059 207.02
ZnO Simulated water M-O Cr (VI) 1 g/L; 8 hrs, 81,17 % - 2020 [37]
120 rpm
NiO/biochar Simulated water M-O Pb (I1) 50 mg, pH=63, 4 43,0 - 2019 [38]
(PJONC) min, 30 ppm, 27
°C
Al,03/Cu,0 Simulated water M-O Cd (Il) 0,3 g; pH=8; 90 4,48 - 2023 [39]
min
90 ppm
Fe,0;@UI0-66-NH, Simulated water NH,, OH Cd(Il)& pH=6 666.7 4 2019 [41]
Pb (1) 833.3
D-Fe304-NC Drinking water M-O, OH Cd (Il) pH=4, 40 min, 8 74,5 20 2023 [42]
Cr(ll)& ppm, 10 mg 76
Pb (1) 75,2
FeCo@BDC Waste water COOCH Pb (I1) 15 min, pH=3, 500 220,48 5 2022 [43]
ppm
MTV-MOF/SWCNT- Waste water NH,, -S-H, Pb (1) 10 ppb, 16 hrs, 310 5 2022 [44]
BP COOH, C=0 pH=6,6
MNP-GAC -Cu(ll) 100 ppm 23,61 10 2021 [45]
MWCNT-Au-Fe;0, Waste water COCH Pb (1) 60 min, pH=10, 7.266 - 2022 [46]
0,19
I-Al,O3 Simulated water M-O Ni (11), 0,3mg, pH=8 60,0 - 2023 [47]
Cd () & 10 ppm, 40 min 66,0
Pb (Il) 66,4
AlL,O3 Ground water M-O As(v) 2g/L; pH=6,5; 200 500 ug/g 3 2017 [48]
min
500 ppb, 125 rpm
Fe;0, Simulated water Fe Hg (1) 1g; pH=6, 45 min. 101,01 - 2023 [49]
2, 40 ppm
Fe;04 Simulated water Fe Pb (I1) 0,5 g/L; 30 min, 25 95,56 mg/g - 2017 [50]
ppm
Cr (Il 0,2g/L; 100 min,25 46,05 mg/g
ppm
pH=4
GO-EDTA-CS Complexed COOH, OH, NH,  Hg (1) pH>4, 50 min, 324 7 2022 [51]
Wastewater Cu (Il) <100 ppm, 130
CNC-Fe;0,4 Simulated water COOH, OH Pb (II) 240 min, pH=5, 50 63.78 5 2016 [52]
ppm, 0,05 g
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CCN PEI
GO-MCWT-DETA
GO'NHz@CA'N H,

Pb-MCGO
TZFNC

Fe;04/G-AC

PVC-PPD-GO

FLMGO

GCF

CLCh/MWCNT/Fe
UI0-66-EDTMPA
CFP

BGAC
MCGON

AC
FFT

RH

PC

PHP

Magnetic Ferrite

Simulated water
Waste water
Simulated water

Simulated water
Waste water

Simulated water

Simulated water

Tannery
industrial water

Simulated water
Electroplating
effluent
Simulated water

Simulated water

Simulated water
Simulated water

Simulated water

Simulated water

Wastewater

Simulated water

Industrial
wastewater
Copper ammonia
wastewater

OH, COOH, NH,

COOH, C=0,
OH

COOH, C-0-C &
NH;

NH,, COOH

_S-

COOH, OH,
C=0

COOH, OH,

C-0-C
C=0, C-0-C

COOH

COOH

PO, H;

OH
NH,, COOH, OH

=Si-O
=AI-O

Cr (VI) 240 min, pH=3,

300 ppm
Cr (1), 30 min, pH=4, 30
Pb (1) mg

Cr (VI) 60 min, pH=2,

Pb (1) 40 min, pH=5
Pb (Il) 14,5 min, pH=6,5

60 ppm, 40 mg
Pb (1) pH=5, 0,25 g, 400
ppm, 150 min
Pb (1) -
Zn (1)

Cd (1) pH=7, 100 mg,
Cu (Il) 500 ppm

pH=7, 7 min,

Cr (V1) 600 min, pH=2,
0,5g/L
50 ppm

Cr (1) 60 min, 150 min,

Cr (VI)

Cd () pH=1,

Pb (Il) pH=5,5

As (lll) 80 min, pH=6, 2
ppm, 60 mg,

Cr (VI) pH=2, 0,5g/L,

Cu (I1) 120 MIN, pH=4,

1g, 40 ppm
Cr (VI) 2,50/L, pH=4,5
Cu(ll) 60 min, pH=4,

Pb(11) 4g/L and 5g/L
Zn(ll)

Pb(Il) 60mg. 1.17 ppm,
Cu(ll) 50mg, 11.78 ppm
Ni(ll) 60 mg, 0.48 ppm

cd (I pH=8-10

Co (Il) pH=6-10

cu (I pH=8 - 10

Pb (1) 120 ppm, 3 hrs,
Cd () 6,5g/L

cu (I

358,42

5,4
9,5
410

79
554.4

153,2

462,421
336
401,1
1114,22

270

66,25
449,30
98,21

1,13

403,23
217,4

89,5
97,4 %
79 %
73,28 %
87,17 %
98,0 %
67,0 %

5 2017 [53]
- 2016 [54]
7 2022 [55]
5 2022 [56]
2 2020 [57]
- 2022 58]
15 2021 [59]
5 2021 [60]
10 2018 [61]
10 2019 [62]
- 2022 [63]
- 2022 [64]
- 2020 [65]
- 2020 [66]
- 2020 [67]
- 2017 [68]
- 2013 [69]
- 2019 [70]
- 2016 [71]
- 2018 [72]

GO-EDTA-CS= Graphene oxide ethylene diamine tetra acetic acid Chitosan
TZFNC= Thiourea Zinc functionalised cellulose nanocrystal

ZIF= Zeolite imidazolate

DETA-= Diethylenetriamine

CCN-Fe304= Carboxylic cellulose nanocrystal modified by magnetite

CMC= Cellulose microcrystal

BDC= Dicarboxyl benzene

PEI= Polyethyleneimine

MTV= multivariate amino

MnFe204/G-AC= Manganese Ferrite/graphene oxide magnetic activated carbon

GO-EDTA-CS= EDTA-Graphene oxide —chitosan

FFT= Flax Fiber tows
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GO-NH2@CA-NH; = Animated graphene oxide functionalised with cellulose acetate and amine beads RH= Rice husk

GO-Fe304 =Graphene oxide/Magnetite Janus PF&PM =Janus phenol formaldehyde resin & periodic mesoporous
MWCNT/AuFe304= Multiwalled carbon nanotube coated with gold and iron oxide PVC-PPD-GO=

AC = Activated carbon PHP = Peanut husk powder

MNP-GAC = Magnetic nanoparticle — granular activated carbon Fe304/G-AC =

MnFe204/G-AC =Manganese Ferrite/graphene oxide magnetic activated carbon

Al203 /Cu20= Aluminium oxide Modified by copper oxide

CS-AC=Carbon sphere/Activated carbon
GCF

Fe304= Magnetite

PC = Pillare clays

CFP = Cassia fistula pod
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According to the observation from the reviewed summary from Table 2.2, it looked as
though the MOs are effective adsorbents for HMIs removal in model water samples. However,
reports have also stated that MOs have displayed setbacks as lacking selectivity towards the
targeted analytes particularly in wastewater samples [41,43]. Moreover, they showed minimal
adsorption capacity just as displayed where the highest captured capacity is 95 mg/g and
lowest of 43 mg/g particularly for removing Pb (1) [38,50]. The second adsorbent currently
utilised as an effective adsorbent from different studies is carbon especially for the adsorptive

removal of HMIs in wastewater.

2.3.2 Carbon-based adsorbents

Carbon based adsorbents and their derivatives are adsorbents that are purely consisting
of carbon as their major constituent and the examples are Activated carbon (AC), CNTs
(carbon nanotubes) [single wall carbon nanotube (SWCNT and MWCNT)- Multiwalled carbon
nanotubes, CNF (carbon nano fibres, fullerene), CNSs (carbon nano sphere), CND (carbon
nano diamond), CNC (carbon nano-cones), charcoal, graphene and its derivatives [45-46].
They are stable in nature and known as good adsorbents for HMIs removal. Moreover, they
have ease of applicability, electrical conductivity, controllable pore structure, thermos-stability
and have demonstrated excellent % removal capacity of HMIs [64-65]. By virtue of these
qualities, these adsorbents have been the most used adsorbents at present, particularly for
the removal of HMIs in wastewater. In addition to their high cost and use of chemicals, they
tend to show low adsorptivity and lose a lot of material during the regeneration process [74].
Zhou et al [73], reported a 26 % removal for Cd (Il) unmodified Multiwalled CNT as an
adsorbent [73]. Literature reports have it that based on the aforementioned limitations, they
can still be compensated by further surface modification where other functional groups like the
oxygen based [carboxylic (COOH), carbonyl (C=0) and hydroxyl (OH-)] groups are required
to enhance the adsorption efficiency and strengthen its stability [74-75]. This was also shown
when carbon was modified with oxygen containing functional groups to increase selectivity for

the removal of Cr (VI). In a study done by Liu et al [76], the pore structure size was developed
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to enhance the adsorption capacity and for that 0.4834 mmol g* was achieved, resulting in 4
times more efficiency than the unmodified AC of 0,1236 mmol g [76]. Other types of carbon-
based adsorbents are graphene-based and their derivatives which contains the carbonyl,
carboxyl, epoxy functional groups attached to the carbon atom which also provides them with
the ability to bind the HMIs via electrostatic and co-ordination interaction [74]. In addition to
the aforementioned properties, they also possess good mechanical strength, adequate
functional groups, high crystallinity, a higher surface area and charge transfer capability [73-
74]. Even though it has exhibited desirable properties, they are deemed costly, and their
production involves tedious methods [75-76]. Moreover, with its reported properties, they have
also showed low adsorption capacity and might also require surface modification. Zeng et al
[12] modified GO with FezO4 and Yan et al [63] modified graphene with FesO, and they

obtained 153 mg/g for the removal of Pb (ll) from wastewater [12,58].

2.3.3 Polymers based adsorbents

Polymer-based adsorbents are normally synthesized from primary polymers like
polyacrylamide (PAM) or polystyrene (PS) and the most common polymers are polyacrylic
acid (PAA), polyethylenimine (PEI) and polyvinyl alcohol (PVA) [77-78]. Polyacrylic acid is
often used to adsorb cationic heavy metals like Cu (Il) and Pb (Il), while on the other hand PEI
adsorb both cationic and anionic heavy metals like Hg (l), Cd (1), Cr (V1) and as (V). Whereas
polyvinyl alcohol is used to adsorb anionic heavy metals ions like as (VI) and Cr (VI). Polymers
efficiency vary depending on the interaction of the polymer and the targeted analyte.
Furthermore, polymers are customised during synthesis when modifying other adsorbents to
possess specific functional groups, suitable for the adsorption process particularly for HMIs.
For example, the polymeric adsorbents functionalised with COOH groups can efficiently
remove cationic HMIs like the (Pb, Cu, Cd and many others). Whereas polymeric adsorbents
containing NH groups are preferred for targeting anionic HMIs like the oxidated metals (Cr VI
& 1ll), As (V & Ill). This is observed various studies from literature, studies like Hu et al [79]
where the polyacrylic acid was grafted on the magnetic chitosan nanocomposite (MCS) and

obtained an adsorption removal of 204,89 mg/g against Pb (1) [79]. In another study reported
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by Liu et al [53], CNC-TEMPO-PEI was used remove Cr (VI) and the results obtained
adsorption capacity of 358,42 mg/g [53]. This enhanced the adsorption capacity when the
carboxylic groups were introduced on the surface adsorbent of CNC to bridge the amine from
the functionalised (PEI) and the hydroxyl groups when modifying the surface adsorbent. While
Omer et al [55] used carboxylic and the amine functional groups to successfully functionalize
the adsorbent that initially had cellulose to target the Cr (VI) [55]. This is because Cr in an
anionic form as Cr.04% and CrO4 are easily attracted by the amine bound surface modified
adsorbents [65,74]. Nitrogen atom in the amine has 5 valence electrons available to surround
and easily forms 3 bonds with other lone pairs resulting in the interaction with the lone pair
from the HMIs triggering interaction between the two [80]. Moreover, these studies suggest
that to remove the desired analyte effectively and selectively, like Cr (VI) from other species,
researchers must consider binding carboxylated and amine functional groups onto the surface
material. Studies reported polymers having properties such as high surface areas and high
chemical stability, specific sizes, and shapes for adsorption. Moreover, they are hydrophilic in
nature (water-loving), they can be recyclable and reusable leading to high adsorption capacity
[53-56]. Nonetheless, looking at studies listed in Table 2.2, we can also note that for the
divalent ions, oxygen-based functional groups like hydroxyl (OH), carboxyl and carbonyl
groups were also used for selectivity towards the cationic analytes [80]. Ahmad et al [81],
reported that cationic metals like divalent ions (Pb (1l), Cu (II), Hg (II) and Cd (lIl)) in the
agueous media, have been attracted to the surface-modified oxygen-based adsorbents [81].
This is due to the negatively charged ions on the surface of the adsorbent caused by the lone
pairs from the oxygen, which attracts the vulnerable divalent metal ions because of the
oxidation-reduction and the electrostatic interaction [81,66]. Furthermore, the secondary

polymer-based adsorbents include the metal organic framework (MOF).

2.3.3.1 Metal organic framework (MOF)
The MOF are a type of porous polymers formed by a combination of secondary building

units co-ordinated to the organic ligands or linkers and the metal clusters to form dimensional
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structures [59,63]. Studies on the adsorptive removal of HMIs have used the MOF because
they possess a crystal structure and structural diversity, large surface area, smaller porosity
and adjustable framework [63]. The MOF contains fillers within its structure that provides an
additional advantage over other inorganic fillers used in polymer matrix by easily controlling
the interface and the interactions of HMIs and the MOFs polymer [82]. Studies have included
MOFs as their adsorbent by virtue of these properties. However, limitations have also been
reported where they possess smaller pore sizes, poor stability, weak selectivity, and low
adsorption capacity [82-83]. To overcome these, surface modification is required. Thus, some
studies, add another polymer like ethylene diamine (EDA) to enhance the adsorption capacity
through the formation of complexes with metal ions [83]. Arya et al [84] modified a PUC (MOF)
by functionalizing it with the 1,3 aminopropyl Imidazole linkers to produce a nanocomposite of
3D-Zn-MOF in an effort to increase the amine groups within the structure that removed the
three HMIs (Fe(ll), Pb(ll) and V(v)) with the adsorption capacity of 208,7 mg/g, 192, 6 mg/g
and 203 mg/g, respectively [84]. Ren et al [85] modified MOF with EDA to form HKUDT-1-
EDA (high specific surface MOF loaded with EDA) to increase the density of NH, when it's
functionalised by reason of removing of Pb (Il) and Cd (1) from wastewater [85]. Other studies
modified their surface by adding functional groups to increase the adsorption capacity and
enhance the selectivity of their adsorbents. Thus, Table 2.2 exhibits these studies and their
functional groups. This is where the tertiary polymers are introduced for selectivity, these

include the imprinted polymers (IP).

2.3.3.2 Imprinted polymers (IP) based adsorbents

Imprinted polymers have two main types of polymers, these include the molecular
imprinted polymers (MIP) and the ion imprinted polymers (IIP). The MIP are classified as
polymers that uses similar properties with molecular memory or recognition to undergo
polymerization of a suitable functional monomer in the presence of a model analyte or
template molecule [86]. The ion imprinted polymers (IIP) use a ligand instead of molecules to

form complexes that copolymerize with the metal ion in the presence of a crosslinker to form
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a suitable template memory or recognition of similarly properties [88-89]. When designing an
imprinted polymer that can best fit the size, the shape and functional group of the model
analyte, itis required to facilitate the recognition site formation during removal interaction when
the surface chemistry is conducted [89]. This makes it an ideal adsorbent that is sensitive and
selective towards the targeted analyte in the presence of other pollutants in wastewater [86].
Liu et al [87] synthesized nanocellulose grafted on molecular printed polymers as Pb (Il)MIP-
NC and Hg (IMIP-NC for the selective adsorptive removal of Pb (Il) and Hg (1) [87]. In another
study, the synthesis of a hallow mesoporous silica loaded with molecular imprinted polymers
(H-MIP-Pb) was designed to adsorb Pb (ll) from wastewater treatment [88]. Recently, most
studies are using the MIPs by virtue of the previously mentioned qualities as an ideal
adsorbent particularly for the selectivity towards the target analyte [88-89]. Amongst the other
MIPs, the magnetic molecular imprinted polymers (MMIPs) seem to be the most currently
used, owing to its magnetic properties, reproducibility, reduced affinity, and aggregation [88-
89]. That allows increased adsorption capacity, easier separation, and fast binding kinetics
due to their large surface area they possess [88-89]. Furthermore, its irregular shape is
preferred by researchers since it has the potential to increase the monodispersed [88,33].
Moreover, MIPs have also been reported as costly hence researchers are currently moving
away towards cost effective natural polymers from the agricultural waste for similar reasons
[33]. The biosorbents or agriculturally based adsorbents are currently used due to their
possession of the triple R’s (recyclable, reusable and reduce) in line with the principles of

green chemistry [90].

2.3.4 Agriculturally based adsorbents

Agricultural waste is from maize waste (stalk, corn and pith), wheat and rice waste (straw
and husk), coconut, nutshells, palm seeds and many others [91]. Agricultural waste contains
biosorbents compounds from polysaccharides such as cellulose, carbon, chitosan, chitin,
keratin, biochar and many more extracted from these wastes [91]. It has been proven by

various studies adsorbents from the agricultural wastes. For an example, a study was reported
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by Boyrazli et al [92] where carbon was extracted from maize stalk [93]. Furthermore, another
study was done using magnetic nanocomposite (eggshell/starch/Fes0,) as bio-sorbents for
adsorbing Cd (1l) and Pb (1) ions from wastewater [93]. In this case, an adsorption removal of
96 and 98 %, for Cd (ll) and Pb (ll), respectively, was obtained at the optimal conditions of 25
°C, 60 min, 10 ppm, and a dosage of 1 g/L at pH 7 and 6, respectively [96]. Nethaji et al [94]
extracted carbon from corn cob for the removal of Cr (VI) with the adsorption capacity of 57
mg/g [94]. In addition, cellulose is one of the biosorbents from the agricultural waste and is a
natural polymer extracted from various agricultural waste as already explained from the
previous section. It possesses an abundance of -OH functional groups which has the ability to
attach themselves with HMIs through chemical bonding and change the bio-sorbent surface
charge, therefore, this surface charge affects the affinity during adsorption [57-58]. Moreover,
the stability of the adsorbed complex can also be altered to improve the adsorption process
[93-94]. Added properties of bio-sorbents are cost effectiveness, renewability, they also
possess mechanical strength, have high surface area and can act as a reducing agent [93-
95]. However, they have difficulty in dissolving in ordinary solvents due to the strong
mechanical strength [90]. Various studies have used the CNCs as an adsorbent. Vivian
Abiaziem et al [96] extracted cellulose from the Cassava peel and obtained 6,4 mg/g as their
adsorption capacity for Pb (1) [96]. Literature has also reported setbacks like low porosity, low
molecular weight, less selectivity and low adsorption capacity when using CNC for the removal
of HMIs [51]. Thus, surface modifications where other functional groups like thiols(-S-H),
amine (NH), carbonyl (C=0), and carboxylic (COOH), phosphate (PO43) groups and
magnetite (Fes04) have been applied to bind these groups to their adsorbents and to improve
selectivity towards their desired analyte in wastewater effluents and increase the adsorption
capacity [96-97]. This happens by using different methods like cross-linking, ligand
complexation and ion exchange or ion pairing especially when trying to remove HMIs. This
can also assist with the interaction between the adsorbent and the adsorbate via
complexation, electrostatic attraction and many more [97]. Wang et al [82] modified CNC with
Fes;04 and MOF to form MCNC@Zn-BTC and obtained a higher adsorption capacity of 558,66
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mg/g for the removal of Pb(ll) [82]. In another study, a carboxylated CNC functionalised with

Fes;04 was used for the removal of Pb (Il) and it was reported that they obtained 63 mg/g [52].

2.3.5 Composite nano-adsorbents

Composites, are materials comprised of more than two compounds aiming to produce
excellent adsorption efficiency, maintain good reproducible results, effective stability and
selectivity [77]. Many studies have combined more than two or more adsorbents to form a
composite by modifying the surface material with oxygen, nitrogen or sulphate based
functional groups or even functionalise it with the iron and its derivative, MIP or any of the
aforementioned adsorbent in an effort to obtain higher adsorption capacity. Khan et al [59],
modified GO using polyvinyl chloride (PVC) and p-Phenylenediamine to form a nano
composite of PVC/PPD/GO for the removal of Cr (Il) and they obtained a 93 % removal from
wastewater as exhibited in Table 2.2 [59]. Liu et al [72] functionalised AC with CS to remove
Cr (VI) and obtained 0,48 mmol/g for their adsorption capacity [72], while others have
functionalised GO-CS with EDTA against Hg (II) and Cu (Il) and obtained 324 = 3.30 and

130 + 2.80 for Hg (1) and Cu (I1), respectively [51].

