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ABSTRACT

Water is a basic resource to mankind. The environment is deteriorating daily due to industrial
pollution of water resources. Industrial effluents containing organic pollutants such as dyes are
undesirable even at low concentrations in the environment. Natural biomaterials have been
applied as adsorbents for dye removal from water systems, however, their application has been
limited by their low adsorption capacity. Much attention has been focused on the chemical
modification of natural biomass via grafting processes. The modification of natural polymers
by graft copolymerization is a promising technique since it functionalizes a biopolymer thus
imparting desirable properties. The purpose of the study was to prepare and optimize the
working conditions for the pine-magnetite bionanocomposites (PMC) as adsorbents and as
photocatalysts modifiers. First, this work focuses on the synthesis and optimization of reaction
variables in the preparation of PMC for the removal of methylene blue (MB). The thesis also
explores the synthesis of acrylamide and acrylic acid-grafted PMC, resulting in the formation
of acrylamide-grafted PMC (GACA) and acrylic acid-grafted pine-magnetite
bionanocomposites (GAA), respectively. The grafting of functional groups such as —CO, —NH>
onto cellulose from acrylamides is also explored in detail. The adsorption conditions optimized
were used to investigate the adsorption efficiency of GAA and GACA on MB. Finally, the
application of PMC and GAA as modifiers for amorphous TiO2 and N-doped TiO2was carried
out. The photocatalytic bionanocomposites from PMC (hamely PMC-a-C,TiO2 and PMC-a-
C,NTiO2) and those from GAA (labeled GAA—a-C,TiO2 and GAA—-a-C,NTiO2) are compared
by their photocatalytic efficiency on the degradative removal of an alkaline dye mixture formed
from Reactive red 120 (RR 120) and Rhodamine B (Rh B).

The synthesis procedure for PMC involved treating pinecone biomass with 0.15 M NaOH
solution to remove unwanted plant extracts and the subsequent coating of the treated pinecone
with iron oxide magnetic particles through a co-precipitation method. The variables used for
the experiments were volume of NH4OH (5 to 40 cm?), reaction temperature (40 to 100 °C),
effect of time (15 to 60 min) and mass (1.0 to 3.5 g).

The PMC and acrylic acid grafted pine-magnetite composite (GAA) were probed for structural
morphology and surface properties using various surface characterization instrumental

techniques. Strong chemical interactions between pinecone magnetite and acrylic acid were
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demonstrated by thermogravimetric (TGA), differential thermal analysis (DTA) and X-ray
photoelectron spectroscopy (XPS) for these unique bionanocomposites as such suggesting high
chemical stability. Grafting acrylic acid was shown by XPS to form polyacrylic acid on the
surface of the bionanocomposites and thus capping the surface groups. Significant differences
in size were shown by transmission electron spectroscopy (TEM) and scanning electron
microscopy (SEM); i.e., smaller particle sizes (Ave =13.0 nm) for GAA and slightly larger for
PMC (Ave = 14.0 nm). Brunauer Emmett Teller (BET) surface analysis demonstrated a larger
surface area, pore volume and pore diameter (59.9 m2.g-1,0.2254 cm3.g-1 and 28.14) for GAA
compared to PMC. These characteristics coupled with the point of zero charge for GAA
(pHpzc = 6.8) were critical in enhancing the efficiency of GAA adsorption of MB at pH 12 and
further enable GAA to have a higher desorption efficiency of up to 99.7% after four cycles of
washing with 0.10 M HCI. The adsorption kinetics and isotherm studies indicated that the
adsorption process follows the pseudo second order Kinetics and Langmuir isotherm
respectively. The adsorbent also showed improvement in the adsorption capacity and
reusability promising to be used for the removal of dyes in a prototype scale. GAA and MB
adsorption mechanism was confirmed to be through intra particle diffusion. The overall
performance of the GAA bionanocomposites is hinged on the formation of polyacrylic acid on
the surface, its structural morphology, and the enhanced surface properties. Most importantly,
the plant-based materials (lignin and cellulose) provide an environment that is rich with surface
(-COOH and —OH) groups for the attachment of the magnetite nanoparticles while the
polyacrylic acid stabilizes the magnetite onto the pinecone nanoparticles while reducing the

point of zero charge for increased adsorption of cationic species.