In other instances, iron was also used to modify the surface of the adsorbent like in the
study where Yan et al [58], used magnetite with graphene nanocomposite coupled with
activated carbon (Fes04/G-AC). The nanocomposite gave a higher surface area of 485.8 m?/g
with a pore size of 0.302 cm?®/g than bare AC adsorbent. The overall nanocomposite
performance provided an adsorption capacity of 153.2 mg/g with a total amount of 97 %
removal of Pb (Il) ions from wastewater [58]. In another study, the adsorption method was
performed by using a Manganese ferrite/graphene oxide magnetic nanocomposite (MnFe,0a-
GO) where the removal efficiency was almost 99 %, by removing Pb (ll) and giving the
adsorption capacity of 625 mg/g. Taking that into consideration, these magnetic nano-

adsorbents were effectively involved within the adsorption process.
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2.3.6 Summary

Table 2.2 was systemized by evaluating about 50 published manuscripts within a
duration of 10 years stating from 2013 until 2023. These articles were extracted from Elsevier,
MDPI, Wiley, Springer, Taylor and Francis publishing houses. Where similar research study
interest from this study were pooled. For an example, studies working with various adsorbents
for the adsorptive removal of Pb (ll) and Cr (VI) from different water samples. A summary of
adsorbents presented in Table 2.2, then Fig 2.5 was generated by compiling the most used
and efficient adsorbents between 2013 and 2023, where the reports were evaluated according
to the year they were published. According to the results presented in Fig. 2.5 from the
extracted reports, the results indicates that 2022 had the most published articles in terms of
adsorption, adsorbents, and the desired HMIs. Besides, when reviewing these adsorbents
during this period (2013-2023), it appears that the nanocomposites have been the most used
and efficient nano-adsorbents for the removal of HMIs over the years as exhibited in Fig. 2.5.
This could be attributed to various factors such as a combination of various adsorbents,
addition of other functional groups as already described along with the iron derivatives.
Followed by the agricultural-based adsorbents, MOs, the least being, and the carbon based

as shown in the year of 2022 as displayed in Fig. 2.5.
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Figure 2.5: The number of reviewed articles published in ten years per adsorbent

category.

The agricultural adsorbents are the second most used adsorbents, by reason of having
the carboxylic, the hydroxyl, the epoxy and some containing amine groups which assist with
the electrostatic attraction of the HMIs with the agricultural waste adsorbents [53,55]. The third
mostly used adsorbents are the metal oxides and the least are the carbon and the polymers.
This could be because researchers prefer to functionalise adsorbents with either polymers or
carbon for stability and easy dispersion. Moreover, for efficient or higher adsorptive removal it
is viable when adsorbents are combined for an enhanced combination of properties resulted
from functional groups present within the material. The different parameters affecting the

adsorption capacity are further discussed.
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2.4 Adsorption

2.4.1 Factors affecting adsorption.

There are factors affecting adsorption and these also determine the adsorption
interaction between the analyte and the adsorbent. These factors include the concentration of
the analyte, dosage of the adsorbent, pH, contact time and temperature [52-59]. Depending
on the nature of the adsorbent and of the analyte, they contribute towards the removal of the
metal ions during the adsorption process. When the concentration of the adsorbate is less,
then there is a possibility of higher adsorption capacity based on the adsorbent surface area
that might have been higher. This can lead to an increase of active sites on the surface

material governed by its permeability, or the surface are. This leads to an enhanced adsorption
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capacity. This is observed when the pH of the solution is normally associated with the
electrostatic interaction of the analyte versus the adsorbent. When ionic metals encounter
negatively or positively charged surface materials in an acidic or alkaline environment. This
was evident when a cationic metal Pb (Il) had a higher adsorption capacity from various
studies at a less acidic conditions of the average pH was between 5-6, since at pH 8, it tends
to precipitate [56]. When anionic metals are adsorbed, the conditions are set in such a way
that they fit the strong acidic conditions between the pH range of 1- 3 [53,62]. The contact time
affects the surface adsorbent and the time efficiency where it allows the interaction to occur
within that time, if the surface area and its porosity are higher, this can trap the adsorbate on

to the surface adsorbent using its active binding sites [77].

2.4.2 Multivariate and univariate methods

Previously, researchers were optimizing one adsorbent’s parameters at a time by
performing univariate analysis as displayed on Table 2.3 [23,52]. To be specific, the univariate
method is a method where one parameter is optimised, and the rest of the conditions are kept
constant. Table 2.3 shows various studies since 2013 until 2023 where most research were
still performing adsorption process using the univariate method. Even though the univariate
was applied and preferred by various researchers, it has however, showcased a few limitations
such as the method being ancient, requiring a lot of experiments which uses more reagents
and leading to a lot of time consumption, focusses on one parameter at a time. Thus,
simultaneous multivariate analysis has been the topic in the forefront because it has the ability
to examine more than one analyte with a variation of all parameters in one setting on different

experiments depending on the factorial design the researcher is adopting.

To get the precise experimental designs, Minitab, a mathematical tool has been widely
used to monitor the process. The objective of performing simultaneous multivariate analysis
is to minimize countless number of experiments while designing and developing experiments
based on the minimal and maximum conditions of the parameters [98]. This includes, using

first or second order models applied for the factorial designs which controls the interaction
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effect of these factors where they are investigated and observed at 2 levels [99]. This is also
represented or calculated by 2™, where n represents the number of variables applied either
on half factorial or full-factorial experimental design (FFED) [98-100]. The analysis of variance
is applied too, by either using ANOVA or DOE to predict the significant factors influencing the
response surface [98,109]. This leads to predicting the interactions between the analyte and
the adsorbate as shown in Table 2.3. The table only focuses on selected analytes, namely

the Pb (ll) and the Cr (VI), which are the core analytes of this study.
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Table 2.3: Various adsorption studies, isotherms, and kinetics using different adsorbents for the adsorptive removal of Pb (ll) and Cr (VI).

No Adsorbent Type of Analyte Mechanism Adsorption isotherms Adsorption kinetics Year Ref
method published
1 CCN-Fez04 Univariate Pb OH, C=0, Fe Isotherms Langmuir PSO 0,759 2016 [52]
0,9998
Omax= 72,83 mg/g
2  Pb-MCGO Univariate Pb Pb, OH, C=0, Fe Isotherms Langmuir PS00,99 2016 [98]
0,9956
Omax = 79,8 mg/g
3  PAC/Cell@Fe;04 Univariate Pb OH, NH, and Fe Isotherms Langmuir PS00,89 2019 [99]
0,98
Omax = 314,47 mg/g
4 MCNC@Zn-BTC Univariate Pb OH, C=0, Fe Isotherms Langmuir PS00,999 2017 [82]
0.9890
(max X= 558.66 mg/g
5 M-Ch/CNF-Fe (ll) Univariate Pb OH, C=0, NH, and Isotherms Langmuir PS00,999 2023 [77]
Fe 0,9967
Omax = 0,4232 mg/g
6 NaSCNC Univariate Pb COOH and ion Isotherms Langmuir PS00,999 2013 [101]
exchange 0,9967
Omax = 259,7 mg/g
7 GO-TETA-DAC Univariate Pb OH, NH, and Fe Isotherms Langmuir PS00,999 2020 [102]
0,9967
Omax = 69,98 mg/g
8 MCMGO Univariate Cr (V1) NH, and Fe Langmuir = 0,73 - 2023 [23]
Freundlich = 0,99
Omax= 0,75 mg/g
9 RGOINIO Univariate Cr (V1) NiO- Langmuir = 0,83 PSO 2018 [103]
ion exchange Freundlich = 0,99
Omax = 198 mg/g
10 Chitosan/Fe;0, Multivariate  Cr (VI) NH, and Fe Langmuir = 0,99 PFO 0,87 2019 [104]
Freundlich = 0,90 PSO 0,99
Temkin = 0,86
Omax = 162mg/g
11 GCF Univariate Cr (V1) OH, NH, and Fe Langmuir = 0,98 PFO 0,97 2018 [61]
Freundlich = 0,97 PSO 0,99
Omax = 270mg/g
12 CLCh/MWNCT/Fe Univariate Cr (V1) C, NH; and Fe Langmuir = 0,992 PFO 0,971 2019 [62]
Freundlich = 0,980 PSO 0,987
Omax = 449 mg/g
13 SBMGO Univariate Cr (V1) OH, C=0, COOH Langmuir = 0,998 PFO 0,782 2017 [66]
and Fe Freundlich = 0,993 PSO 0,999

Qrmax =66 mg/g
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14 GO-Fe;0,4 Multivariate  Cr (VI) COOH, OH, NH2, Langmuir PSO 0,999 2018 [105]
C-O-C 0,996
SBMGO = Chitosan Schiff Base-Magnetite-Graphene oxide nanocomposite
CCN-Fe304 = Magnetic carboxylated cellulose nanocrystal MCMGO- Magnetic melamine functionalised chitosan modified by graphene oxide
Pb-MCGO = Magnetic chitosan functionalised by graphene oxide imprinted by lead RGOI/NIO = reduced graphene oxide coupled with Nickel oxide
PAM/Cell@Fe304 = Poly(acrylamide) crafted on the magnetic cellulose nanocrystals M-Ch/CNF-Fe (lll) = Magnetic chitosan cellulose nanofibre
GCF = Graphene oxide functionalised with Chitosan on ferrite nanocomposite NaSCNC = Modification of cellulose with succinic anhydride

MCNC@Zn-BTC = Magnetic cellulose nanocrystals coupled with Metal-organic framework based on Zn (l) and benzene-1,3,5-tricarboxylic acid (Zn-BTC),
GO-TETA-DAC = Graphene oxide (GO) and dialdehyde cellulose (DAC) cross-linked with triethylenetetramine (TETA)

CLCh/MWCNT/FE = Cross linked Chitosan doped wit magnetic iron oxide on multiwalled carbon nanotube
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Table 2.3 was compiled for the studies reported over the period of 10 years from 2013
until 2023. Looking at Table. 2.3, nanocomposites seem to be the most efficient adsorbents
over 10 years as displayed on Table 2.3. Based on the presented reports it can also be
observed the average adsorption capacity from these reports is above 385 mg/g. It could be
attributed to the use of additional adsorbents like polymers, iron, carbon and many others.
Moreover, it is evident that iron plays a major role within the adsorption process and can be
clearly observed that the majority of these adsorbents contains iron in one way or the other.
With respect to the results obtained from Table 2.3, the majority of researchers were practicing
the use of univariate. The mechanism and interaction of the adsorbate and the analytes are
also the key factors that requires reviewing since they have the potential to inform the

researcher on how the material adapts to the environment.

2.4.3 Mechanism and interaction

The equilibrium of the adsorption process can be reached in three primary ways, used
by researchers via the linear regression analysis tool to identify the equilibrium
characterisation processes, apply these variables, and offer data sets that best fit the
adsorption model.[74]. These ways include interaction of the adsorbate and the adsorbent at
a variation of a certain parameter, examples are none other than the isotherms
(concentration), kinetics (time) and thermodynamics (heat) [101-105]. Table 2.3 displays a
further review taken from studies presented in Table 2.2 but now focuses further on the
adsorption isotherms and kinetics study results particularly, with Pb (1) and Cr (VI) projected

and further explained.

2.4.4 Adsorption Isotherms, Kinetics and thermodynamics
2.4.4.1  Adsorption Isotherms

By definition the adsorptive isotherms are known and used to determine the relationship
or distribution between the adsorbent and the adsorbate [23]. The key goal is to use the
surface properties to determine how the adsorbate and the adsorbent interact [10]. It also

reveals the interactive surface feature of the adsorbent and the adsorption mechanism of the
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adsorbent affinity using various isotherms [100]. These include the Langmuir, Freundlich,

Temkin, Redlick Peterso, Dubinin-Radush Kevish, BET and many others [106].

Langmuir isotherm model (with the isotherm linear plot of qi against Ci) indicates

monolayer and homogeneous adsorption process and the adsorption type is mainly

chemisorption [105-106].

Langmuir’s non- linear equation:

2.1
q — quLCe
° 1+K.C,
Langmuir’s -linear equation
1 _ 1 1 i
q_e a dmax * (KLQmax) Ce 2.2

where the ge= amount of analyte adsorbed per mass (mg/g), gm/K=adsorption capacity
(mg/g), Ki=Langmuir constant (L/mg), Ce= equilibrium concentration (mg/L). Many adsorptive
studies prefer to use the Langmuir and Freundlich isotherm to identify the mechanism and
interaction reactions. Investigation from Table 2.3 has shown that a majority of the adsorbents
had favoured Langmuir isotherms for both the Pb (II) and the Cr (VI) analytes. Moreover, for
the kinetics it is also observed that the majority also favoured PSO kinetics. This is shown by
the studies reported by Lu et al [52], Wang et al [98] and Hassan et al [99], where in their
reports, they observed a Langmuir isotherm for the adsorptive removal of Pb [52,98-99].
According to literature, the Langmuir isotherms can assume that each adsorption site can only
hold one adsorbate molecule and that the adsorbate molecules do not interact with each other,
hence it has a homogeneous and a monolayer mechanism. Moreover, it can also mean that
the reaction is physical and could be due to their surface areas and their porosity which
allowed the Pb (1) molecules to be trapped within their surface sites. The second most popular

adsorption isotherm is the Freundlich isotherm.
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Freundlich isotherm model (with the isotherm linear plot of Ing, against InC,)
indicates multilayer and heterogeneous adsorption process and the adsorption type is mainly
physisorption. This assuming that the adsorbate molecules can interact with each other, also
these adsorption site can hold more than one adsorbate molecule. The equation for this model

is described as follows:

Freundlich’s non-linear equation:

1

Ing, = anf+nlnCe 2.3
Freundlich’s linear equation:
qe = Kpce'/™ 2.4

where 1/n and Kg are the empirical constant of the Freundlich isotherm = K (affinity constant
in L/mg) and n(heterogeneity) obtained by calculating the slope and intercept of the calibration
curve for the corelation coefficient. A study by Bagheri et al [23] for the removal of Cr (VI)
obtained Freundlich isotherms which suggested a multilayer adsorption, meaning that several
layers could have contributed without a uniform surface. The rate of the reaction was also

investigated using kinetics studies from different reports as displayed in Table 2.3

2442 Adsorption Kinetics

Adsorption kinetics is the process of studying the rate of adsorption over time at a
constant concentration and pressure to evaluate the interaction of the adsorbate and the
diffusion of the adsorbent pores [99,102]. There are various types of kinetics models which
includes the Pseudo First order (PFO), Pseudo Second order (PSO), Pseudo order n,
Bangham, Boyd, Crank, Elovich, Morris and Weber models [105-106]. Literature has focused
mainly on the PFO and PSO models, where these two models were used during the adsorptive
removal against Pb (II) and Cr (VI) ions from various studies reported on the same table. The

PFO can be explained as follows:
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Pseudo-first order (PFO) kinetic model (with the kinetic linear plot of In(gq. — q;) against t)
indicates one active site of the adsorbent binds one adsorbate molecule. Where the equation

below is used to calculate the PFO.

Pseudo-first order (PFO) kinetic model

PFO’s non-linear equation

qe = ge(1 — Lexp(— kqt)) 2.5
PFO linear curve formula

In(ge — qt) = Ilnqe — K, t 2.6

Pseudo-second order (PSO) kinetic model (with the kinetic linear plot of t/q, against t)
indicates two active sites of the adsorbent bind one adsorbate molecule. The PSO linear

equation is defined as followed:

PSO'’s non-linear equation

0= qezkzt 2.7
bk, t+1

PSO linear equation

t 1 t 2.8
R > + —
qt kzqe qe

Where K; and K; are the PFO and PSO rate constants measured at g/(mg.min). According to

the first studies as reported in Table 2.3, it is observed that most of them followed pseudo
second order kinetics which assumes a chemisorption reaction. This means that the
functionalization of these adsorbents enhanced their adsorption capacities. Hasan et al [99]
and Wang et al [82] in their studies, reported a maximum adsorption capacity of 314 and 558

mg/g, respectively [82,99]. Moreover, there could have been factors that influences the
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adsorption of Pb(ll), such as the surface area and the electrostatic attraction caused by the
adsorbents to the cationic Pb (II). The porous adsorbents caused by the incorporation of
functional groups present in their surface, could have negatively charged the surface sites that
can attract positively charged Pb (ll) ions by electrostatic interaction [13]. The mechanism was
formed in which the adsorbate was attached to the adsorbent, by the OH, COOH, NH; and
the Fe groups particularly in water treatment for HMIs removal. That could also suggest that

the adsorbents had a large surface for the chemisorption to occur.

2443 Thermodynamics

Adsorption thermodynamics is a process that occurs spontaneously, and it is also
accompanied by a decrease in the system's free energy. The decrease in free energy is due
to the increase in entropy that occurs when the adsorbate molecules are adsorbed onto the
adsorbent's surface and used frequently in water treatment methods for the removal of HMIs
[55-60]. Adsorption is an exothermic process, which means that it is accompanied by a release
of heat. Thus, when investigating thermodynamics, all the other factors remain constant while
the temperature is varied. Thus, making temperature the key factor in thermodynamic
adsorption [61-62]. The amount of heat released depends on the type of adsorption process

and the specific adsorbent and adsorbate.

as determined by the following equations:

AG = AH — TAS 2.9
AG = —RTLnK, 2.10
Inkd = 25 _ &4 2.11
R RT
Kd =% 2.12
ce
K, =AZ4a2 2.13
T R
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Where AG = Gibbs energy change, AH = enthalpy change and AS = entropy change, R= gas
constant (8,314 J/mol/K) and T=temperature measured in Kelvins=298 K [51]. It has also been
reported to be reversible with low activation energy between 20—-40 kJmol-1. Study after study
has categorised the interaction between the adsorbent and the analyte as stronger or weaker,
depending on the adsorbent's behaviour. Largitte et al [107] reported in their study, that the
chemical model displayed the weakest interaction at the slowest rate [107]. Whereas other
studies have classified chemical adsorption as the strongest model and Abdel-Magied as
[110]. Chemical adsorption, (chemisorption) on the other hand, is a process in which the
adsorbate molecules are held to the surface of the adsorbent by chemical interaction or
bonding. Examples include the chelation, covalent, ion exchange and co-ordination bonds

[106,110].

2.5 Overall summary

In Table 2.3, 14 studies were reported and amongst the 14, the leading method
preferred by researchers since 2013 are the univariate methods with 12 conducted studies
and only 2 studies were reported on multivariate analysis. This was reported in 2018 by Moges
et al [105] and Pourmortazavi et al [108] in 2019 where both of these studies were adsorbing
Cr (VI). This suggests that the method has not been explored enough and maybe since the
method is recent, the researchers are slowly coming towards utilizing it. Thus, in this study,
the exploration of this method will be put to service. Furthermore, Fig. 2.7 exhibits that the
adsorption Langmuir isotherm is primarily ruling over the Freundlich adsorption based on the
aforementioned reasons. It has also been observed that the majority of the adsorbents used
for the Pb (II) adsorption, were madified either with OH or COOH or both to target this analyte.
Moreover, for the Cr (VI), the common functional group effective for adsorbing this analyte,

seems to be the NH- in combination with COOH and OH as exhibited on Table 2.3
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Figure 2.7: (a) the optimization methods and (b) isotherms used

2.6 Conclusion

In this study several adsorbents were investigated and reviewed it was discovered that the
majority of the utilised adsorbents were reported with limitations, particularly, requiring the
surface modification to improve the adsorption capacity. This was also noted with the derived
agricultural waste cellulose and most studies opted to either use polymers since they possess
other additional functional groups such as the oxygen based, nitrogen, sulphate based
functional groups or iron for its superior magnetism. It was also discovered that among these
adsorbents, the most efficient and used is the nano composites owing to their superior
properties such as selectivity and the superior magnetism. The enhanced adsorption capacity
was observed, not to mention that amongst the remediation methods, the adsorption process
has been actively involved for the HMIs removal. The adsorption optimisation methods were
also explored, and it was observed that the univariate has been the used method over the
years and now researchers are currently starting to utilise the multivariate methods. For the
removal of Pb (II) and Cr (VI), it was also observed that the majority of the interactions best
fitted the Langmuir adsorption isotherms and the PFO kinetics during the adsorption

experiments as highlighted in Table 2.3 of this chapter.
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CHAPTER (lll): SYNTHESIS OF MAGNETIC CELLULOSE NANOCRYSTALS
DERIVED FROM MAIZE WASTE FOR THE ADSORPTIVE REMOVAL OF LEAD
FROM WASTEWATER SAMPLES

Abstract

Over the past few years, heavy metal ion (HMIs) pollution has become a crucial matter by
threatening human health and the ecological system, owing to their toxic nature. It has been
reported by various researchers that Pb (II) has the potential to transform clean water into a
polluted and non-drinkable water. Thus, this study describes the synthesis and
characterization of magnetic cellulose nanocrystal (MCNC) nanocomposite derived from
maize stalk as an adsorbent for the removal of Pb (II) from wastewater. The synthesised
MCNC using a co-precipitation method was confirmed and characterised using the Fourier-
Transform Infrared Spectroscopy (FTIR), Powdered X-ray Diffraction (P-XRD), Transmission
Electron Microscopy (TEM), Scanning Electron Microscopy (SEM) coupled with the Energy
Dispersive X-ray Spectroscopy (EDX), Ultra-Violet Visible Spectroscopy (UV-Vis),
Thermogravimetric Analysis (TGA), and the Brunauer—Emmett—Teller (BET). The FTIR
spectrum analysis revealed the presence of C=0, COOH, CH, OH and the Fe-O stretching
frequencies. The P-XRD diffractograms confirmed the monoclinic type 1 cellulose with 13
lattice and magnetite cubic spinel phases. The TEM confirmed the needle shape, rods and
spherical or irregular shape and both rods, needle and irregular shapes for the CNC, magnetite
and the MCNC, respectively. The Selected Area Electron Diffraction (SAED) confirmed the
same crystallographic planes as the P-XRD and the particle average sizes obtained for all the
three material was 31 nm, 14 nm and 21 nm for CNC, magnetite and MCNC, respectively. For
the morphology, SEM indicated a smooth fibroid surface of CNC while the magnetite showed
rod like and spherical structures indicating the presence of iron and oxygen. The UV-Vis
spectra displayed the presence of both CNC and magnetite. Furthermore, the thermal stability
studies indicated that MCNC was stable after 600 °C. The BET displayed the surface area,

pore size and pore volume of the MCNC as 56m?%g, 98A and 0,1465 cm?3/g.A, respectively.
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For the removal of Pb (Il), the multivariate optimization tools were used. An average maximum
adsorptive removal percentage of 97% for Pb (ll) with acceptable precision (< 3%) and an
adsorption capacity at 47 mg/g were obtained. The MCNC could still be reused for 4
consecutive cycles with the highest removal of 96%. Moreover, against real wastewater
samples a removal of 53% was achieved. These results showed that the adsorption reaction
followed Freundlich isotherm and Pseudo first order kinetic reaction with the exothermic and

spontaneous thermodynamic reaction.

3.1 Background

The transition to modern life has accelerated the global expansion of developing
countries through industrialization and urbanization. That act had a negative impact on many
water streams, resulting in water pollution in wastewater [1]. The mining, agricultural,
industrial, pharmaceutical, and many more industries are the ones in concern [1-2]. Heavy
metal ions (HMIs), which are harmful, non-biodegradable, and carcinogenic. Moreover, the
HMIs accumulates within the human system and interfere with the metabolic functions. Lead
(Pb) is one of the most utilized and harmful HMIs among cationic ions found naturally in water
[3]. Lead has been removed from wastewater over the years due to the health risks connected
with drinking water usage. As such, many approaches were used in various studies to try to

remove Pb (Il) during wastewater treatment studies.

To effectively remove pollutants, the adsorption process is controlled by the mobility of
the adsorbate from the adsorbent under optimal/experimental conditions such as pH, analyte
concentration, adsorbent dosage, contact time, and temperature distribution [4]. Previously,
most research employed univariate approaches, which optimized one parameter at a time [4].
This has resulted in setbacks such as increased time consumption and costs due to the need
for more reagents [5]. Furthermore, using these approaches limits the interactions of other
factors with both the adsorbent and the analyte. Furthermore, because it is an antique
conventional method, few academics are actively pursuing multivariate applications of this

analytical method [5]. This approach optimizes numerous parameters simultaneously while
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utilizing high adsorption capacity, a larger surface area, be porous, and crystalline adsorbents

[5-6].

Reverse osmosis, solvent extraction, photocatalysis, leaching, membrane filtering, ion
exchange resins, electro-kinetic, and many more methods have been employed in the past,
but their limitations have been demonstrated [6-7]. These include the production of secondary
pollutants, the use of severe conditions, expensive methods, and, in some cases, the need for
regular maintenance, as well as higher energy intensive maintenance [6-7]. Alternatively, the
adsorption process has emerged as a viable option since it is cost-effective, requires little

energy, and creates fewer hazardous byproducts [7-8].

Adsorbents like graphene, carbon and silica-based material have been on the forefront
due to their physicochemical properties such as good mechanical strength, thermostability
and adequate functional groups which provide the capacity to adsorb HMIs due to the potential
of a higher crystallinity and good surface area [5-7]. Yet, these adsorbents are limited in terms
of selectivity, low adsorption capacity, poor dispersion and are costly [8-9]. Researchers are
currently running away from expensive adsorbents and are opting to focus on adsorbents
derived from natural materials like agricultural waste. Maize stalk from agricultural waste
contains a higher content of cellulose [10-11]. Cellulose is a natural organic polymer that
provides similar traits as the commercial ones, although, it comes with added advantages of
biodegradability, recyclable and abundantly available [10-11]. Its advantages also include a
higher crystallinity and surface area though, it also has setbacks like selectivity and low

adsorption capacity.

Various researchers have modified the cellulose surface to enhance the adsorption
capacity and also selectivity [10]. Through the use of different reagents, various authors have
introduced ligands, while others have modified the surface by attaching different functional
groups like amine, carboxylic, hydroxyl and sulphates [12]. In other studies, Soliman et al [13],
Hosseinzadeh et al [7] functionalized the nano adsorbent with magnetite (FesO.) due to its
super magnetism property, for enhanced separation and easy operation that does not require
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tedious methods like centrifuging and filtration [7,13]. Ba-abbad et al [14] developed and
optimised their synthetic method to prepare magnetite nanoparticles with controlled properties
such as particle size, morphological structures, monodispersed surface area and

biocompatibility to ensure there is a higher removal efficiency for HMIs [14].

These studies achieved their desired results using a variation of synthetic methods
which includes solvothermal, hydrothermal and sol-gel, co-precipitation, physical combustion,
thermal decomposition methods [1-3]. Amongst these synthetic methods, the co-precipitation
method has proven to be the most preferred method for producing crystalline FeszOa
nanoparticles while taking into consideration the oxidation states of each element within the

material [14].

In as much as the magnetite nanopatrticles are preferred for adsorptive removal of HMIs
[14-15], they have also shown limitations in exhibiting agglomeration during synthesis but that
can be overcome by adding a stable polymeric material like cellulose for support and allow
ease of dispersity of iron during synthesis [7,15]. According to the authors’ knowledge, it is the
first time reporting the synthesis of the MCNC derived from maize waste (stalk) for the

adsorptive removal of Pb (Il) from wastewater.

3.2 Experimental procedure

3.2.1 Materials and chemicals

Maize stalks were harvested locally in Mankweng, Polokwane, South Africa. The
chemicals and reagents used, were purchased from Sigma Aldrich, South Africa. Sulphuric
acid (H2S0.), Iron Il sulphate Fe(S04)2.7H20, Ferric chloride hexahydrate (FeCls;.6H20), 25 %
diluted Ammonium hydroxide solution (NH4OH), Sodium hydroxide (NaOH), 1.7 % diluted
Hydrogen peroxide (H20.), Glacial acetic acid (CH3;COOH), Nitric acid (HNO3) 65 %, Certified
single elemental standard reference material for Lead (Pb) at 1 000 ppm with 2% nitric acid
were purchased from De Bruyn Spectroscopic Solutions cc, (South Africa). Refrigerated
centrifuge (Dupont Co., Wilmington, DE, Model RC-5) South Africa, Nitrogen gas (N2) cylinder
was collected from Afrox, Limpopo, South Africa. Milli-Q® 1Q water purification system for
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producing 2.8 um ultra-pure deionised water was purchased from Merck-Millipore, Germany.
Sep Sci Lab Tech Shaker purchased from Daihan Labtec, South Korea, 400 L digital oven
purchased from Labotec (South Africa). The Sintered Neodymium Iron Boron (NdFeB)
100mmx50mmx40mm and Membrane filter pore size 0,45 pm and 47 mm diameter were both
purchased from Merck (South Africa). Micropipette and the 0,45 pum micro filters, centrifuge
tubes (50 mL and 15 mL), filter papers 150 cm diameter, were purchased from CC Imelmaan,

South Africa.

3.3 Methods

3.3.1 Extraction methods

The maize stalks were harvested, collected, and washed with deionised water. They
were later cut into smaller pieces and dried at 40 °C in an air-dry oven according to a method
by Silvéro et al [16] with minor modifications. Thereafter, the small pieces of the corn stalk
were then placed inside a blender. They were crushed into a fine powder and sieved to 300-
400 um before use. About 60 g of fine maize powder was weighed and transferred intoa 1 L
Erlenmeyer flask as shown in Fig. 3.1. The 2 % wt. solution of NaOH was transferred into a
1L volumetric flask, thereafter 800 mL of the solution was poured into the maize powder for
the alkaline hydrolysis process to occur. The mixture was heated at 80 °C while under magnetic
stirring for 4 hrs to break the lignin and hemicellulose bond. Initially when the hydrolysis
solution was added, the mixture turned yellow and after 4 hrs the presence of cellulose was

observed when a dark brownish product was formed.
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Figure 3.1: The extraction process of cellulose nanocrystals

The cellulose was left to cool, then filtered with gravity filtration and washed several
times to remove impurities. After filtration, the residue was kept, and the filtrate was discarded

[16].

3.3.2 The purification method of Cellulose Nano Crystals (CNC)

For the purification process, a bleaching solution was prepared by weighing 27 g of
NaOH and poured into a 1 L volumetric flask and 500 mL of deionised water was added to the
flask. In a different flask, a buffer solution containing 75 mL of glacial acetic acid and 75 mL
of hydrogen peroxide with a ratio of 1:1 was prepared in a 250 mL volumetric flask and
deionised water was added to the mark. The buffer solution was shaken for a minute and then
transferred into a NaOH solution, where an additional 250 mL of deionised water was further
added. For bleaching, 35 g of the hydrolysed cellulose was placed in an empty 1 L Erlenmeyer
flask and 900 mL of the bleaching reagent was added. The bleaching occurred for 6 hrs at 80
°C while stirring, to purify the cellulose fibres and until a white gel was observed. The mixture
was allowed to cool for an hr then it was filtered and washed with deionised water multiple
times. The residue was collected and later dried in an oven at 40 °C for 24 hrs. The crystalline

product was then blended into fine particles of powder and sieved as displayed in Fig. 3.1.
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The sieved particles were collected as purified CNC (cellulose nanocrystals) for further

synthesis of the magnetic cellulose nanocrystal (MCNC) and characterization [16].

3.3.3 Synthesis of the Magnetic Cellulose Nano Crystals (MCNC)

The in-situ co-precipitation method was used to prepare the MCNC (magnetic cellulose
nanocrystals) according to a method by Ba-abbard et al [14]. An amount of 2.25 g of
FeS04.7H,O and 8.48g of FeCls.6H>0 were added into a 250 mL Erlenmeyer flask. Then,
about 20 mL of de-ionized water was added to the flask to dissolve the ferrous salt
(FeS04.7H,0) as the Fe?* source and ferrite salt (FeCls.6H,0) as the Fe®* source with a ratio
of 2:1 and an orange colour was observed. Thereafter, 4 g of the purified CNC was further

added to the iron solution as exhibited in Fig. 3.2.
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Figure 3.2: Synthetic process of the MCNC nanocomposite adsorbent

An aliquot of 180 mL of deionised water was further added to the mixture. The mixture
was then transferred into a 250 mL 2-necked round bottom flask. For pH adjustment of pH=11,
40 mL of ammonia solution (NH4OH) of 25 wt.% was slowly added while stirring. The mixture
was degassed with N2 gas for 5 min to remove the noxious fumes. In the presence of a
waterless condenser under nitrogen gas atmosphere, the mixture was vigorously stirred at
1000 rpm and heated to 80°C in a reactor. Immediately a black precipitate was formed, and
the reaction was allowed to proceed for 2 hrs. The precipitate was collected using an external
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magnet and the supernatant was removed by decanting. The MCNC was filtered using a
vacuum filtration and washed with deionized water several times and later placed in an oven
at 40 °C for 24 hrs to remove the remaining moisture. The MCNC was later crushed, sieved

and collected for characterization and the adsorption process was applied [14].

3.3.4 Characterization methods

The FTIR analysis was conducted for functional group identification and confirmation of
the formation of the three materials. The TL-8000 FTIR equipment from PerkinElmer (South
Africa) was used with the transmittance running from 400 to 4000 cm* with a resolution of 10
nm, and the scans were maintained at 32 scans per min. The materials were further confirmed
and quantified by the UV-Vis {SP-UV 500VDB variable slit (colour touch)} operated between
200-800 nm. An aliquot of 3 mL of the sample was transferred into glass cuvettes and sample
analysis was obtained at a specific wavelength depending on the analyte. The data containing
the absorbance at a certain wavelength was collected and converted into a CVS format for
further plotting. The crystallinity, particle size distribution and the phase identification of these
nanomaterials were investigated using the P-XRD. The (P-XRD) analysis was performed on
a 2 theta range from 10-90°. A sample of about 100 mg was placed into a sample holder using
a spatula to make the surface even and introduced into the P-XRD. The phase identification
was performed by searching and matching the obtained diffraction patterns with the powder
diffraction file database with the help of EVA software. The SEM coupled with EDS was used
to identify the morphology and composition of these materials. For SEM, a 500 VP microscope
coupled with EDS was used for morphological and elemental composition analysis. For
sample preparation, the carbon tape was placed on the stub and a tip of a spatula of the
sample was placed on the carbon tape. The sample was then coated with carbon and
grounded. This process helps to eliminate sample charging and electrons accumulating. The
stub was then placed on the equipment with an acceleration voltage-operated on 10 KV. The
detector used was the secondary electron detector with a working distance of about 6.9 nm

and the aperture set at 30 um. Images were then taken at various magnifications between
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(1pm = 200 nm). The TEM (Phillip Technai, G2 F20 X-Twin MAT) was used to confirm the
morphology, particle size, selective area diffraction pattern (SAED) and the lattice plane of the
material. An amount of 100 mg of the sample was placed on the sample 200 mesh size Cu-
grid and the analysis of the materials was measured at 200 Kv, with a current of 48 pA at an
angle of 15°. The TGA was used to evaluate the stability and the decomposition of the
materials using a TGA (Perkin Elmer, South Africa). The measurements were evaluated
between 35 °- 700 °C, heated at rate of 10 °C/min using a thermal analyser from an inert
environment maintained at 20 mL/min of N2 gas. The surface area and porous measurements
were evaluated by N adsorption—desorption at 77K using the Brunauer—Emmett—Teller (BET)
method. The materials were analysed between 80-100 °C for 8hrs. Then later for the
guantification analysis, the adsorbate was measured using the ICP-OES (Agilent 700 series)
under Ar gas at 800 Kpa and plasma flow rate of 22,5 L/min using an ICP expert 2 software.

The wavelength was carried out at 220 nm for the adsorption data.

3.4 Application methods
3.4.1 Sampling of wastewater

Sampling was conducted in one of the wastewater treatment plants (WWTP’s) in
Gauteng, South Africa. On the day of sampling, the weather was sunny. Sampling was
prepared from the wastewater influents where random selection of samples was collected, in
the morning of 12 December 2023 around 10 am. The sampling collection was done randomly
from Epis River, wastewater influent, wastewater effluent and the samples were placed in 500
mL brown, amber bottles. The bottles were previously washed with aqua regia solution. The
samples were then placed in a cooler bag containing crushed ice and rushed to the laboratory.
In the laboratory, it was then filtered to remove solid impurities and the as prepared of 2 %
HNO3; was immediately poured to minimize HMIs adsorption from the container and to
preserve the HMIs. The samples were centrifuged at 10,000 rpm for 10 min to further remove
the solid particles and filtered using a 0,45 micro filters. Then later preserved according to the

procedure that followed the standard methods for the examination of water and wastewater.
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The samples were immediately placed in a refrigerator at 4 °C for further analysis. Thereafter,
a 10 times dilution factor was used to reduce the concentration and the adsorption process

was applied using the verified conditions for too concentrated samples.

3.4.2 Adsorption batch experimental process

The removal of Pb(ll) was conducted using the adsorption process and the parameters
such as were investigated based on the optimal conditions reported in various studies [33,
34]. These include pH (3-6), Dosage (2-50 mg), concentration of the analyte (2-10 ppm),
contact time (10-60 minutes), temperature (25-60 °C) and at the ramping speed of 160 rpm.
These batch experiments were prepared according to the half factorial design method set by
Minitab 18 software and were followed sequentially. After adjusting the pH and adding the
analytes and their concentrations, the dosages were also included in 15 mL centrifuge tubes,
with an aliquot of 10 mL aqueous mixtures. They were placed in a lab shaker at the required
speed and the temperature set according to the half factorial method on Minitab. After
adsorption, magnetic solid phase extraction was used to isolate the adsorbate from the
adsorbent with the aid of an external magnet. After adsorption, 15 mL centrifuge tubes were
placed in between the three external magnets for about a minute to allow the adsorbent to
attach itself to an external magnet. The adsorbate was collected from the centrifuge tubes and
poured via decanting into a 5 mL syringe with a 0, 45 um micro filtered into another 15 mL
centrifuge tube, to add an aliquot of 10 mL volume of the adsorbate. Equation 3.1 was used
to calculate the % removal of Pb (ll) for all the adsorbed samples after the quantification
analysis. To further understand the material, the most influential parameters were further
validated, optimised and the surface response methodology (RSM) of the nano adsorbents

was further investigated.

3.4.3 Multivariate optimization of the adsorption procedure
3.4.3.1 Half factorial design (HFD)

The screening process involves setting up the factorial design according to the required
parameters including the number of experiments performed within the multivariate analysis.
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This can be obtained by calculating the factorial design using the equation of 2™ where n
represents the number of parameters used for designing the experiments. For an example, if
the method used half factorial and requires 5 parameters, it will be noted as 25! = 24 = 16.
This resulted in performing 16 experiments, later subjected to the adsorption process. The
results were analysed using ICP-OES and the % removal was then obtained. The calculation

was achieved using the following formula:

% removal = (Ci-Cf/Ci) *100 3.1

Where the Ci and Cf and the initial and final concentration of the analyte.

3.4.3.2 Response surface methodology (RSM)
Once the percentage removal of the analyte was calculated, it was then used for

determining the significant and non-significant figures using the standardised effects displayed
by the pareto chart. The central composite design (CCD) was further used for the optimization
of the significant parameters whereby 20 trials with similar parameters were optimised
according to the CCD design. The ANOVA was further used to further investigate the non-
significant parameters. The validation process was also conducted by validating the optimal
conditions over 6 trials performed for intra and inter day within a 2hr gap range. The surface
response, surface response optimizer and the contour plots were employed while observing
the factorial regression summary, R? value, R-sq. and the standard deviation. The isotherms,

kinetics and thermodynamic studies were also investigated.

3.4.3.3 The adsorption isotherms, kinetics and thermodynamic studies

Six experiments were conducted using the constant validated optimal parameters of
temperature (60 °C) and time (5 minutes) while varying concentrations within a range of 50 —
500 ppb (50, 100, 150, 200, 300 and 500) ppb. The kinetics, concentration (100 ppb) and
temperature (60 °C) remained constant, while varying time from 0 — 30 minutes (0, 5, 10, 15,

20, 25 and 30 minutes). Lastly for the thermodynamic adsorption studies of temperature were
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evaluated from 25 until 70 °C (25, 30, 40, 50, 60 and 70 °C). The results were analysed and

the plotted using equation formulas listed below.

(Ci=Ce)
w

gmax = Vv 3.2

where gmax IS the maximum adsorption capacity at equilibrium, measured by (mg/g), Ci is the
initial concentration before adsorption (mg/L), Ce is the equilibrium concentration after
adsorption (mg/L), W is the adsorbent mass used and V is the solvent volume measured in L.

The recoveries and re-usability studies were also investigated.

3.4.3.4 Reusability studies of the adsorbent

The reusability studies were conducted using the validated optimal conditions of Pb (I1),
where the method is described in Section 3.2.2.6.2 with validated parameters. Then to
retrieve the adsorbent, a 2 % HNOs acid solution was added to the adsorbent and was
centrifuged for 5 min. The filtrate as an eluent, was collected and the residue was dried in an
air-dry oven at 40 °C for 6 hrs. The dried material was further used for multiple times and the
results obtained were then recorded. With the same optimal parameters, the material was

further used to investigate the capability of removing Pb (Il) ions form wastewater analysis.

3.5 Results and discussion
3.5.1 Characterization

After the synthesis, three materials were obtained, the cellulose nano crystal (CNC),
magnetite (M) nanoparticles and the Magnetic cellulose nano crystal (MCNC). To confirm the
synthesis of the materials, the following techniques FTIR, P-XRD, TEM, SEMEDS, UV-Vis,

TGA, and BET were utilised.

3.5.1.1 FTIR analysis

To confirm the formation of the materials and the functional groups present within the
materials, FTIR was conducted as demonstrated in Fig. 3.3. On the CNC spectra, it can be
observed that 3 peaks are shown, where there is a major broad band located between 3 000

cm™ and 3 350 cm. It was attributed to the stretching vibrational bond of OH, the presence
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of COOH and CH. Furthermore, two additional minor peaks are observed at 1 700 cm™ and
500 cm indicating the presence of C=0, and the aromatic ring, respectively. The M spectrum
displays a peak at 700 cm* which represents the formation of FesO, nanoparticles. This also
correlates with various reports where Fe;O4 was formed within the fingerprint region that is

between 700-750 cm[14-15].