The photocatalytic bionanocomposites were fabricated from the adsorptive bionanocomposites
using a simple solgel process in which ~10 wt.% of PMC and GAA, respectively, were used
as a starting agent. Titanium butoxide was used as a precursor, acetylacetone as a dispersant
and ethylene diamine as a nitrogen source. Using this procedure, amorphous carbon-doped
titania (a-C,TiO2) and amorphous carbon and nitrogen co-doped titania (a-C,NTiO2) were
fabricated except that the biopolymer was not added. Two sets of amorphous titania
bionanocomposites were fabricated. One set was the nitrogen doped forms that had been
modified with PMC and GAA (PMC-a-C,TiO2 and GAA-a-C,NTiO2). The other set of
photocatalytic bionanocomposites produced in this work were without nitrogen (PMC-a-
C,TiO2 and GAA—-a-C,TiO2).



TEM and SEM micrographs showed that all the photocatalysts consisted of globular, smooth
aggregates of nanosized a-CTiO2 and a-C,NTiO2 which decreased in size with N-doping and
the incorporation of GAA and PMC to as low as <30 nm. Surface chemical analysis through
FTIR, XPS and EDS confirmed the presence of C, O, Ti and N (for the N-doped
photocatalysts). In addition, it was demonstrated that N-doping into TiO2 had taken place,
albeit with most of the N incorporated as organic nitrogen. It was further demonstrated that
because of the absence of high temperature calcination, the process chemicals played a
significant role in doping the photocatalysts with carbon resulting in the promotion of
photocatalytic activity for a-C,TiO2 to the point of surpassing that of, a-C,NTiO2 and all the
PMC-modified photocatalytic bionanocomposites. a-C,TiO2 had an overall 94% removal of
the dyes, Rhodamine B (RhB) and Reactive red 120(RR 120), under UV illumination. The
benefit of co-doping a-TiO2 with C, N and the biopolymers was realized with the incorporation
of GAA asa modifier. The result was 97% removal of the dyes by GAA-a-CTiO2 and 99% for
GAA-a-C,NTiOz. Itwas furtherobserved that the degradation of the binary mixture of the dyes
(RhB and RR 120) proceeded through the zero order Kinetics for the a-C,TiO2 based

photocatalysts and first order kinetics for the N-doped photocatalysts.

The work, has, therefore demonstrated the applicability of plant-based biopolymers in the
fabrication of nanoadsorbents and nanophotocatalysts. While the photocatalytic degradations
were carried out under UV-light, there still remains a number of possible avenues that
researchers can build on to improve the visible light-driven photocatalytic bionanocomposites.
The research work has proven the effectiveness of novel pinecone magnetic nanoparticle
materials and TiO2-based photocatalyst for the degradation of undesirable dyes from

wastewater.
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CHAPTER 1

INTRODUCTION

1.1. Background

The rapid growth of the world’s population, industrialization, poorly planned urbanization,
agricultural activities as well as the excessive use of chemicals have significantly contributed
to environmental pollution [1]. Environmental pollutants that are of primary concern include
among others heavy metals, dyes, biodegradable wastes, phosphates and nitrates, fluorides,
hazardous and toxic chemicals, radioactive pollutants, pharmaceuticals and personal care
products [2]-[4]. Consequently, trace amounts of these undesirable compounds lead to an

enormous pollution of water sources.

Many industries involved in the manufacture of textile, paper, rubber, plastics, leather,
cosmetics, pharmaceutical and food industries use dyes to tincture their products. However,
dyes are common water contaminants and are regularly found in the industrial wastewaters [5].
Most dyes are complex organic molecules that are mostly resistant to detergents and therefore

easily make their way into our water systems.

A vast amount of research investigating the removal of either dyes or heavy metals from
industrial effluents has been carried out over the years [6], [7]. Due to their toxic effects, dyes
have generated much concern and several processes such as adsorption, precipitation, chemical
degradation, photodegradation, biodegradation, chemical coagulation and electrocoagulation
have been applied in the removal of dyes from colored effluents [8]. Due to the typical high
concentrations of dyesin effluent from dyehouses, the amount of adsorbent required to remove
the dyes is typically high and hence making it expensive to use the synthetic adsorbents. As
such, adsorbents derived from naturally produced polymers offer a cheaper alternative. Such

adsorbents are commonly plant materials.