The final spectrum of MCNC confirms the formation of the magnetic cellulose nano
crystal because it has all the peaks observed by the magnetite and the cellulose nano crystal
spectrums. From literature, it was noted that the MCNC also obtained similar peaks exhibiting
the presence of Fe-O stretching bond within the fingerprint region and the presence of CNC
exhibiting similar peaks [14-15]. Since the material were confirmed by the FTIR, these

materials were further characterized using P-XRD analysis.
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Figure 3.3: FTIR analysis of CNC, Magnetite (M) and MCNC
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3.5.1.2 P-XRD analysis

The crystallinity and the phase identification of the three materials (CNC, magnetite and
MCNC) were investigated using the P-XRD as depicted in Fig. 3.4. From the CNC spectra,
seven distinct characteristic diffraction peaks were observed at 26= 11,5° 16,7°; 19,1°; 22,55,
25,89 29,8° and 36,7° which could be attributed to the lattice diffraction planes of (-110), (110),
(002), (220), (021), (004) and (040). These results indicate that the phase formation is
monoclinic type 1 cellulose with 13 lattice planes [17]. This also corroborates with the various
reports [17-19]. Furthermore, our results confirm that CNC indeed exhibited a crystalline
structure and could have an effective impact on the % removal and the enhanced adsorption
capacity later when applying the adsorption process. This is due to the removal of the
amorphous phase during the bleaching stage. The magnetite nanoparticles exhibited six
diffraction peaks at 26 = 22,18°, 30,0°; 35,6° 43,0° 57,2° 62,8° and these were attributed to
the crystallographic planes of (002), (220), (311), (400), (422) and (440) which also agree with
the literature [18,20]. These results also indicate the cubic spinel phase of the crystal structure
of M nanoparticles. This was also confirmed by the joint committee on powder diffraction

standards (JCPDS) card 88-0315.
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Figure 3.4: the XRD analysis of CNC, Magnetite (M) and MCNC

The MCNC exhibited 6 peaks, where two peaks confirm the formation of MCNC, these
peaks are the (010) and the (040) at 26=22,4° and 38,0°. Four crystallographic peaks of (311),
(400), (422) and (440) from the Magnetite nanoparticle spectrum at an angle of 35,49 43,25,
57,3° and 62,7° were identified. Furthermore, amongst these peaks one peak confirmed both
the presence of Magnetite and CNC at displaying two crystallographic planes of (040)
representing CNC and (311) for the Magnetite nanoparticles. This indicated that the presence

of both CNC and the Magnetite also confirmed the formation of MCNC within the MCNC

diffractogram.

The particle size of these materials was calculated using the debye Scherrer equation:

kA
- BCosb 3.3

Where D is the average crystalline size and measured in nm, k stands for the shape factor of
the material and measured at 0,9, the half width at half maximum (HWHM) is represented by

the B values and an angle 0 [18-20]. All the peak position, B=FWHM of these three materials
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were measured and exhibited on the supplementary Table S1. The particles sizes of CNC, M
and MCNC were calculated to be 9 nm: 5 nm and 7 nm, respectively. Moreover, the intensity
of sharp CNC peaks, depicts that the CNC is indeed crystalline. However, it is observed that
after the deposition of M, the MCNC peaks became broader and yet still exhibited sharp peaks,
which suggests that MCNC is not amorphous but semi crystalline. Thus, these results confirm
the formation of the three materials (CNC, M and MCNC) and verify that they are indeed nano
materials. The MCNC is therefore expected to obtain a higher removal of Pb (ll) due to its
crystal nature and its smaller particle size. Moreover, the results also corroborate with various
studies for the formation, the crystallinity, and the phase identification of the materials [6-20-

21]. These materials were further taken for the morphological analysis as exhibited in Fig. 3.5

3.5.1.3 The TEM analysis

The three materials, the CNC, M and the MCNC were further characterized with TEM to
confirm the formation and the diffraction patterns of these materials, and the results are
presented in Fig. 3.5 (a-1). From the presented results in Fig.3.5 (a), evenly distributed needle
like morphology of the CNC as specified by the dotted rod-like shapes and the irregular shapes
were observed. These results corroborate what has been reported in literature, where CNC
displays the rod-like shape and the smooth surface [22-23]. The SAED confirmed the CNC is
crystalline with 4 distinctive patterns as exhibited in Fig. 3.5 (b) which could confirm the
crystallographic planes observed from the P-XRD analysis. The particle size distribution was
calculated using Image J software, where the average distribution particle size of the CNC
was calculated to be 31 nm. The P-XRD analysis confirms that the CNC patrticle size was the
largest amongst the other two materials (MCNC and magnetite) and TEM also confirmed the
same finding. These results are corroborated with studies where the average particle size for

the CNC ranges between 20-50 nm [24-25].

Fig. 3.5 (d-f) represents the morphological, diffraction patterns and the particle sizes of
the Magnetite nanoparticles. In Fig. 3.5 (d), two morphological shapes, rod like or cubic shape
and the irregular or partially spherical shapes showing a bit of agglomeration were observed.
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These results concur with studies from literature, where rod like and spherical shapes were
identified [13,26]. The SAED results displayed in Fig. 3.5 (e) indicated the material is
polycrystalline with various diffraction patterns which could also be confirmed by the P-XRD
results where 6 diffraction planes were discovered. The average particle size distribution of
Magnetite was calculated to be 14,82 nm and most sizes were ranging between 15-20 nm as
exhibited in Fig. 3.5 (f). The Magnetite particle size results differ slightly from the P-XRD
analysis where the average size was calculated to be 4.98 nm. This could be due to the
agglomeration that was noted in the morphological analysis, which shows a lot of clustering
and aggregation of the nanopatrticles resulting in a higher particle size analysis comparing to

the individual crystallite sizes from XRD.
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Figure 3.5 (a-i): The morphological, SAED and particle size distribution of CNC,
Magnetite and MCNC

For the MCNC morphological analysis (see Fig. 3.5 g), three shapes; the rod like or
cubic shape, irregular or spherical and the long needle like shapes were observed. The long

tube indicates the presence of CNC, the rod like and the spherical or irregular shapes indicated
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the presence of magnetite. Moreover, the grains as exhibited by the single dotted line in
Fig.3.5 (g) shows that they are oriented at different directions which confirms that the material
is polycrystalline. The SAED results Fig. 3.5(h), also confirmed the polycrystallinity nature of
the material, which had an average patrticle size distribution of 20,82 nm. These results confirm
the formation of a crystalline material composed of both the Magnetite and the CNC

nanoparticles.

3.5.1.4 The SEM/EDS analysis

The morphology of the CNC, M and MCNC were investigated using the SEM coupled
with the EDS for elemental composition. In Fig. 3.6 (a), a smooth surface of CNC was
observed. The results are similar to the morphology obtained in a study by Liu et al [27]. They
indicated that the smoothness comes from the crystallinity of the material [27]. In Fig. 3.6(b),
two shapes were observed, the rod-like and the cubic or spherical morphology and these are
corroborated by the TEM results. This could be due to the presence of iron and oxygen
molecules that were confirmed previously by the Fe-O bond from FTIR. Literature has reported
various morphologies of Fe;O4 nanoparticles in different studies [14]. Most of the optimised
synthetic methods vary in terms of parameters like precursors, solvents, and calcination
temperatures to control the particle size and the morphology. Studies that used the co-
precipitation method while using Ferric chloride tetrahydrate (FeCls;.4H,O) as a precursor
mostly obtained spherical structures for the FesO4hanoparticles [23,26]. When Ferric Chloride
hexahydrate (FeCls.6H>0) was used mostly, rod like morphologies were formed [26]. This
could be due to the excess oxygen molecules that transformed the spherical Fe;O4 to a rod-
like structure of FesO4. Furthermore, in one of the studies, Ba-abbad et al [14] also optimized
their synthetic parameters when using the co-precipitation method [14]. They formed cubic
structures when they used a precursor of FeCls;.6H20 and added 25 (wt.) % of ammonium
hydroxide solution during synthesis and they attained a mixture of rods and cubic structures.

This was confirmed by a balanced chemical reaction product of

FesO4, Fe?* + 2 Fe¥* = 80H — Fes04 + 4H,0 [14,28]
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Figure 3.6(a-d): SEM and EDS analysis of CNC, Magnetite and MCNC

These results were also corroborated by Kulkarni et al [28] where the co-precipitation
method was used under similar conditions but drying at 100 °C instead of 40 °C and obtained

only cubic morphology for the Fe;O. nanoparticles.

The MCNC displayed in Fig. 3.6(c) also showcased the formation of FesO4 nanoparticles
by exhibiting similar morphologies of Magnetite and CNC nanoparticles prompting the
presence of FesOs4 and cellulose nanocrystal within the formation of MCNC. The MCNC
morphology confirmed by the presence of the fibroid structures and sitting as a support and a
stabilizer for the Magnetite nanoparticles. Moreover, this indicated that it allowed the dispersity
of Magnetite molecules on to its surface to prevent Magnetite from agglomerating.
Furthermore, the results confirm the combination of CNC and Magnetite nanoparticles and the

formation of the MCNC composite.

The elemental composition of these three materials is also displayed in Fig. 3.6(d) where
carbon (49 %) and oxygen (48 %) are present in CNC bar and the carbon molecules are
slightly dominant to the oxygen groups. The presence of Iron (74%) and oxygen (26%) is also

observed in the Magnetite nanoparticle material bar, with iron molecules more dominant.
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Finally, with the MCNC material bar, the presence of carbon (43 %), oxygen (35 %) and iron
(20 %) were noted, where carbon is the dominant and key element of the material. This
confirmed the formation of MCNC material, where the Magnetite nanoparticles and CNC
materials are present within the MCNC bar. These results correlate with the FTIR, XRD and
SEM data, confirming that all our materials have been formed as anticipated. To further
confirm the optical properties of these materials, they were further characterized by the UV-

Vis spectroscopy.

3.5.1.5 UV-Vis analysis

The CNC, M and the MCNC materials were further evaluated for the optical properties
as shown in Fig. 3.7. For the CNC results denotes an absorption peak was at 320 nm. This
gives an idea that the CNC is expected to absorb at lower wavelength. This can also be
confirmed by reports where it was visible within the range of 200 — 350 nm [26-27]. In the
magnetite nanoparticle spectra, the absorption peak at 264 nm was noted. Wang et al [27]
and Khalid et al [26] also observed the absorption peaks at 276 nm and 230 nm, respectively
[26-27]. According to their findings, this peak resulted from the effect of oxygen-charged

molecules when transitioning [26]. It can be explained by a chemical reaction which follows:

Oz — Fe?" + 0% — Fe3* [26].

Kulkarni et al [28] also reported the same adsorption peak at 400 nm using the same
co-precipitation method [28]. Their justification for this absorption peak was due to the
combustion of oxygen [28]. Therefore, this then can confirm and corroborates with literature
that Fes04 absorbs within the range of 200 — 400 nm [23,26]. The MCNC spectra confirmed
the formation of MCNC material by indicating an absorption peak at 320 nm which confirmed
the presence of CNC. Moreover, the tiny peak also displayed at 250 nm also confirmed the

presence of iron within the MCNC material.
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Figure 3.7: UV-Vis analysis of CNC, M and MCNC nanoparticles.

3.5.1.6 The TGA and DTG analysis

The TGA was conducted to investigate the thermal stability of CNC, M and MCNC
materials as exhibited in Fig.3.8 (a). All the materials displayed three thermal curves. Starting
with the CNC nanoparticles, the first minor thermal decomposition curve was observed
between 33 — 800 °C and that amounts to a weight loss of 5,16 % of CNC also listed in Table

3.1. This could be attributed to the evaporation of moisture heated at 100 °C.

(a) (b)
Ly 0,48 -
£ g
75 - 3
@ E 0324
= o
= =
D 50 a
2 0,16 -
CNC  MCNC
25 | MCNC
0,00 -
Nc T T T T
0 5 260 460 660 86( 0 200 400 600 800
Temperature (°C) Temperature (°C)

Figure 3.8: (&)TGA and (b) DTG analysis of CNC, M and MCNC nanoparticles



The second major decomposition curve was observed between 235 and 441 °C at a
percentage loss of 67,87 %. This could be attributed to the decomposition of the amorphous
phase during the hydrolysis process that occurred during the treatment method, which broke
the glycosidic bond from the natural fibres for the formation of crystalline CNC and reports by
Lu et al [29] and Silvero [16] et al corroborate these findings [16, 29]. The last decomposition
curve for CNC was observed above 400 °C, this could be accredited to the bleaching process
that has removed the hemicellulose and the lignin. Furthermore, the leftover carbon after
bleaching treatment was transformed and compelled CNC to decompose above 400 °C, even
though it might have also been slightly stable at that temperature [17]. Moreover, the CNC
showed a higher weight loss of 28% amongst the other materials which could be due to the
presence of carbon with a rapid decomposition between the temperature range of 235 and
441 °C. This was also confirmed by the DTG thermogram where the CNC showed the higher

decomposition peak around 296 °C as exhibited in Fig. 3.8 (b).

The magnetite thermogram also indicated three decomposition peaks as displayed in
Fig. 3.8 (a), where the first decomposition occurred when M was heated from 33 and 197 °C
with 24,14 % weight loss. This could be attributed to the loss of moisture. The second weight
loss peak was observed from 206 until 310 °C with a major weight loss of 37 %. Moreover, in
the DTG thermogram exhibited in Fig, 3.8 (b), a major peak was observed at 225 °C which is
also in agreement with the TGA. This weight loss could be attributed to the decomposition of
oxygen. The last peak representing a weight loss, was found between 503 and 725 °C with a
minor loss of 2,79 %. In comparison to the CNC thermogram, it could be highlighted that the

M thermogram was more stable than the CNC due to the decomposition of carbon.

Lastly, the MCNC thermogram also exhibited three decomposition peaks. A 7,15 %
weight loss occurred during the removal of moisture between 33 - 216 °C as depicted in Table
3.1. Thereafter, a 40% weight loss between 288 and 384 was observed. This was also
confirmed by the DTG thermogram of MCNC in Fig. 3.8(b) at 329 °C. Moreover, the MCNC,

exhibited a similar degradation peak from that of the CNC as displayed in Fig. 3.8(b). This
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could be due to the thermal degradation of the magnetic nanocomposite [20,24]. Furthermore,
this confirmed the presence of iron which also compelled peak shifting and exhibited less
stability from CNC. In comparison, the MCNC was more thermally stable compared to

magnetite nanoparticles and CNC, respectively.

Table 3.1: The thermal decomposition percentage of our material

Initial weight Major loss Final Maximum
Loss (%) weight loss ~ decomposition
(%) (%) temperature (°C)
CNC 5,16 67,87 11,28 235
M 24,14 37.41 2.79 191
MCNC 7,15 40,35 4,75 288

3.5.1.7 The BET analysis

The CNC, M and MCNC materials were taken for BET analysis (Fig.3.9) for investigation
of the surface area and porosity. The N, adsorption-desorption curves are represented by a
star for CNC in Fig. 3.9(a), spherical curve for Magnetite and diamonds for MCNC. All these
curves, each have an inlet of a pore size distribution plot. The last image is the surface area

plot of all the materials represented in Fig. 3.8(d).

For the CNC material, the specific surface area, pore size and volume were measured
to be 3,44 m?/g, 0,037 cm3/g.A and 107,96 A, respectively. The CNC BET curve indicates a
type 2 adsorption isotherm starting with micro porous layers with a possible low adsorption
rate particularly at low relative pressures. This can suggest that during adsorption, the
interaction between the analyte and the adsorbent might be weak. However, it was also
observed that a rapid adsorption which is increasing also suggests that the material has a

monolayer surface, allowing an effective adsorption.
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Figure 3.9: The N adsorption-desorption isotherms and the BJH pores sizes
distribution plot type of (a) CNC, (b), Magnetite and the (c) MCNC materials with their

relative surface area plots.

These low surface area results concur with data reported in literature using extracted
cellulose from the agricultural waste. Sun et al [30] and Karim et al [31] obtained less surface
are of 1,90 and 3,10 m?/g, respectively [30-31]. However, in other reports the surface areas
ranged between 8 m?/g to a maximum of 13 m?/g and that could be attributed to subjecting

their CNC to freeze drying method [22,32].
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Table 3.2: The specific surface area, pore size, pore volume and the R? value of the

surface area plot

Material Surface area Pore size Pore volume R? value
Mg A cmd¥g. A

CNC 3,444 107,96 0,037 0,976

M 92,15 96,64 0,229 0,9996

MCNC 52,65 98,93 0,1465 0,9998

The magnetite nanoparticles reported a higher surface area of 92 m?/g and an increased
pore volume of 0,229 cm3/g. A. A type 4 adsorption curve was noted, and it also showed
multilayers of micro and mesoporous surface at low pressure, and assuming to increase at
higher pressures filling the monolayer surface. Moreover, the desorption isotherm exhibited
similar behaviour when starting with a saturated multilayer surface at higher relative pressure
and desorbing rapidly with decreasing pressure. This suggested that adsorption would be

assumed to be caused by its porous surface property.

The MCNC noted an increase in the surface area from 3, 44(CNC) to 52,65 m?/g
(MCNC) as shown in Table 3.2. The pore volume and the pore diameter of MCNC also
improved from 0, 037 to 0,1465 cm?3/g.A and 12,5 to 25,5 nm, respectively. The increase in
surface area and pore volume might have minimised aggregation of the cellulose when
functionalizing it with magnetite nanoparticles [30]. The N, adsorption-desorption also
exhibited a type 4 isotherm caused by the presence of magnetite nanoparticles with similar
traits to the magnetite curve. A gradual increase in adsorption caused by mesoporous surface
and an increased adsorption with increasing relative pressure was noted. This continued with
a rapid increase caused by a monolayer surface and finishing with a microporous surface.
These results can assume that the surface material contains two layers (mono and multilayers)
constituting of the mesoporous and microporous surface. These results predict that, the higher
surface area and porosity of MCNC could be conducive for the adsorptive removal of Pb from

water [30]. In comparison with the reported studies, it can be safely reported that with the
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improved properties, the surface area of MCNC is higher than most of the reported MCNC
from agricultural waste. A surface area of 1,33 m?/g was obtained from Nordin et al [33], 13,96
m?/g by Ariaeenejad et al [34] and the 56,50 m?/g obtained from the study reported by Sun et
al [30] which are less than the surface area obtained from this study (56,65 m?/g) [30,33,34].
After confirming the formation and properties of the MCNC adsorbent, it was further

investigated for the adsorptive removal of Pb (II).

3.5.2 Application results

3.5.2.1 Screening
The MCNC nanocomposite adsorbent was used to adsorb the Pb (lI) based on the

lowest and highest optimal conditions reported by various reports from literature and the

parameters are captured in Table 3.3.

Table 3.3: Minimum and maximum optimal parameters from various studies

Parameters Minimum Maximum
Dosage (mg) 2 50
Concentration (ppm) 2 8

Contact time (min) 10 60
Temperature (°C) 25 60

pH 3 6

3.5.2.2 Half factorial design (HFD)

The 16 experiments were conducted and the pareto chart as exhibited in Fig. 3.10 was
measured showcasing the significant parameters obtained after the half factorial design (HFD)
during the screening process. The half factorial screening results are presented on the

supplementary information as Fig. S.1. Data extrapolated from those results was used to
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generate the standardised pareto chart results, as represented in Fig. 3.10. The pareto chart
signifies three parameters that include time, concentration and dosage as the most effective
parameters within the adsorption reactions. This is shown by the standardised dotted line
across the result, the parameters appearing on the right hand are the significant parameters.
The ones appearing on the left of the dotted line indicates the non-significant parameters. So,
the non-significant parameters according to the results presented in Fig. 3.10 are the pH and
the contact time. This can also be verified by the analysis of variance (ANOVA) graph which
indicated that the p-values of pH and time as 0,629 and 0,713 as shown in Fig. S.2. The
results stipulated by the ANOVA rule stating that any factor that is below 0,5 is significant and
more than 0,5 is not significant, hence the significant and non-significant parameters were
clearly obtained. During the experimental procedure when the % removal of Pb (Il) was

calculated, a higher dosage seemed to have had a positive effect on the experiments.

Pareto Chart of the Standardized Effects
(response is % Pb. a = 0,05)

Term 2,447

B
A
BC
Factor Name
A Time (min
AD B Concentration(ppm)
C Temp
AB D pH
E Dosage (mg)
BD
D
C
0 1 2 3 4 5 6 7

Standardized Effect

Figure 3.10: Pareto chart of the standardised effects for Pb (II)

The dosage has a significant effect on the active sites of the adsorbent carries, according

to another research that has already been conducted [10,13]. It was also noted that adding
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more dose to reach equilibrium saturation of the adsorbent could not help the reaction; hence,
the effective dosage is required when conducting experiments [13]. Considering that when the
adsorbent has enough porosity and has also acquired a large surface area, it can easily trap
the Pb (I) ions within these pores allowing for enhanced adsorption capacity [15-32]. This is
also verifying to BET results presented in Fig. 3.9 (c). It anticipated for the physical adsorption
caused by the multilayer surface. Moreover, MCNC showed an enhanced surface area with
the adequate pore size which allowed the analyte to be trapped within the pores [35].
Furthermore, it can also be noted that by virtue of having magnetic properties which also
contributed to the adsorption, the analyte as the metal ions, were attracted to the magnetic
adsorbent via the electromagnetic field. At higher concentrations of 50 mg, less removal was
observed. The pH and time did not give much of a difference and literature also stipulated that
electrostatic interaction of the cationic analytes like Pb (II) when they interact with the
adsorbent, particularly at acidic conditions, they tend to also increase the removal percentage
of the analyte [36]. This was reported by different reports since pH was reported the most
effective where these indicated that the cationic analytes are easily attracted by the
electrostatic reaction created when the proton from the acid binding to the analyte and for the
alkaline solution tend to precipitate the Pb (II). Hence, it is mostly active within the less acidic
environment [4,24], However, in this study, that was not the case, the interaction confirms
dosage to be the leading parameter as already stipulated with an adequate surface capacity.
On the same note, the significant parameters were later optimised and validated to attain the
optimal conditions following the CCD method which designed 20 more experiments for

optimization.

3.5.2.3 Response surface methodology (RSM)
3.5.2.3.1 Multivariate optimization of the adsorption procedure

The CCD optimization procedure was utilised to investigate the interaction between the
Pb (Il) and the MCNC surface. Thus, a representation of results composed of these

parameters (time, dosage and concentration) is represented in Fig. 3.11. The contour plot
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quantifies the parameters against each other. The best percentage removal against Pb (Il)
using the three parameters was when it showed a dark green colour outside the plot. It shows
that these olive colour can only be observed when the percentage removal is over 95 %. So,
based on the results appearing in Fig. 3.11, for the contour plot results, the optimal value for
contact time was less than 10 min, dosage more than 60 mg and concentration less than 1
ppm. The surface plot showed the highest removal occurred when the dosage was more than
60 mg, and the concentration was around 1 ppm. These results are also corroborated by the

surface plot and the surface optimizer where these parameters were confirmed.
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Figure 3.11: Contour plots and the surface plot results of MCNC against Pb (ll)

The surface optimiser is a tool that optimises the surface of the adsorbent and is also
used to confirm the parameters obtained from the contour plot and the surface plot. From the
analysis, it was noted that contact time was best at 5 min and dosage 66,30 mg. This predicted
that the desired values for the removal of Pb (ll) will be based on these parameters as
exhibited in Fig. 3.12. The results are shown and written in red on the middle of the higher

and lower conditions.
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Figure 3.12: The surface optimizer of MCNC against Pb (ll) ion removal

In addition to the results presented in Fig. 3.12 from the surface optimiser, the pH and
time was also included, amongst the optimised parameters. Since they were not significant
during the screening process. So, the selected value of these parameters was guided by
following the majority of reported articles that states their efficient values. Thus, the pH was
kept at 6 and contact time at 5 min. Using similar conditions, the other adsorbent material such
as CNC and magnetite were also validated together with the MCNC. This was conducted to
monitor and to compare the efficiency of these adsorbents. Each analysis for the various
adsorbents was conducted three times using inter day experiments that were later presented

in Fig. 3.13.
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Figure 3.13: Validating three adsorbents against Pb (ll)

According to the results, the CNC was the least effective adsorbent with the highest %
removal of 7.5 %. This could have been due to the hydroxyl groups that are not efficient for
heavy metal removal in water [32-35]. Magnetite had a better removal than CNC (65%) but
less than the MCNC (98%). This could have been due to the magnetic properties, they
possess. The results confirms that the MCNC had a better efficiency than the rest of the
adsorbents, which could be that the iron enhanced the MCNC giving the best removal
efficiency. This could be caused by the better affinity and the efficient rate of adsorption,

particularly required from the adsorbents for water treatment [4].

To further understand the interaction between the MCNC and the Pb (II), an investigation
of the isotherms, kinetics and thermodynamics studies were conducted and analysed and the

adsorption capacity of MCNC was further calculated.
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3.5.2.4 Adsorption isotherms

Two adsorption isotherms models (Langmuir and Freundlich isotherms) were evaluated
to investigate the relation interaction of MCNC adsorbent and Pb (ll). The results obtained

from that investigation are captured in the supplementary information presented as Table S2.

Based on the adsorption isotherm governing the interaction between Pb (Il) and the
MCNC as an adsorbent. It has undergone the evaluation of two adsorption isotherms as
presented in Fig. 3.14 (a) and (b). Which exhibits the investigated results of Langmuir and
Freundlich adsorption isotherms and displays decided which interaction occurred between the
chemisorption and the physisorption the reaction followed. The results demonstrated that the
reaction can be physical also chemical. When comparing the two, it is observed that the
reaction best fits the Freundlich isotherm with a R? value of 0,9889 since it is more than the
adsorption Langmuir (0,98468) isotherm. The results confirm a Freundlich isotherm governed
by the physical interaction corroborated with the BET results that confirmed the multilayer
surface appropriate for the heterogeneous adsorption process. Anticipating on the
physisorption isotherms as confirmed by the relative coefficient according to the results
exhibited in Fig. 3.14 (b). This confirms the that the MCNC had multilayered active sites and

a large pore volume which allowed an efficient interaction between the Pb (II) and MCNC.
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Figure 3.14: (a) Langmuir isotherm and (b) Freundlich isotherm

The physisorption mechanism between the adsorbate and magnetic cellulose
nanocomposite in their aqueous solution is caused by weak van der Waals forces as it occurs

on the adsorbent’s crystal surfaces as described in Figure 3.15.

Adsorbate

Vo v
88338 8 9

?/?///9/7/////9////

Adsorbent

Multilayer physisorption process as revealed by the Freundlich
and BET isotherm models

Figure 3.15: Physisorption mechanism between the Pb (II) and MCNC

The results further confirmed that the chemisorption reaction was not favoured and can
be corroborated by the insignificant factor of pH where the electrostatic attraction was
supposed to be active. This could suggest that an interaction caused by a covalent bond on

these studies which was governed by the chemisorption during the Langmuir adsorption



isotherms did not occur in this study. Therefore, these results do not corroborate with those
studies [36]. To understand how the interaction between Pb (lI) and MCNC occurred, an

investigation on kinetics studies was further conducted.

3.5.2.4.1 Adsorption kinetics reaction models

The following results were obtained from the adsorption kinetic studies conducted
between 5-30 minutes, while other optimal parameters were kept constant. To obtain the linear
regression coefficient, equation 2.4 and 2.5 were used which assumes the PFO or the PSO

models. These models are exhibited in Fig. 3.16.
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Figure 3.16: (a) PFO model and (b) PSO model

According to the results presented in Fig. 3.16, the correlation coefficient indicated that
the reaction best fitted for PFO with the value of 0,97 and did not follow the PSO which says
0,91. The PFO confirms the two active sites of the MCNC which has the ability to bind one
adsorbate molecule. This indicates that one active site of the adsorbent binds to one adsorbate
molecule. Furthermore, the kinetics interaction did not fit the PSO kinetics which could have
been due to the over saturation of the adsorbent affected by two reactants [36]. This could
have been due to the addition of magnetite on to the surface material that also had a positive

effect and attracted more Pb (1) as a cationic metal ion [36]. These results do not agree with
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literature presented in Table 2.3 from the previous chapter where the kinetics reaction followed

the PSO kinetic model.

Table 3.5: The adsorption isotherms, kinetics and thermodynamics studies

a) Isotherms Parameters

Type of Isotherm Parameter Results
Langmuir Qmax (Mg/g) 47,70
K. (L/mg) 0,07
Ry 0,21
R? 0,98
Intercept 0,02096
Slope 0,28271
Freundlich Ke 2,83
1/n -1,48
R? 0,96
Intercept 0,45253
Slope -1,48466
Type of Kinetic models
PFO Qe exo (MQ/Q) 8,293649
K1 (min) 0,070516
PSO R? 0,04133
Intercept 19,66
Slope 4,62
ge (mg/g) 0,21
ge? 0,04
Kz (g/(mg.min) 1,08
R? 0,58
Intercept 0,0015
c)Thermodynamic Slope 0,0010
AH (KJ/mol) 0,0084
AS (J/K.mol) 0,00018
AG (J) -0,0622
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Figure 3.17: Thermodynamic studies of MCNC against Pb (Il)
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The thermodynamic studies were conducted from 25-40 °C and the results obtained
were used to plot a thermodynamic graph as displayed in Fig. 3.17. According to the results
(AG= -0,06 J, AH=-0,08 KJ/mol and AS= 0,0018 J/K.mol), the reaction was exothermic and
spontaneous with an increased entropy reaction. To investigate the stability of the MCNC

adsorbent, the re-usability studies were investigated.

3.5.2.4.2 The reusability of MCNC nano-adsorbent

The same optimal conditions were used to conduct the re-usability and the results of the
reusability and the FTIR are exhibited in Fig. 3.18 (a) and (b). According to the results, the
removal of Pb (1) using MCNC was 97% with the first cycle and was stable and re-usable until
the 4™ cycle with the removal of 94 %. A minimal reduction in the degradation efficiency was
noted till the 4" cycle as the nano adsorbent still had a removal of 94%. This suggests that
the material was highly efficient and cost effective. Moreover, the material was still intact and

did not degrade as shown in the FTIR analysis.
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Figure 3.18 (a) re-usability studies and (b) the FTIR analysis

3.5.3 Conclusion

The MCNC was synthesized from the combination of magnetite and cellulose that was
previously derived from the agricultural waste. FTIR, XRD, SEM, EDS, UV-Vis, TGA and BET
technigques confirmed the physical, morphological, optical, and surface properties of the

MCNC, M and CNC. The MCNC nanocomposite proved to be stable and crystalline, owing to
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XRD, TGA and DTG. The MCNC nanocomposite surface area, pore volume and diameter
were improved by the functionalizing it with M nanoparticles. The MCNC was able to remove
over 97 % Pb (ll) from the aqueous water with the maximum adsorption capacity of 47 mg/g
at optimal conditions of 60 mg, 5 min, 10 ppm, pH=6 and 60 °C. The MCNC material could be
reused for up to 4 cycles. From the linear isotherm and kinetic plots generated in this work, a
correlation value of R2 = 0.9889 was noted and it can be concluded that the adsorption process
is physisorption and a heterogenous multilayer interaction as the Freundlich model. The
thermodynamic studies showed an increase in entropy with a spontaneous endothermic

reaction.
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CHAPTER (IV): FABRICATION OF POLYETHYLENEIMINE-FUNCTIONALIZED
MAGNETIC CELLULOSE NANOCRYSTALS FOR SELECTIVE ADSORPTION OF
CHROMIUM FROM AQUEOUS SOLUTIONS

ABSTRACT

Heavy metal pollution, including hexavalent chromium ion, Cr (VI), possess health threats to
the environment [1]. Therefore, this calls for researchers to fabricate low-cost adsorbents that
can rapidly and effectively remove Cr (VI) from contaminated wastewater. The current study
describes the synthesis and modification of the cellulose nanocrystal crosslinked with TEMPO
and grafted with polyethyleneimine and magnetite (MCNC-TEMPO-PEI) derived from maize
stalk. The crosslinking with polyethyleneimine (PEI) was conducted by using 2,2,6,6-
tetramethylpiperidinyloxy (TEMPO) to enhance the selectivity of the MCNC-TEMPO-PEI
towards Cr (VI) ions. The final nanocomposite (MCNC-TEMPO-PEI) was characterised using
FTIR, P-XRD, TEM and SEM coupled with EDS. The FTIR analysis confirmed a successful
formation and the presence of carboxylic acid, amine groups and the incorporation of the Fe-
O bond on the final nano composite (MCNC-TEMPO-PEI). The P-XRD confirmed the crystal
structure for CNC-TEMPO and the amorphous nature for both the CNC-TEMPO-PEI and the
MCNC-TEMPO-PEIMCNC-TEMPO-PEI. The analysis from TEM confirmed a smooth and oval
surface for TEMPO-CNC and an irregular morphology for the CNC-TEMPO-PEI. Furthermore,
the MCNC-TEMPO-PEI exhibited four morphologies, the smooth surface, needle like, an
irregular and oval morphological shape from the TEM analysis to confirm the formation and
incorporation of TEMPO and PEI. The adsorption performance of MCNC-TEMPO-PEI on Cr
(VI) was investigated by using univariate optimization tools. The optimal parameters of MCNC-
TEMPO-PEI were dosage = 30 mg, concentration = 5 ppm, temperature = 25 °C, contact time
=15 min and the pH = 2. The 5 adsorbent materials were evaluated against each other, and
the results indicated that the MCNC-TEMPO-PEI showed the highest adsorption capacity of
4,4 mg/g with a 98 % removal. The interaction between the adsorbent and the adsorbate
indicated that the reaction best fitted the Langmuir adsorption isotherm with the correlation

coefficients of 0,93378 following the PSO kinetic model confirming the chemisorption of the
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electrostatic interaction with Cr (VI) ions in addition to the magnetic and ionic exchange forces.
The thermodynamic interaction indicated a non-spontaneous endothermic reaction with a
favourable reaction. The adsorbent could be reused at least 8 times with a removal efficiency
above 75 %. The results revealed that the real wastewater sample that was analysed from

this study did not contain Cr (VI) ion.
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4.1 Background

Chromium (Cr) is regarded as one of the most poisonous heavy metal ions (HMIs) and
has unfortunately become notorious in the field of study [1-2]. It is a metalloid that can be
found in natural and man-made contexts [3-4]. Natural sources of Cr include water, air, soil,
and minerals created by anthropogenic activities such as metallurgy, electro-plastics, leather,
battery manufacture, insecticides, and others [1-2]. Chromium exists in several oxidation
states, ranging from (II) to (VI), with (11l) and (VI) being stable in natural water [2]. It is known
to be the seventh most plentiful element on Earth, although it is also known to be more
poisonous than Cr Ill [3-4]. Thus, researchers have attempted to remediate Cr (VI) ions due
to their toxicity as they were undetectable at quantities of less than 1 ppb in a sample [5]. Cr
(VI) may now be identified at lower gquantities thanks to a complexing compound known as
1,5-diphenylcarbazide (DPC), making quantification easier when attempting to eliminate it

[4,6].

In addition to its toxicity, it has been shown to be carcinogenic, extremely oxidative in
nature, bio-accumulative, and very reactive [8-9]. Thus, the Environmental Protection Agency
(EPA) and the International Agency for Research on Cancer (IARC) have named Cr (VI) ions
as the number one carcinogen [5]. Its maximum containment level (MCL) in water must not
exceed 50 ppb, hence quantities of no more than 20 ppb are permitted in drinking water. It
has grown to be more dangerous to humans when taken at concentrations higher than those
permitted in drinking water. Meanwhile, it invades human organs and easily infiltrates the
human cell wall, releasing its toxicity within the human cell [5-9]. As a result, increasing health
concerns including cardiovascular effects, kidney, bladder failure and immunological disorders
[5-7]. Itis therefore very crucial to obtain access to clean water without fear of toxins in drinking

water.

Researchers have studied a variety of remediation strategies to treat wastewater and
remove Cr (VI) from water in recent years, including ion exchange, flocculation,

electrochemical, reverse osmosis, and chemical precipitation [10]. However, several
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disadvantages have been found, including the use of harmful chemicals, the need for multiple
treatments, more maintenance, and more energy-intensive procedures [10,11]. Consequently,
the adsorption process has several advantages over conventional approaches, including its
simplicity, high adsorption effectiveness, suitability for industrial applications, low energy
consumption, and many others [11-12]. The adsorption is a removal process in which the
adsorbate interacts with the surface of an adsorbent material via the attraction forces that

regulate physisorption or chemisorption.

These governing factors for physisorption include weak Van Der Waals interactions,
hydrogen bonding, and ion exchange, with the latter occasionally involving electrostatic
attraction between the adsorbent and the adsorbate [13—14]. This works flawlessly in a setup
with porous or mesoporous adsorbents. In contrast, chemical adsorption (chemisorption) is a
process driven by factors such as chelation, covalent, ion exchange, and coordination bonds
[13-14]. Chemical interaction bonding, which is activated by functional groups on the
adsorbent surface, holds the adsorbate molecules to its surface [15]. The technique is well-
known for its cost-effectiveness, increased adsorption capacity, and economic value [13-15].
Thus, researchers prefer adsorbents that must have a larger capacity for effective removal of
Cr (VI). The commercial adsorbents are effective but tend to also show limitations of low

adsorptivity, selectivity and expensive.

Biosorbents derived from agricultural waste are the hotspot and have sparked interest
in recent years due to potential widespread availability, biocompatibility, effectivity and cost
efficiency [16]. A number of investigations have used agricultural waste adsorbents to
eliminate HMIs. Furthermore, agricultural-based adsorbents are selected by several
researchers because they have a high concentration of carbon and cellulose, which are
commonly employed for stability and dispersion [16]. These agricultural-based adsorbents are
derived from corn, rice husk, newspaper, seed shells, and other sources [16—17]. Zhao et al
[18] produced activated carbon from maize stalk to remove Cr (VI) and achieved an adsorption

capacity of 90 mg/g [18].
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Cellulose nanocrystal (CNC) is a biopolymer with several OH functional groups, yet
these OH groups reduce the selectivity of the targeted analytes [19]. This is feasible when the
reaction occurs when carried out in the presence of NaBr and NaClO as the principal oxidant
and catalyst for the production of sodium carboxylates [22]. The use of TEMPO has additional
benefits, such as selectively converting the major OH groups, particularly at the C6 position of
the CNC surface, to COOH groups without altering the original CNC crystal [22-24]. This drives
it to create functionalized CNC with reduced particle sizes and diameters [22—24]. As a result,
the number of carboxylic groups increases, as does the specific surface area, crystallinity, and
specific strength [24]. Furthermore, it introduces strong amino groups that are useful for

increased adsorption capacity due to the addition of another polymer like polyethyleneimine.

Polyethyleneimine (PEI) is a branched or linear type polymer with abundantly available
amino groups in primary, secondary, and tertiary amines, permitting the availability of positive
protonation and anionic adsorbents which could target both cationic and anionic analytes,
using electrostatic interaction during adsorption [19,24]. In the presence of glutaraldehyde
(GLA), it permits the PEI functionalization with carboxylic groups as a bridge by a Shiff base
structure reaction to form a carbon and a nitrogen bond through dehydration condensation
[24-25]. This ensures there is a strong photophilic property, which allows for mechanical
strength and a formation of strong hydrogen bonds with the proton donors [24-25]. In this
case, permitting the carboxylic group to easily attach to the amine groups targeting Cr (VI)
[24-26]. Furthermore, enhancing the selectivity and the adsorption capacity of our
nanocomposite [26]. In addition to the simplicity of easy separation, the magnetic properties
with the help of an external magnetic to enhance the adsorption capacity. The authors’
according to their knowledge are reporting for the first time the synthesis of the magnetic
cellulose nanocrystal crosslinked with TEMPO and grafted with polyethyleneimine (MCNC-

TEMPO-PEI) derived from maize stalk for the adsorptive removal of Cr (VI) from wastewater.

108



4.2 Experimental procedure

4.2.1 Materials and reagents

All the reagents, 2,2,6,6-tetramethylpyperidine (TEMPO), sodium hypochlorite (NaClO),
sodium bromide (NaBr), sodium hydroxide (NaOH), 37 % diluted hydrochloric acid (HCI),
branched polyethyleneimine (PEI), dilute solution of 25 % glutaraldehyde (GLA), ferric chloride
hexahydrate (FeCls.6H-0), iron Il sulphate Fe(S04)..7H20, 25 % dilute solution of ammonium
hydroxide solution (NH:sOH), 1.7 % diluted hydrogen peroxide (H20:), glacial acetic acid
(CH3COOH), 65 % diluted nitric acid (HNO3), 1,5 Diphenyl carbazide (DPC) reagent and 99
% ethanol were bought from Merck suppliers, South Africa. Certified single elemental standard
reference material for Chromium Cr (VI) at 1 000 ppm with 2 % nitric acid was purchased from
De Bruyn Spectroscopic Solutions cc, (South Africa). Refrigerated centrifuge (Dupont Co.,
Wilmington, DE, Model RC-5) South Africa, Nitrogen gas (N2) cylinder was collected from
Afrox, Limpopo, South Africa. Milli-Q® IQ Water Purification System for producing 2.8 um
ultra-pure deionised water was purchased from Merck-Millipore, Germany. Sep Sci Lab Tech
Shaker was purchased from Daihan Labtech, (South Korea). The membrane filter with pore
size of 0,45 um and 47 mm diameter was purchased from Merck (South Africa). Micropipette
(10 ppb -1000 ppb), the 6-digit analytical balance and bench top pH meter were all purchased
from Separations (South Africa). The 0,45 pum micro filters, centrifuge tubes (50 mL and 15
mL), 5mL and 10 mL plastic syringe, 0,45 um membrane filters, filter papers 150 cm diameter,
sterilised 1 mL plastic pipette tips were purchased from Cc Immelmann, South Africa. The

maize stalk was harvested in Limpopo, (South Africa).

4.3 Methods
4.3.1 Synthesis of the adsorbent (MCNC-TEMPO-PEI)
4311 Modification of CNC surface using TEMPO via crosslinking process
The synthesis of TEMPO-CNCs was performed according to the method by Zhao et al
[26] with some minor modifications. The as-prepared CNC material was obtained by the

synthetic method reported in Section 3.2.2.2. The synthesized CNC was further weighed to
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make a solution of 8 wt. % in a 1L Glass bottle while sonicating with 200 ml deionised water
and allowed to disperse. The colloidal mixture was soaked with 20 mg of TEMPO and 200 mg
of NaBr for 2 hrs at room temperature. A solution of 15 wt. % NaClO was prepared separately
and from that solution, 80 mL of the NaCIlO solution was added into the colloidal mixture.
Another solution of 0,1 M NaOH was also prepared where 0,4 g of NaOH pellets were added
into 100 mL of deionised water. To adjust the pH measurement of the colloidal suspension to
pH = 10,5 the NaOH solution was added dropwise while monitoring the pH meter. After the
adjusted pH, the mixture was placed on the magnetic stirrer plate for 8 hrs, for slow and intense
oxidation of the CNC with additional carboxylic groups (COOH). An additional 8 mL of ethanol
was added to terminate the oxidation process after 8 hrs. Then later, the mixture was adjusted
to neutral by adding the 0,1 M HCI resulting in a pale yellowish product. The product was
allowed to freeze at -25 °C for 24 hrs. Then, the frozen product was later subjected to freeze
drying for 7 days to remove the remaining moisture and leave a powdered product [26].
43.1.2 Crosslinking CNC-TEMPO with PEI

Grafting of PEl on TEMPO CNC was conducted through the use of a glutaraldehyde
(GLA) crosslinker following the methods by Xing et al [25] and Zhang et al [27] with minor
moadifications [25,27]. In a 1 L glass bottle, 100 mL of deionised water was poured, an amount
of 1 g of CNC-TEMPO was transferred into the same glass bottle to make a 1 % solution. The
CNC-TEMPO was allowed to disperse in water by placing the bottle in an ultra-sonicate at
room temperature for an hour at maximum speed. Then, the magnetic stove was adjusted to
60 °C and the colloidal mixture was removed after the ultrasonication onto the hot plate. An
amount of 5,2 g of PEI branched gel was weighed and transferred onto the mixture and the
reaction was then heated at 60 °C for an hour. Thereafter, 4 mL of 25% dilute glutaraldehyde
was poured dropwise into the mixture while stirring, the mixture precipitated with bigger white
pellets with some yellowish and light pink colour. The reaction continued at 60 °C for another
2 hrs. The pH measurements were taken and adjusted to pH = 8 using 0,1 HCl or 0,4 M NaOH

solutions. Then, the product was washed and purified by ethanol and de-ionised water while
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filtration took place. Then, it was freeze-dried for 7 days and collected for further

characterization [25,27].

4.3.2 The incorporation of magnetite on MCNC-TEMPO-PEI

The synthesis of the MCNC-TEMPO-PEI was conducted by functionalising CNC-
TEMPO-PEI with the magnetite using a co-precipitation method following a method reported
by Nording et al [20] with a few modifications. A ratio of 3:1,3, 75 g of the prepared CNC-
TEMPO-PEI with 1,25 g of the as-prepared Fe;O4 was transferred into a 250 mL glass beaker
and 200 mL deionised water was added to the mixture. The glass beaker was then placed in
a hot water bath at 65 °C for an hr. An amount of 5 mL of the dilute 25 % GLA was added
dropwise into the mixture while heating under vigorous stirring for another 1 hr. To allow a
smooth crosslinking process of TEMPO and PEI and for purification, a solution of 90 mL of
methanol and 10 mL of glacial acetic acid was also added to the mixture. For the impregnation
process of PEI onto the MCNC nanoparticles to occur, the mixture was left heated at 65 °C for
24 hrs. To remove solvents from the mixture, the mixture was subjected to a distillation
process at 140 °C connected to an ice and chiller to maintain the conditions. The dried product

was then collected and used for further characterization [20].

4.3.3 Characterization

The materials were characterised following the method described in Section 3.2.3. The
formation of the materials and the functional groups obtained from the nanocomposites were
analysed using FTIR (TL-8000 FTIR equipment). An amount of 100 mg of the analyte was
poured on to the equipment for analysis. The transmittance was run from 400 to 4000 cm*
with a resolution of 10 nm. The crystallinity, particle size distribution and the phase
identification of these nanomaterials were investigated using the P-XRD. The (P-XRD)
analysis was performed on a 2 theta range from 10-90°. The powder sample of 100 mg was
placed into a sample holder using a spatula to make the surface even and introduced into the
P-X-ray diffractometer. The phase identification was performed by searching and matching

the obtained diffraction patterns with the powder diffraction file database with the help of EVA
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software. The SEM coupled with EDS was used to identify the morphology and composition
of these materials. For SEM, a 500 VP microscope coupled with EDS was used for
morphological and elemental composition analysis. The sample was then coated with carbon
and grounded. This process helps to eliminate sample charging and electrons accumulating.
The stub was then placed on the equipment with an acceleration voltage-operated on 10 Kv.
The detector used was the secondary electron detector with a working distance of about 6.9
nm and the aperture set at 30 um. Images were taken at various magnifications between (1um
— 200 nm). TEM was used to confirm the morphology, particle size, selective area diffraction
pattern (SAED) and the lattice plane of the materials, using a JEM 2100 (FEI XL40 ESEM)
equipped with two detectors, the EDAX Sapphire Si (Li) and EDS detectors. These were
operated at a voltage of 200 Kv, current at 48 pA at an angle of 15 ° and with a resolution of
0.24 nm. An amount of about 100 mg of the sample was placed on the sample 200 mesh size
Cu-grid and the analysis of the materials were measured. For the adsorption analysis, the
MCNC-TEMPO-PEI were further detected by the Spectrum-SP-UV- 500VDB and operated at
547 nm in the presence of a DPC reagent. An aliquot of 3 mL of the sample was transferred
into glass cuvettes and the calibration curve was obtained with the linear regression equation.

The obtained data were used to calculate the adsorption capacity and the removal percentage.

4.3.4 Application methods
The sampling methods were carried out according to the methods described in Section
3.2.4. The samples were prepared, and the MCNC-TEMPO-PEI was added during the

adsorption process.

4341 Batch adsorption process.

The experiments were conducted using the univariate method where 5 parameters were
evaluated and optimised against the removal of Cr (VI) ion. These parameters include the
concentration (1-50) ppm, dosage (5-50) mg, pH (2-7), time (5-180) min and temperature (20-
40) °C following different reports [28-29]. These experiments were conducted in triplicates and

were analysed using the UV-Vis spectrophotometer in the presence of the 1,5-diphenyl
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carbazide (DPC) reagent. The adsorption capacity (ge) of the adsorbent and the percentage
removal of Cr (VI) was calculated using equation 3.1 and 3.2. The results were used to select
the best efficiency within these parameters whilst optimising the MCNC-TEMPO-PEI against

the Cr (VI) ions.

4.3.4.2 The adsorption isotherms, kinetics and thermodynamic studies

Isotherm, kinetics and thermodynamic studies were conducted following the validated
optimal conditions, where the other parameters were kept constant while investigating the
concentration pattern of (1, 3, 5, 7 and 9) for adsorption isotherms studies. Equations 2.2 and
2.4 were used to plot the adsorption isotherms plot for both the Langmuir and Freundlich
isotherms. The monolayer adsorption capacity (gmax), the adsorption equilibrium constant (K,),
Freundlich constants (KF and 1/n), the slope, intercept and the correlation coefficient were
extrapolated from the same plot. The Pseudo first order (PFO) and pseudo second order
kinetic (PSO) were also evaluated between 5 — 30 min using equations 2.6 and 2.8. The
thermodynamics interaction reactions were also investigated between 20-40 °C. The same

validated conditions were further used to evaluate the other adsorbents efficiency.

4.3.4.3 The validation process after optimization

The adsorbents were used to validate the optimised parameters for the concentration of
5 ppm with the dosage of 30 mg at pH of 2 with a temperature of 25 °C within 15 min by
conducting the same experimental conditions on the Magnetite, MCNC, CNC-TEMPO, CNC-

TEMPO-PEI and the MCNC-TEMPO-PEI.

4344 The reusability studies and real water analysis.

The same validated conditions obtained during optimizations were further used to
investigate the stability and reusability of the MCNC-TEMPO-PEI for a multiple cycle. During
the procedure, after the adsorption was conducted following the same procedure reported in
Section 4.3.4.1, the adsorbate was removed using an external magnet, then filtered using the

0,45 um filters and the DPC solution was added while waiting for a few minutes. The adsorbate
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was analysed using the UV-Vis spectrophotometer at 547 nm. After the first cycle, the release
and reuse of the MCNC-TEMPO-PEI materials was achieved by introducing HNO3 (2.0%) for
an hr while shaking at 300 rpm speed to recover the adsorbent after each cycle. Then the
material was filtered and washed several times using the same HNO3 solution, heated for 2 hr
to remove moisture. Similar parameters at optimal conditions were used to carry out analysis
using the MCNC-TEMPO-PEI for the removal of Cr (VI) ions. The Cr (VI) ions are not easily
detectable within the UV-Vis spectrophotometer; however, it can only be detectable at a

wavelength of 547 nm once complexed.

4.3.4.5 The complexation of Cr (VI) ions using the DPC
The Cr (VI) ions have undergone a complexation process where DPC reagent was used
to complex Cr (VI) ions to form a Cr-DPCA complex. This is also presented in Fig. 4.1,

exhibiting the bonding mechanism of Cr (VI) ions and the bidentate DPC ligand.
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Figure 4.1: The bidentate DPC ligand bonding mechanism with Cr (VI) ions

Three bidentate ligands from the DPC reacted with the hexavalent ions under

complexation process to fill the octet rule and form a Cr-DPCA complex. This has the ability
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change the Cr (V1) ions from its original orange colour to a purple colour when the reaction
reaches equilibrium. This is done by targeting and removing only the Cr (VI) ions from the

adsorbate at 547 nm using UV-Vis spectrophotometer as also presented in Fig. 4.2 [28-29].
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Figure 4.2: The complexed Cr (Vl)ions detected by the DPC reagent

This reagent after complexation, only targets the Cr (VI) until they are completely
transformed after reaching equilibrium. The principles are similar to that of an indicator, where
more or less Cr (VI) ions detected are represented by a faint colour change. It was discovered
that the more the Cr (VI) ions are present in the solution, the darker and persisting pink colour

was observed when the interaction has reached equilibrium.

4.4 Results and discussion

4.4.1FTIR ANALYSIS

The three materials, the CNC-TEMPO, CNC-TEMPO-PEI| and the MCNC-TEMPO-PEI
were examined for the formation and the functional groups that are found within these
materials. The results are shown in Fig. 4.3. From the FTIR analysis (Fig. 4.3), of the
crosslinked CNC with TEMPO spectra, small bands at 416 cm™ and 699 cm representing an
aromatic compound and a mono aromatic material, respectively were identified. Peaks at 2011
cm and a vibrational band at 2187 cm-* representing the COO- for both the asymmetric and
the symmetric of the carboxylic group [23] and the CH band were also noted. A broad band at

2900 cm® was also observed, which could be ascribed to the C=0, CH and the OH band,
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confirming the successful crosslinking of the TEMPO to form the carboxylic group on the
surface of CNC material. Lastly, a band at 3400 cm* was observed, representing the OH and
the C=0 bonds. These results are also corroborated with various reports where the carboxylic

group indicates the presence of TEMPO particularly at these two peaks (2900 and 3400 cm-

1) [23,26].
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Figure 4.3: FTIR spectra of CNC-TEMPO, CNC-TEMPO-PEI and MCNC PEI

To confirm the formation of the CNC-TEMPO-PEI and the surface modification of
depositing PEI to the surface material of CNC-TEMPO, two major stretching bands at 1418
and 1573 cm* were identified. These were ascribed to the carbonyl stretching vibrations, the
asymmetric vibrations of C=N, and the stretching band of OH confirming the deposition of PEI
by exhibiting the NH, groups [30-31]. Furthermore, a small broad peak observed at 2900 cm-
Lrepresenting the OH and the NH bonds confirmed the presence of amine groups. The added

peaks displayed at 480 and 614 cm confirmed the aromatic ring.

Lastly, from the MCNC-TEMPO-PEI spectra, two stretching bands similar from the
TEMPO-PEI were also exhibited on the MCNC-TEMPO-PEI indicating the presence of C=N,

OH, C=C [30-31]. In addition to these two peaks, another broadband also verifying the
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presence of amine groups from 3400 cm* was noted. The results confirmed the presence of
the amine group coming from the grafting of the PEIl. The first two vibrational peaks,
representing the aromatic ring and the Fe-O bond were identified at 424 and 558 cm,
respectively. This confirmed the presence of iron within the material in the fingerprint region
and that the material is aromatic. Moreover, all the other peaks observed on the CNC-TEMPO
were also visible on the MCNC-TEMPO-PEI for CH, OH and COOH vibrational bands at 1072,
1277, 2137 and 2963 cm™, respectively. These results confirmed the successful synthesis of
the magnetic cellulose nanocrystal modified by the polyethyleneimine polymer after the
crosslinking process, for introducing the amine groups. This will assist with the selectivity for
the adsorptive removal of Cr (VI). For crystallinity, these materials were further analyzed using

P-XRD analysis.

4.4.2P-XRD ANALYSIS

The materials (CNC-TEMPO, CNC-TEMPO-PEI and the MCNC-TEMPO-PEI) were
further investigated for formation, phase identification, crystallinity and crystallite size
distribution using the P-XRD analysis. The results obtained from the examination are
displayed in Fig. 4.4.

The CNC-TEMPO diffractogram shows 7 diffraction planes that appear on CNC material
as exhibited from the previous chapter, namely the (-110), (110), (002), (220), (021), (004)
and (040) observed at angle 26 of 9,08 19,16°; 27,37, 31,97°; 45,82° and 56,41° confirming
the presence of CNC. Abou-zeid et al [22] and Huang et al [26] identified the presence of
TEMPO and confirmed its formation by the three diffractograms represented by these
diffraction planes, the (-110), (002) and the (200), particularly for (200) from which they
observed at 22,5° [22-26]. Also in this study, TEMPO was also observed at 22.98 ° at a
diffraction plane of (200). Moreover, the crystallinity of the material was confirmed by the
higher intensity, the width base, and the sharp peaks, also it has been maintained from the
former CNC nanopatrticles from our previous results. The particle size distribution was

calculated using equation 3.4 as the debye Scherrer equation The crystallite size was
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calculated to be 12,29 nm and the results are presented on the supplementary information

under Table. S.4.
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Figure 4.4: XRD analysis of CNC-TEMPO, CNC-TEMPO-PEI and MCNC PEI

The CNC-TEMPO-PEI diffractogram only exhibited a broad peak at 17,62° of (200)
confirming the deposition of PEI on to the carboxylic group from the surface of the CNC. The
broad peak suggests the amorphous nature of the material owing to the addition of two
polymers (CNC and PEI) during the synthesis method. The crystallite size for this particular
peak was calculated using the debye Scherrer equation and was found to be 1 nm according
to the calculated results presented in Table. S.4. These results are similar to the study done
by Buchman et al [24] where the particle size of PEI was recorded as 1,4 nm [24]. The
magnetic nanocomposite also showed two peaks, the PEI and the Fe planes observed as

(200) and (311) at 17,10° and 36,59°, respectively. These results were verified by literature
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where PEI was observed at 17,62 ° and Fe at 43,2°, respectively and the shifting could have
been due to the incorporation of Fe [32]. These results also indicate that the material is
amorphous, and the calculated average particles size distribution was 0,432 nm as displayed

in Table S.4.

4.4.3 TEM Analysis

The morphology of the three materials were investigated using TEM analysis and the
results are displayed in Fig. 4.5. In Fig. 4.5 (a), the CNC material had a smooth sheet like
morphology with needle/rods also observed. For the CNC-TEMPO-PEI (Fig. 4.5 (c)), two
distinct morphologies, the oval morphology and the smooth big surface underneath the oval
shape were identified. The spherical or oval shape could be attributed to the presence of PEI

whereas the smooth surface could be due to the presence of CNC as a base material.
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Figure 4.5: The morphology and SAED analysis of the CNC-TEMPO, CNCTEMPO-PEI

and MCNC-TEMPO-PEI)

The MCNC-TEMPO-PEI had three morphologies, irregularly shaped, spherical and
needle-like structures. The oval or spherical shape which could be credited to the presence of
PEI and the needle like shape representing the presence of CNC was also observed [6-27].
These morphologies confirmed the formation of the MCNC-TEMPO-PEI [11]. The SAED of
the CNC confirmed the crystallinity of the material as also elaborated in the P-XRD analysis
from the previous section. The CNC-TEMPO-PEI and the MCNC-TEMPO-PEI showed a
bright light around the planes which could be attributed to the amorphous nature of these

materials as exhibited in Fig. 4.4.
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4.4 4SEM ANALYSIS
The materials (CNC-TEMPO, CNC-TEMPO-PEI and MCNC-TEMPO-PEI) were further

investigated for morphology and their results are exhibited in Fig. 4.6.
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Figure 4.6: SEM ANALYSIS of (a) CNC, (b) TEMPO-CNC, (c) CNC-TEMPO-PEI, (d)

MCNC-TEMPO-PEI and (e) EDS elemental composition of the materials

From the analysis of these results, it can be observed that the bare CNC (Fig 4.6(a)),
showcased a smooth and needle like morphology. The CNC-TEMPO {Fig 4.6(b} indicated a
morphology of tiny rods at um level, which can only be visible once zoomed in. The CNC-
TEMPO-PEI (Fig 4.6 c) confirmed an irregular structure which could be identified as a
clustered cubic morphology. A similar morphology of the cubic structure of TEMPO-PEI was
also observed at the tip of the surface as exhibited in Fig 4.6(d) representing the MCNC-
TEMPO-PEI. The base looks smooth representing the higher presence of PEI and confirming
a successful impregnation. The EDS analysis of these materials is exhibited in Fig. 4.6(e)
where carbon holds a major percentage of 52 %, 84 % and 80 % in CNC-TEMPO, CNC-
TEMPO-PEI and MCNC-TEMPO-PEI, respectively. This shows an increase in carbon when
introducing COOH by adding TEMPO during the crosslinking of CNC and that also caused an
increase in carbon when it was further functionalized with PEI polymer. The presence of Na is

displayed by the addition of NaBr and NaClO during the cross-linking process. Also, it confirms
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the successful formation of the carboxylic group when bonding the COONa during the
crosslinking. This makes it easier for the impregnation of PEI at a later stage. Similar traits
were also observed on the CNC-TEMPO-PEI, however as the PEl was added, it was

anticipated that the NH groups would then dominate which was not the case.

Lastly, the formation of MCNC-TEMPO-PEI was confirmed by the carbon, iron and
oxygen molecules. It has been reported that TEMPO/NaClO or NaBr molecules tend to easily
penetrate to the CNC surface as indicated in Fig. 4.6(b) [33]. Moreover, due to the swelling,
which might have been caused by the oxidation of the TEMPO leading to the carboxylic acid
sodium salt on the surface material of the CNC [8,26]. This indicates and confirms the
presence of the intended carboxylic acid on the surface material of the CNC. These results
corroborate with literature where the carboxylic groups from TEMPO onto CNC surface are
shown by the rods [23]. After all the obtained characterization results were analyzed and
confirmed, the synthesis and the formation of these three materials. Including the cooperation
of TEMPO and PEI on to the MCNC. Then the MCNC-TEMPO-PEI was further optimized,

validated and compared against the other derivatives for adsorption efficiency.

4.5 Application
The nanocomposite (MCNC-TEMPO-PEI) was used for the adsorptive removal of Cr

(VI) ions using the method elaborated under Section 4.3.4.1.

4.5.1 Adsorption process against Cr (VI) ions

The MCNC-TEMPO-PEI was further optimized with 5 different parameters for the
adsorptive removal of Cr (VI) ions. Starting with the concentration effect from 1-5 ppm, were
conducted following a few other studies that reported adsorption of Cr (VI) in the presence of
DPC reagent and quantifying using UV-Vis analysis [28-29]. A calibration standard curve was
generated using similar concentration for the standards of 1-5 ppm. The calibration curve

results are displayed in Fig.4.7.
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Figure 4.7: Calibration curve obtained for Cr (VI) ions.

The equation followed Beers lambert law in that it states that y = mx +c where the highest
peak was noted at 547 nm and all the absorbance within the same wavelength were obtained
and used to calculate and measure the calibration curve which will assist with identifying the
concentrations of these points. According to the Beers law, y represents the absorbance, m
the gradient/slope, x the concentration and c the intercept. Giving a linear regression formula
of y = 0,24515x + 0,0406 with a correlation coefficient (R?) value of 0,9991 with a positive
slope of 0,24515 and an intercept of 0,0406 was obtained and displayed in Fig. 4.7. This linear
standard regression curve formula was further used to calculate the concentrations from the
results, which were further used for the adsorption capacity and removal percentage during

the adsorption process.
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4.5.2 Optimization
The five (5) parameters (concentration, dosage, pH, temperature and contact time) were

each optimized according to the method described in Section 4.3.4.3

4521 Effect of concentration

When optimizing the concentration, the range was stretched from 1-50 ppm to allow an
interaction of the MCNC-TEMPO-PEI within a variety of concentration in triplicates and the
obtained results are presented in Fig. 4.7. The accuracy, consistency and reliability of these
ranges were only possible with lower concentration (1-5 ppm) ranges as also shown in Fig.
4.8. At higher concentrations (6-50 ppm), inconsistency and inaccuracy from these
concentrations during analysis were observed. The saturation of the binding sites was
displayed on the surface of the MCNC-TEMPO-PEI adsorbent and this suggests the possible
monolayer coverage of Cr (VI) ions on the adsorbent surface between 6 ppm to 50 ppm [46].
Furthermore, at a concentration above 6 ppm, the access concentration of Cr (VI) ions did not
allow sufficient removal with the depleting sites from the surface and thus leaving the
complexed Cr-DPCA unabsorbed. The % removal of Cr (VI) was calculated using the standard
linear curve formula (y = 0,24515x + 0,0406) and the percentage removal was noted in
equation 3.1. The results revealed the following percentage removals as 94 % at 1 ppm; 94
% at 2 ppm; 95 % at 3 ppm; 95 % at 4 ppm and 97 % at 5 ppm, respectively as exhibited in
Fig. 4.8. These results show that the best removal was recorded at 5 ppm. Moreover, it is
generally expected that as the concentration of the adsorbate increases the metals removed
should increase. The increase in concentration of adsorbate brings about increase in
competition of adsorbate molecules in solution for a few available binding sites on the surface

of the adsorbent increasing the amount of metal ions removed [28-29].
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Figure 4.8: The effect of concentration of the removal of Cr (VI) ions

These results agree with work done by Qhubu et al [28] where a higher removal was
achieved at a lower concentration range of less than 5 ppm and giving a lower adsorption
capacity [28].

4522 Effect of the MCNC-TEMPO-PEI dosage

The variation of dosage was conducted from 5 mg and stretched towards 50 mg in
triplicates to optimize dosage while keeping concentration at 5 ppm. Since the accessibility
and availability of adsorption sites is determined by the dosage of the adsorbent. The results
obtained from these experiments were further calculated using the same linear regression
formula. Furthermore, the adsorption capacity (ge) at equilibrium was calculated according to

eguation 3.2 and the results obtained was plotted versus dosage as exhibited in Fig. 4.9.
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Figure 4.9: The effect of dosage conducted between 5 — 50 mg.

The results revealed that with increasing dosage, the capacity was also increased and
were captured as follows: 1,46 mg/g at 5 mg, 1,5 mg/g at 10 mg, 1,92 mg/g at 15 mg, 1,99
mg/g at 20 mg, 2,26 mg/g at 30 mg, 2,24 mg/g at 40 mg and 2,26 mg/g at 50 mg. The increase
in ge increased with a higher adsorbent dosage, this could be due to the excess availability of
exchangeable sites at higher dose of the adsorbent [27]. This indicates the best ge was
achieved at 30 mg, suggesting that the reaction reached equilibrium and optimised at 30 mg.
Moreover, it could also have been due to the availability of the adsorption active sites as the
dosage increased from the surface material of the MCNC-TEMPO-PEI against Cr (VI) ions
[32]. To confirm these findings the % removal was also calculated according to equation 3.1.
The results showed that at 5 mg the % removal was captured as 62 %, whilst increasing to 64
% at 10 mg, then 81 % at 15 mg, 85 % at 20 mg, 96 % at 30 mg, 95 % at 40 mg and 96 % at
50 mg. This confirmed a gradual increase from 5 mg to 30 mg and making 30 mg the optimal

dosage. It is also worth noting that from 30 mg until 50 mg, the removal efficiency seemed to

126



be constant with minor differences indicating that the reaction has reached equilibrium and

the plots have reached plateau which can also be verified by the image taken after adsorption

from optimizing dosage effect and as exhibited in Fig. 4.10.

- 4

Figure 4.10: The effect of DPC reagent after adsorption when optimizing dosage

From Fig. 4.10, it is observed that the colour change was clearer at 30 mg than the rest
of the samples and confirmed the best removal efficiency was obtained at 30 mg with the
percentage = 96 %. This suggests that the MCNC-TEMPO-PEI might have obtained a larger
surface area with vacant sites and leading to effective removal of Cr (VI) ions and providing
the ge of 2,26 mg/g [4]. These results corroborate with work done by Bagheri et al [5], where
in their study, they reported an adsorption capacity of 0,75 mg/g against Cr (VI) ion adsorption

[5]. Upon optimizing the concentration and dosage, the pH parameter was further optimised.

45.2.3 The effect of pH during optimization

The pH measurements were carried out between 2-7 and the results from these
experiments are exhibited in Fig. 4.11. According to these results, the adsorption was efficient
within the acidic medium, whereas a low efficiency within the alkaline environment was
recorded. This could be due to the variation of Cr (VI) ionic forms, from a class of oxyanions
such as hydrogen chromate (HCrO4"), chromate (CrO4?-) and dichromate ion (Cr.Ov) that exist

within different pH levels [47, 48]. This is evident when the highest adsorption capacity and
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the percentage removal were observed at pH=2, giving a ge of 1,99 mg/g and the % removal
of 92 %. This could have been due to the protonation (NHs*) of amine groups (NH-) from the
surface material of MCNC-TEMPO-PEI within the strongly acidic medium. Allowing
electrostatic interaction between the negative anions (HCrO*) from the Cr (VI) ions and
protonation, thus attacking the hydrogen chromate and providing an efficient adsorption at

pH=2 [29].

Since hydrogen chromate (HCrO*) is predominant at acidic conditions and because of
that, making it vulnerable within this environment. Hence, it is also observed that even
between pH=4-pH=6, at higher percentage removal, the adsorption capacities were also
observed. The results are as follows: at pH=4, at ge was calculated to be 1,96 mg/g with the
removal of 92 %, meanwhile at pH=5, the ge was 1,83 mg/g with the % removal of 92 % and
at pH=6 an adsorption capacity of 1,80 mg/g was observed with the % removal of 90 %. This

also suggest that as the pH increases the adsorption capacity decreases [13-15].

1,5 1

pH measurement

Figure 4.11: the effect of pH during optimization
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This could mean that deprotonation reaction occurred when the hydrogen chromate was
converted to chromate ions (CrO4?") at weak acidic conditions as the pH is slightly approaching
neutral medium [35-36]. This is also confirmed when the ge at pH = 7 was 1,52 mg/g and the
% removal was 91 %. It is also observed that at alkaline environment, the adsorption capacity
and the % removal further decreased, whereby the gqe was 0,48 mg/g and the % removal was
80 %, respectively at pH = 9. This could suggest that the excessive hydroxyl anions (OH-) from
the surface material of MCNC-TEMPO-PEI are competing and opposing with the dichromate
ions from the Cr (VI) ions within the alkaline medium, resulting in a decrease in ge [13,15].
Furthermore, these hydroxyl radicals can further disassociate the hydrogen bonds keeping
the analyte intact and resulting in a decrease in the ge [15]. Moreover, this could also be due
to the conversion of dichromate ions to chromate ions in basic conditions which repelled the

negatively charged surface against the negative ions, thus leading to less efficiency [15].

These results agree with reports where the acidic conditions provided efficient capacity
and removal against Cr (VI) ions [28-29]. Similar observations were made by Anirudhan et al
[36], when between pH = 2 and pH = 5 the adsorption efficiency for Cr (VI) was higher due to
electrostatic interactions between the Cr (VI) anions and the surface of the CNCs.
Furthermore, the decrease in the adsorption of Cr (VI) ions at pH = 7 and above, can be
explained by the progressive increase in the competition of the —OH- groups from the solution
and the Cr (VI) ions leading to the decrease in the adsorption efficiency of the adsorbate

[15,31].

4.5.3The effect of temperature

The effect of temperature was conducted and investigated between the range of 20 —
40 °C to optimize the MCNC-TEMPO-PEI against the Cr (VI) ions. The results were calculated
and plotted as ge versus temperature and are presented in Fig. 4.12. From the analysis shown
in Fig. 4.12, the adsorption capacities were obtained as follows: at 20 °C the gqe was 1,76

mg/g, 25 °C - 1,77 mg/g, at 30 °C - 1,77 mg/g, at 35 °C - 1,77 mg/g and at 40 °C - 1,76 mg/qg.
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The same findings were also confirmed by the % removal conducted within similar

temperature range.
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Figure 4.12: The effect of temperature

The outcomes were captured as follows: 92 % across all the temperature ranges.
According to these results, temperature did not play a significant role because at all the
temperatures, a 92 % removal and 1,77 mg/g adsorption capacity was reported. This

suggests that these reactions did not require a lot of heat energy to reach equilibrium.

4.5.4The effect of contact time

In this study, the effect of contact time on the adsorption capacity of Cr (VI) ions by
MCNC-TEMPO-PEI was investigated from 5-180 min. Other optimised parameters remained
constant at 5 ppm, 30 mg, pH =2 and at 25 °C and the results obtained from these experiments
are presented in Fig. 4.13. The percentage removal and the adsorption capacities using
MCNC-TEMPO-PEI against Cr (VI) ions were calculated and the obtained results were
recorded as 90 % and 1,36 mg/g at 5 min, 92 % and 1,56 mg/g at 10 min, 99 % and 2,27 mg/g

at 15 min. From the results in Fig. 4.13, the reaction reached equilibrium and the ge was rapid
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within the 15 min. The results indicate that the equilibrium contact time is dependent on the
optimized reaction conditions for the optimum removal and capacity of the Cr (VI) ions in the
solution. Thus, suggesting that the effect is due to the plentiful active sites available within the

surface of the MCNC-TEMPO-PEI material [28-29].
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Figure 4.13: The effect of contact time of MCNC-TEMPO-PEI against Cr (VI)

Moreover, the chances of the MCNC-TEMPO-PEI possessing a large pore would have
also added to the fast adsorption of Cr (VI) ion. These results are corroborated with similar
reports where this type of an adsorbent produced rapid removal within the first few minutes
[28-29]. The optimization process showed that the MCNC-TEMPO-PEI was efficient at these
parameters, concentration of 5 ppm, 30 mg of dosage, at pH = 2 and 25 °C within 15 min
contact time. Thus, validation of these parameters was required on the same material, also to
evaluate the contributing factor amongst the rest of the adsorbent’s materials functionalised,

crosslinked, and grafted for the formation of the MCNC-TEMPO-PEL.

4.5.5Validating MCNC-TEMPO-PEI and comparing it with other adsorbents
To investigate the functional groups responsible for contributing to an effective removal.

Five various adsorbents were used to validate these optimal conditions and to also assess the
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performance of the MCNC-TEMPO-PEI against the Cr (VI) ions. These adsorbents are
Magnetite, MCNC, CNC-TEMPO, and the CNC-TEMPO-PEI which were functionalized until
the final product of MCNC-TEMPO-PEI was formed. The results obtained after the adsorption
of Cr (V1) ions using the optimal conditions are exhibited in Fig. 4.14. The average adsorption
capacity of the five materials were calculated and the results revealed that 3,04 mg/g; 3,05
mg/g, 1,98 mg/g, 3,05 mg/g and 4,41 mg/g were achieved for the Magnetite, MCNC, CNC-
TEMPO, CNC-TEMPO-PEI and the MCNC-TEMPO-PEI, respectively. Furthermore, the
average removal percentages of these five materials were also calculated and recorded as 62
% for CNC-TEMPO, 98 % for the MCNC-TEMPO-PEI, 96 % for magnetite, MCNC and CNC-
TEMPO-PEI, respectively. This indicates that MCNC-TEMPO-PEI had the highest adsorption

capacity of 4,41 mg/g with the highest % removal of 98 %.

According to these results, Fe;O4 played a vital role in enhancing the efficiency of these
adsorbents materials. This is observed that the adsorbents that contained FezOs were
effective and produced adsorption capacities of over 3 mg/g with the removal of 96 %. The
attraction from the magnetic field of the adsorbents materials is more enhanced when the
analyte is a metallic pollutant, making it an easier target. It can be confirmed by looking at
CNC-TEMPO without iron coating, performing less than the other magnetic coated materials
and displaying ge of approximately 2 mg/g and removal of 62 %. This gives the impression
that TEMPO on its own, has the ability to open pores for further modification. It is therefore
suspected to not been sufficient enough due to the presence of carboxylic groups that might
require additional modification to compete with Fe30, for the efficient removal [16]. However,
with additional functional groups like amines, it can therefore become more active as exhibited
in Fig. 4.14, where in the presence of amine groups from PEI, it was as effective as magnetic

adsorbents both with the removal and the reported adsorption capacity.
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Figure 4.14: The comparison of other adsorbents against the MCNC-TEMPO-PEI

The efficiency of the MCNC-TEMPO-PEI could have been due to the strong surface
modification on the surface of the MCNC-TEMPO-PEI adsorbent. Thus, it can therefore be
more active in the presence of additional functional groups attached to the surface material
[16,20]. The combination of the carboxylic and amine, like in case with PEI produced a 96 %
removal that is similar to magnetic adsorbents. Moreover, the presence of PEI has an added
advantage of possessing the magnetic response from which the magnetic properties from
within the surface adsorbent are enhanced and giving the highest efficiency [16,20]. These
results were also corroborated with various studies providing an efficient percentage removal
[16-32]. The MCNC-TEMPO-PEI was further investigated for the adsorption isotherms studies

and the interaction reaction with the Cr (VI) during the adsorption process.

4.5.6 The adsorption isotherms studies

To understand the interaction between the adsorbate and the adsorbent in this study,

the Langmuir and Freundlich adsorption isotherms were further investigated. The equilibrium
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adsorption studies were conducted where the concentration range of 1 ppm, 3 ppm, 5 ppm, 7
ppm and 9 ppm were studied, whilst other experimental parameter conditions were kept at
their optimum conditions. The data plots that were generated from the experimental data
calculated using the non-linear equations of 2.2 and 2.4 are presented in the supplementary
information in Table S5. The maximum adsorption capacity, slope, intercept, relative
coefficients, Langmuir and Freundlich adsorption constants were also presented in Table S5.
The results for the adsorption isotherms are exhibited in Fig. 15 (a), representing the Langmuir
plot and (b) the Freundlich plot. The calculated experimental adsorption capacities at a
particular concentration were recorded as follows 0,41 mg/g for 1ppm, 0,99 mg/g for 3 ppm,
1,60 mg/g for 5 ppm, 2,04 mg/g for 7 ppm and 3,14 mg/g for 9 ppm, respectively. According
to the experimental data presented in Fig. 15, it appears as though none of the isotherm plots
displayed a good fit with the experimental data and a non-linear curve. However, when
comparing between the two plots against each other, it can be noted that the interaction
between the MCNC-TEMPO-PEI and Cr (VI) ions best fitted the Langmuir adsorption
isotherm. The regression coefficient (R?) was 0,93378 for the Langmuir as compared to
0,76965 for the Freundlich regression coefficient. This suggests that there was a
chemisorption reaction interaction with a homogeneous coating of the MCNC-TEMPO-PEI on
a monolayer surface material [5]. Thus, represented by a non-linear outcome from the

Langmuir adsorption isotherm theory exhibited in Fig. 4.15.
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Figure 4.15: (a) Langmuir and (b) Freundlich adsorption study plots

It is assumed that the active sites were responsible when the adsorption was occurring
[1-2]. The results propose a Langmuir isotherm model indicating the monolayer distribution on
the surface of the MCNC-TEMPO-PEI nanocomposites [12,27]. These findings are in
agreement with the findings observed with the plot of pH optimization, where the pH value of
2 provided the highest adsorption efficiency This confirms the adsorption mechanism that
there is an ionic chemisorption between the adsorbent surface and the adsorbate [21,26].
However, after filling the surface area, the monolayer was therefore not sufficient to release

enough active sites binding the Cr (VI) ions from the surface.

From the Langmuir plots, a maximum adsorption capacity (gmax) and the Langmuir
separation factor (R.) were calculated using the slope and intercept as exhibited in Fig. 15
(a), where the gmax and R, were 0,04693 mg/g and 0,10284, respectively. This demonstrates
a favorable adsorption based on the reports that when R =0, it suggests that the adsorption
type is irreversible, but unfavorable when it is more than one (1) and favorable when less than
one (1) [1,29]. Moreover, it also followed a chemical interaction assumed and observed when
the electrostatic interaction occurred during adsorption within the acidic conditions that
protonated the amine groups to target the anionic Cr (VI) ions. So, in this study, the Langmuir

separation factor (R.) was calculated to be 0,10284 confirming a favorable reaction since is
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less than one (1). These results can confirm what has already been reported by different
studies where a variety of adsorbents were used for the removal Cr (VI) while following the
Langmuir isotherms [11]. Utilizing the data and calculations as displayed under the
supplementary information in Table S2, the adsorption kinetics were also obtained and plotted
to also confirm the interaction between MCNC-TEMPO-PEI and Cr (VI) and to evaluate the

binding capacity of MCNC-TEMPO-PEI on Cr (VI).

4.5.7The adsorption kinetics studies

To understand the adsorption mechanism, the rate of adsorption was evaluated using
two kinetics models, namely the pseudo first order (PFO) and the pseudo second order (PSO).
The triplicate experiments were conducted from 5-30 min for both the PFO and the PSO with
kinetics studies calculated according to equation 2.6 and 2.8. The results obtained from these
experiments were also presented in Table S5 and the plotted results of In(ge-qt) versus time
in min for PFO and the t/qt against time for PSO graphs were also presented in Fig. 4.16. The
corresponding data and calculation for the kinetics are exhibited under the supplementary

information as Table S5 and a summary information is displayed in Table 4.1.
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Figure 4.16: PFO and PSO for the removal of Cr (VI) ions

According to the results presented in Fig. 4.16, the results favored the PSO model with
a non-linear regression curve that showcased the R? of 0,554. The results give an indication

that the mechanism could be from the heterogenous surface comprised of multiple functional
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groups like hydroxyl, amine, carboxylic and iron which strengthens the binding sites on the
surface of MCNC-TEMPO-PEI. Moreover, predicting the interaction to be chemisorption and
confirming what the Langmuir isotherms were also predicted. Furthermore, the results confirm
the saturation of the active sites from the single attachment from the MCNC-TEMPO-PEI
surface material during adsorption, hence, following PSO kinetics [11]. Using the slope and
intercept from the graphs, the calculated adsorption capacity at equilibrium was found to be
2,18 mg/g. The results agree with Qhubu et al [28], where the equilibrium adsorption was also
obtained at 2.64 mg/g and the interaction following PSO reaction [28]. Moreover, other studies
also reported that the PSO was followed when removing the Cr (VI) ions from water which is
also corroborated to this study [4,29]. To further understand the chemisorption interaction, the

mechanism of action for adsorption was discussed.

4.5.8Mechanism of action

To understand the adsorption mechanism Cr (V1) is complexed and oxidizes by the DPC
to form a Cr-DPCA complex through a redox reaction [38-39]. The oxygen atom and two of
the nitrogen atoms in DPC act as donors (O and N-donors) that bind selectively with Cr (VI)
[50, 51][38-39]. This is caused by the complexation reaction, under the chelation process that
binds the Cr (VI) ions to the surface material during the adsorption process [38-39]. The
chromophore, enhances its colorimetric property, leading to a higher removal of Cr (VI) ions
[1-2,4]. This mechanism is also understood and presented in Fig. 4.1. In an acidic medium
condition, the materials surface of MCNC-TEMPO-PEI is protonated, the release of the Cr (VI)
is eminent due to the formation of the HCrO4 and CrO4?via the electrostatic interaction. This
depends on the surface charges which occurred after protonation of NHs* from the amine
groups (NHy), attracting the anionic charged Cr ions (HCrO4 and CrO4%*) and using the
chemisorption interaction [37]. This was confirmed by the Langmuir adsorption isotherms
corroborating the chemisorption interaction fitting the PSO kinetic model. This is in addition to
the magnetic forces forming an ionic bond caused by the metal complex adsorption attracting

negative ions from the analyte from the positively charged surface adsorbent [34,37].
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4.5.9The thermodynamic studies
The thermodynamic interaction reaction was evaluated and experimented between 20 -

40 °C and the results are presented in Fig. 4.17.
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Figure 4.17: The thermodynamic studies of MCNC-TEMPO-PEI

In Fig. 4.17, the results confirm a positive slope with a positive intercept, exhibiting the
thermodynamic parameters (AG, AS and AH) for the adsorptive removal of Cr (VI) ions using
the MCNC-TEMPO-PEI. According to the results presented in Fig. 4.17, the Gibbs free energy
was calculated using the slope and intercept from the In Kd vs 1/T regression line. This
displayed a positive change (AG) with a value of 26,8 kJ/mol, implying a non-spontaneous
reaction, meaning that it might require a less amount of energy for the reaction to occur [28,34].
Thus, an optimal temperature condition of 25 °C was obtained. Moreover, the enthalpy change
(AH) was also calculated and found to be 27 kd/mol, a positive AH, confirming that the reaction

is endothermic [5]. The value of 0,1645 J/mol/K of the entropy change (AS) indicated an
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increase within the irregular process of the adsorbent during adsorption. A summary of

isotherms, kinetics and thermodynamics are exhibited in Table 4.1.

Table 4.1: Some essential factors affecting the isotherms and kinetics plots

Langmuir
Qmax Kl RL R? value
0,04693 mglg -2,14473 -0,10284 0,93378
Freundlich 1/n Kf R? value
18,90622 5643779 0,76965
PFO Ky Qe R?
-0,00323 0,344387mglg 0,20673
PSO K, Qe R?
21,54673 2,175758 mglg 0,55404
Thermodynamic AH AS AG
27,02 KJ/mol 0,164638 J/mol/T 26,8 KJ/mol

4.5.10 The reusability studies of the MCNC-TEMPO-PEI against Cr (VI) ion

The stability of the MCNC-TEMPO-PEI was further analysed for reusability and the
results are presented in Fig. 4.18. The investigation was subjected to perform 9 cycles using
the validated conditions of the initial concentration of 5 ppm with 30 mg of the adsorbent
dosage at pH = 2 for 15 min maintained at 25 °C during the adsorptive removal of Cr (VI) ions
and the results are exhibited in Fig. 4.18. According to the results, the performance of the
MCNC-TEMPO-PEI was stable for the first four (4) cycles with the removal above 90 % and a
slight decrease from the 5" cycle until the 8" cycle (87 — 77%) was noted and thereafter a

drastic reduction in efficiency till 20 % was recorded.
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Figure 4.18: Reusability cycle of MCNC-TEMPO-PEI against Cr (VI) ions

These results indicate that FesO4 was not leached from the adsorbent surface material
resulting from a chemical reaction during the elution process. When recovering the adsorbent,
it maintained the stability and efficiency until the 8™ cycle. To further understand the stability
and the effectiveness of iron from the surface of MCNC-TEMPO-PEI after the last reusability
cycle, an investigation was conducted using the FTIR technique and the results obtained are

exhibited in Fig.4.19.
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Figure 4.19: The FTIR analysis of MCNC-TEMPO-PEI before and after the last cycle

According to the results presented in Fig. 4.19, it showcased the presence of iron shown
before and after the last cycles. This confirms the absence of the decomposition of iron after
reusability studies. Furthermore, there were no traces of Fes;O,4 that were observed in the
analyte solution, which also supports that the MCNC-TEMPO-PEI was still attached to the
magnetite and because of that, was proven stable during reusability studies. Moreover, other
functional groups were retained even after the last cycle from the adsorbent before the first
cycle as exhibited from the FTIR spectrum in Fig. 4.19. Since the stability of the MCNC-
TEMPO-PEI was confirmed, a series wastewater samples were conducted to also investigate
the efficiency of these adsorbents. According to the results, it was discovered that the
concentration level from these real wastewater samples were below the detection point from
the UV-Vis spectrophotometer. This confirms that none of these sources contained Cr (VI)
ions even before adsorption, hence, the concentration was undetected. These results are
similar to the research done by Pourmortazavi et al [39] where Cr (VI) ions were undetected
[39]. The results found from this study were also used to check the efficiency of the material

as compared to the other materials used for the removal of the same analyte. Table 4.2 was
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used to capture a few studies with different magnetic adsorbents using the UV-Vis

spectrophotometer as the detection technique for the adsorptive removal of Cr (V1) ions.

Table 4.2: Different adsorbents for the removal of Cr (VI) and Pb (ll) ions

Adsorbent Quantific Cycles Ci Adsorption % Removal Ref
ation (ppm)  capacity
technique (mg/g)
Cr (V1)
DPC-SBA-15 UV-Vis - 50 0,85mmol/g 86 [6]
NIP- UV-Vis 10 14 3,4 96 7
Cr (VI)(4VP-co-EGDMA)
AF-Fe,0,4 UV-Vis - 10 8,38 - [13]
Fe,O:@CTAB UV-Vis 10 1 12 95 [14]
CMPBC UV-Vis - 5 14,6 75 [23]
ACM UV-Vis - 2,5 6,1 [28]
MCMGO UV-Vis 15 15 0,75 - [40]
Zn-NiF@PBC UV-Vis 5 100 29,7 95 [41]
Fe;0,@PVA/CS UV-Vis - 100 0,239 g/g - [42]
MCNC-TEMPO-PEI UV-Vis 9 5 4,41 98 This work
Pb (II)
MCNC@Zn-BTC AAS 5 200 558 80 [43]
GTD 2 FAS - 100 192 - [44]
m-CNF+ PAN uv 3 100 138 - [27]
CCN-Fe304 AAS 5 50 64 - [45]
MCNC ICP 4 1 47 97 This work

Looking at the studies presented in Table 4.2, it can be assumed that the initial
concentration and the type of the detection technique has played a role in the adsorption
capacity. The majority of the studies presented in Table 4.2 have used UV-Vis as a
guantification technique for Cr(VI) and obtained a lower adsorption capacity even though the
% removal was efficient. This could have been due to the detection limit obtained at lower
concentrations when using a UV-Vis technique. Unlike when the other quantification
techniques like ICP-OES and AAS techniques that have the ability to detect higher
concentration ranges resulting in the higher adsorption capacities. Moreover, it was also
discovered in this study that the presence of iron within the surface material could have also
contributed to the efficiency in the higher % removal from these adsorbents hence the majority
followed PSO and Langmuir adsorption isotherms just like in this study. In contrast to our
study, these reports were able to achieve a higher adsorption capacity for Pb(ll) despite the
technique they employed. Nonetheless, the results from this study displayed higher

percentage removal. Which might have been impacted by the initial concentration being
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employed at a lower concentration level. Therefore, even though the materials employed in

this investigation were different, Pb(ll) produced a larger percentage efficiency than Cr(VI) ion.

4.5.11 Conclusion

The MCNC-TEMPO-PEI was successfully synthesized using a co-precipitation method
after the crosslinking of TEMPO in the presence of the cross-linking reagents glutaraldehyde
(GLA). Further grafted with the second polymer polyethyleneimine (PEI) via Schiff base
reaction. The final nanocomposite was characterised and confirmed by the FTIR, P-XRD,
TEM, SEM and EDS. The optimised parameters were proved to be 5 ppm for the initial
concentration, with the dosage of 30 mg within the acidic medium of pH 2 at 25 °C for 15 min.
The adsorption isotherms, kinetics and thermodynamic revealed a chemisorption interaction
governed by the electrostatic forces combined with ionic and magnetic interactions. A
regression correlation of 0,93 with the highest adsorption capacity of 4 mg/g with the removal
of 98% was reported. The results further confirmed a favourable and endothermic reactions.
It was further tested for stability and the results revealed that it is stable up until the 8™ cycle

owing to the magnetic interaction and the addition of amine groups from the surface.
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CHAPTER V: (OVERALL CONCLUSION, LIMITATIONS & FUTURE
RECOMMENDATIONS)

PREAMBLE

In Chapter VI, the overall study conclusions, limitations, and future work are highlighted. The
first section discusses a detailed summary of the overall observations and the results obtained
from this study. Details on the characterizations of the nano adsorbent, the MCNC and MCNC-
TEMPO-PEI are highlighted; the adsorption capacity of Pb (II) and Cr (VI) are summarized
and discussed, respectively. The challenges encountered during the study are also outlined
in the limitation section, and the future perspectives are discussed with an emphasis on giving

the directive about the gaps that are left out to be covered in future work.

5.1 Overall conclusion

The magnetic cellulose nanocrystal (MCNC) and its derivatives (magnetite and cellulose
nanocrystals) were successfully synthesised and confirmed with FTIR, P-XRD, UV-Vis, TEM,
SEM-EDS, TGA and BET characterization techniques. The FTIR data revealed the presence
of COOH, CH and OH band frequencies which confirmed the successful functionalization of
CNCs and additionally, the FezOs stretching band were also highlighted. The P-XRD
diffractograms confirmed the crystalline monoclinic type 1 cellulose with 1B lattice and
magnetite cubic spinel phases. The elemental composition from EDS confirmed the presence
of Fe, O, and traces of C from the SEM analysis. The spherical and rod-like morphology of the
nanocomposite was also observed with SEM and TEM analysis. BET analysis demonstrated
a large surface area of 56 m2/g with a sufficient pore volume of 0,1465 cm3/g.A and pore size
of 98 A for the MCNC enhanced after the CNCs were functionalised with magnetite. The
influential parameters were determined successfully using the 2"-level half factorial design
used for the adsorptive removal of Pb (Il) ion from the multivariate analysis. The optimum
conditions obtained, using the response surface where dosage = 60 mg, concentration = 100
ppb, time = 5 min, temperature 60 °C and pH=6. The maximum adsorption capacity for Pb (II)

obtained was 47 mg/g with the highest removal efficiency of 96 %. The adsorption capacity of
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the three materials (Magnetite, CNC and MCNC) was validated and the order of increased
adsorption capacity was found to be CNC<magnetite<MCNC. The adsorption isotherms
revealed a physisorption interaction and a heterogeneous multilayer surface interaction
governed by the weak van der Waals forces as the Freundlich adsorption and the PFO model
are described. The thermodynamic parameters exhibited a spontaneous and exothermic

thermodynamic reaction.

Furthermore, the modified MCNC-TEMPO-PEI was successfully synthesized, and the
characterization techniques confirmed the formation of the synthesized nano-adsorbent
material. The FTIR confirmed the deposition of amine groups in addition to the previously
verified functional groups available on the surface of the material of MCNC nano adsorbent.
The P-XRD exhibited an amorphous material from the MCNC-TEMPO-PEI contrary to the
crystalline structure from the MCNC obtained from the P-XRD. The TEM, SEM and EDS
confirmed the deposition of the amine groups in addition to the carboxylic and the hydroxyl
groups. The morphology of the nano adsorbents was observed to be smooth, oval, needle-
like and an irregular morphology for the MCNC-TEMPO-PEI, confirming the presence of
Fes;04, TEMPO and PEI after CNCs functionalization. The adsorption performance of MCNC-
TEMPO-PEI on Cr (VI) was investigated by univariate optimization tools and the optimal
parameters were captured as dosage = 30 mg, concentration = 5 ppm, temperature = 25 °C,
contact time = 15 minutes and pH = 2. The MCNC-TEMPO-PEI indicated a higher efficiency
in terms of capacity and adsorptive removal of 4,4mg/g with a 98 %, removal efficiency
respectively, as compared to the other tested adsorbents. These results revealed the
chemisorption of the electrostatic interaction from the monolayer of the Langmuir adsorption
isotherm with the PSO kinetic model against the Cr (VI) ions. The thermodynamic interaction
was favourable, and a non-spontaneous endothermic reaction was observed. The adsorbent
could be reused at least 8 times with a removal efficiency above 75 %. The results revealed

that the real wastewater sample that was analysed from this study did not contain Cr (VI) ions.
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The surface modification of the CNCs by grafting with amine groups and magnetite was to
improve the adsorption capacity and removal efficiency of MCNC-TEMPO-PEI against the
anionic Cr (VI) ions. However, the results demonstrated a low adsorption capacity which may

be due to experimental setup (detection method) and the surface chemistry of the adsorbent.

5.2 General limitations

The limitation of this study could be attributed to the use of the UV-Vis technique for the
guantification of the reaction which could have contributed towards the minimal adsorptive
performance of the MCNC-TEMPO-PEI against the removal of Cr (VI) ions. This was
discovered that the detection limit was lower at concentration ranges of 1-5 ppm and this was
justified by some literature studies that opted to use UV-Vis owing to its reliability, precision
and accuracy of the results after the complexed Cr (V1) ion. Literature has indicated that these
results only attained a low adsorption capacity even when the adsorptive removal results were

above 90 %.

The second limitation might have been due to the material surface chemistry. It could
be suspected that the material surface binding sites were reduced due to further
functionalization quenching the ability for the material to perform at optimal capacity. The
availability of the carbonyl groups due to TEMPO oxidation reactions may have also

contributed to the reduced adsorption capacity of the nanocomposites respectively.

5.3 Future recommendations

For future work, more emphasis will be placed on characterization techniques like BET
and zeta potential that can predict the surface area, pore size and pore volume, as well as the
surface charge of the MCNC-TEMPO-PEI nanocomposite material. Moreover, to improve the
adsorption capacity by introducing more polymer materials like molecular imprinted polymer
that have demonstrated to have trapping capacity of heavy metals. Furthermore, to study the
adsorption capacity using different analytical techniques such as ICP-OES and AAS with
improved detection limit. In contrast, to this study, where the adsorption capacity of the
materials would be higher obtained during adsorption against higher concentrations of the
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analyte. Moreover, the real wastewater analysis of MCNC against the adsorptive removal of

Pb (Il) ions to assess the surface capacity and selectivity of the adsorbent material.

APPENDIX

Table S1: The average crystalline size (D) calculation

Material Peak hkl values Peak position FWHM Crystalline Average
Numbers (20) size- D(nm) D(nm)
CNC 1 1,1,0 11,54 0,44 17,78 9,56
2 1,1,0 16,90 53,38 0,15
3 0,0,2 22,60 0,72 10,84
4 2,2,0 29,84 0,35 21,73
5 0,2,1 25,86 81,67 0,09
6 0,0,4 29,14 0,48 15,91
7 0,4,0 36,76 15,85 0,48
M 1 0,0,2 22,18 5,41 1,44 4,98
2 22,0 30,06 0,69 11,13
3 31,1 35,44 1,09 6,93
4 4,0,0 57,08 35,04 0,20
5 4,22 57,08 1,31 5,31
6 4,4,0 62,70 1,40 4,85
MCNC 1 1,1,0 21,96 3,35 2,33 6,79
2 2,2,0 21,84 0,57 13,71
3 31,1 35,47 0,77 9,83
4 4,0,0 36,08 52,46 0,14
5 4,22 57,08 0,89 7,84
6 4,4,0 62,74 0,99 6,86

The average patrticles sizes of the three materials (CNC, M and MCNC) were calculate using
the Debye Scherrer equation: D = kA/ 3 Cos 6, where k is the shape factor constant and = 0,9;
the A is the wavelength and equates to 0.154 nm; B is the full width at half maximum (FWHM)
and were measured at the highest tip peaks of all these materials and were captured on this
table, O is the de Bragg’s angle which was also measured and displayed on this table as 26,
so to calculate the particle size this angle was divided by 2 converted to radians. The

calculated average particle size of each material were 9,56 nm, 4,98 nm and 6,79 nm,
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respectively for CNC, M and MCNC materials and their peak intensities differs based on their
functionalism that was conducted on each material. Therefore, these results confirm the
formation of the three materials (CNC, M and MCNC) and also verify that they are indeed
nano materials. Moreover, the results also corroborate with various studies for the formation,
the crystallinity and the phase identification of the materials Half factorial screening design

results with percentage removal
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Table S2: The adsorptive isotherms models, kinetic studies, and thermodynamic calculations of MCNC against the removal of Pb (Il) ions.

Data for Langmuir and Freundlich Isotherm Plots

Experiment No Ci (ug/mL) C; (mg/L) Ce (mg/L) 1/Ce (L/mg) Log Ce Ln Ce de (Mg/g) 1/9e (g/mg) Log qe
1 50 0.05 1.98821 0.502965 0.298462 0.687234736 8.001965 0.124969 0.903197
2 100 0.1 3.12987 0.319502 0.495526 1.14099147 16.14502 0.061939 1.208039
3 150 0.15 4.89596 0.204250 0.689838 1.588410375 24.18401 0.041350 1.383528
4 200 0.2 5.27124 0.189709 0.721913 1.662265629 32.45479 0.030812 1.511279
5 400 0.4 6.98921 0.143078 0.844428 1.944367531 50.79536 0.019687 1.705824
6 500 0.5 10.0922 0.099086 1.003986 2.311762848 81.65130 0.012247 1.911963
Langmuir model calculation
Intercept Slope Cmax K. R, R?
-0.0192 0.2786 52.0833 -0.06892 0.21245 0.9865
Freundlich model calculation
Intercept Slope 1/n n Ke R?
0.4743 1.4252 1.4252 0.702 2.98057 0.9889
Experiment No Time, t C; (mg/L) Ce Jde [oh t/q: Je-Qt Ln (ge-qr)
(min) (mglL) (mg/g) (mg/g) (min/mg/g)
1 0 0.1 0.442741 16.14502 -0.05712 0 16.20214 2.785143
2 5 0.1 1.69822 16.14502 -0.26637 -18.7709 16.41139 2.797976
3 10 0.1 8.51103 16.14502 -1.40184 -7.13349 17.54686 2.864875
4 15 0.1 3.92564 16.14502 -0.63761 -23.5255 16.78263 2.820344
5 20 0.1 1.5934 16.14502 -0.2489 -80.3536 16.39392 2.796911
6 25 0.1 3.65993 16.14502 -0.59332 -42.1357 16.73834 2.817702
7 30 0.1 1.12441 16.14502 -0.17074 -175.711 16.31576 2.792132
Pseudo-First-order kinetic calculation
Intercept Slope ge (mg/g) ] R?
2.9293 -0.0068 18.7145 0.0068 0.9689
Pseudo-Second-order kinetic calculation
Intercept Slope 9. (Mg/g) (9e)? (mg/g)? ka R?

72.826 -7.322 -0.13657 0.01865 0.73627 0.9077




Table.S3: The thermodynamics calculations of the MCNC against the removal of Pb (Il) ions

T(K) Ci Ci(mg/L) Ce Ce(mg/L) ge(mg/g) kd Inkd 1T
(pg/L (mg/L
298 100 0,1 0,093 0,000093 0,016651167  0,179044803 - 0,003355705
1,720119209
303 100 0,1 0,097 0,000097 0,0166505 0,171654639 - 0,00330033
1,762270732
313 100 0,1 0,088 0,000088 0,016652 0,189227273 - 0,003194888
1,664806485
323 100 0,1 0,0722 0,0000722 0,016654633 0,230673592 -1,46675159  0,003095975
333 100 0,1 0,089 0,000089 0,016651833 0,187099251 - 0,003003003
1,676116049
343 100 0,1 0,077 0,000077 0,016653833 0,21628355 - 0,002915452
1,531165002
Table S.4: Particle size calculation for the three adsorbents
Material Peak Peak position FWHM Crystalline size Average
numbers
20 D (nm) D (nm)
CNC-TEMPO 1 8,8497 0,44467 17,81233
2 19,03994 0,5185 15,11067
3 22,58665 0,8618 9,039763
4 24,72381 0,60309 12,86723
5 27,05615 0,67151 11,50225
6 31,39817 1,27293 6,008135
12,2997
7 45,25566 0,533 13,75753
CNC-TEMPO-PEI 1 16,6002 7,64602 1,028127 1,03
MCNC-TEMPO-PEI 1 17,64492 7,66147 1,024646 0,432245
2 41,70105 46,29033 0,16038
3 17,64492 70,2747 0,111709




Table S2: The adsorptive isotherms and the kinetic study models the removal of Cr (VI) ions using MCNC-TEMPO-PEI

Data for Langmuir and Freundlich adsorption isotherms

Exp Theoretical Ci
no Ci (mglL) Intercept slope (mg/L) Ce (mg/L) 1/Ce Log Ce Ln Ce ge (mg/g) 1l/ge Logqe
1 1 0,1061 0,3888 1,658951 0,418724 2,388206 -0,37807 -0,87054 0,413409 2,418913 -0,38362
2 3 0,1061 0,3888 3,444959 0,451903 2,212863 -0,34495 -0,79429 0,997685 1,00232 -0,00101
3 5 0,1061 0,3888 5,260545 0,450103 2,221714 -0,34669 -0,79828 1,603481 0,623643 0,205064
4 7 0,1061 0,3888 6,563014 0,457047 2,187957 -0,34004 -0,78297  2,035322 0,491323 0,308633
5 9 0,1061 0,3888 9,870628 0,454218 2,201586 -0,34274 -0,78918  3,138803 0,318593 0,496764
Langmuir

Intercept Slope Omax KL RL R? value

-21,307 9,93458 0,04693 -2,14473 -0,10284 0,93378
Freundlich

Intercept Slope qe 1/n Kf R? value

6,75157 18,9062 18,90622 5643779 0,76965

Adsorption studies for Pseudo first and second order kinetics

Exp Time (min)  Intercept slope Ci (mg/qg) Ce(mg/g) ge(mg/g) gt (mg/g) ge-qt (mg/g) Ln(ge-qt) t/qt
1 5 0,0406 0,24515  5,52886 0,438507 1,72154 1,696784 0,024755 -3,69871 2,946751
2 10 0,0406 0,24515  5,52886 2,525801 1,72154 1,00102 0,72052 -0,32778 9,989813
3 15 0,0406 0,24515 5,52886 3,115643 1,72154 0,804405 0,917134 -0,0865 18,64731
4 20 0,0406 0,24515  5,52886 0,399347 1,72154 1,709838 0,011702 -4,44797 11,69702
5 25 0,0406 0,24515 5,52886 0,418519 1,72154 1,703447 0,018093 -4,01224 14,67613
6 30 0,0406 0,24515 5,52886 0,418519 1,72154 1,703447 0,018093 -4,01224 17,61135
Pseudo Second Order

Intercept Slope K1 ge(mg/g) R?

-1,06599 -0,09704 -0,00323 0,344387 0,20673
Pseudo Second Order

intercept Slope ge ge? K, R?

4,55156 0,45961  2,175758 4,733922 21,54673 0,55404
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