Several research articles showed that pinecone shell (PCS) can selectively adsorb heavy metals.
For example, Deniz et al. (2011) studied the biosorption of Ni (I11) and Cr (V1) from aqueous
solution by cone biomass [9]. Argun et al. (2008), described activation of pinecone with Fenton
reagent and determined the removal of Cd (I1) and Pb (I1) ions from aqueous solution obtaining
excellent results [10]. Ofojama and Naidoo (2010), examined the effect of surface modification
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on the biosorption kinetics of lead (I1) ions onto raw and NaOH modified pinecone powder
[11]. The authors also treated pinecone powder with KOH and their studies revealed that KOH
treated pinecone powder had a higher capacity for Cu (I1) than untreated pinecone shell [11].
In another investigation, the variation caused by the NaOH modification of pinecone powder
on the kinetics and diffusion of Pb (I1) and Cu (I1) ions onto the pinecone powder surface was
investigated [12]. These authors also studied the kinetic behavior of the Cu (Il)-pinecone
powder system with the variation of several process variables including solution pH, initial
concentration and temperature [13]. All these studies show the great ability which pinecone

has towards its application in the removal of pollutants from water.

The current study investigates the preparation of novel, efficient and eco-friendly pine-iron
oxide magnetite bionanocomposites. The biomaterials were grafted using vinyl monomers.
Grafting of these bionanocomposite materials increased reactivity and improved surface area.
The pinecone-iron oxide magnetite bionanocomposites were thus modified with acrylic acid
and acrylamide. It was envisaged that this modification will enhance surface properties of the
bionanocomposites, and in turn increase its adsorption capacity. The adsorption capacity of the
targeted pollutants was therefore improved by the introduction of monomers onto the
biomaterials. One of the limitations on pinecone is that it contains lignin which further affects
the adsorption capacity of pinecone and the grafting of acrylic modifiers onto its surface. As
an extension of this study, iron oxide nanoparticles were used as initiators to introduce active
Fe-OH radicals to the —OH groups of the cellulose. Then acrylic acid and acrylamide were
grafted on the active Fe-OH radical to obtain a high percentage and efficient grafting such that
the —OH groups of the cellulose are retained. This modification will increase -COO-and —-NH:
functionalities on pinecone. Acrylic acid has strong —COO- functional groups that easily ionizes
the pinecone charge and acts as the adsorption site to hold cations. Acrylamide has —NH:
groups which bear lone pairs of electrons that donates them to cations. Therefore, these groups
were expected to increase the functional groups on the surface of the pinecone. The chemical
grafting was carried out using a conventional heating process. The method was explored to
understand the percentage of acrylic acid and acrylamide grafted onto the pine-iron oxide
magnetite bionanocomposites which was then used to adsorb cationic dyes from agueous

solutions.

Photocatalysis promotes the degradation of contaminants in water, transforming them into by-

products with lower or no toxicity. The photocatalysts can be applied in suspension or
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immobilized onto a support. The aim of using the immobilized form against the suspension
form is that the costly extra final filtration process can be avoided, which is particularly
important in water decontamination. Photocatalysis has attracted a great deal of attention due
to the limitation of other techniques in the wastewater treatment. The photodegradation is one
of the most effective route for degradation of organic pollutions to harmless materials such as
COz2and H20 or other species in wastewater [14], [15]. One of the main obstacles for industrial
applications of photocatalysis is the worry of the release and destiny of the photocatalyst in the
environment. Therefore, it is favorable to recover and retain the catalysts. Using magnetic core
is a good candidate to overcome this problem [16]. Other treatment techniques such as
adsorption by activated carbon and air stripping merely concentrates the chemical available by
carrying them over to the adsorbent or air, which does not convert them to non-toxic wastes
[17], [18]. Dyes used in textile industries, are known to be resistant to biodegradation [19].
They can undesirably color water, resulting in a reduced penetration of the sunlight [20], thus
increasing the biochemical oxygen and chemical oxygen demand levels. Also, the release of
these colored dyes into our environment is a source of aesthetic pollution and is detrimental to
the environmental ecosystems. In addition, large concentrations of dyes in the aquatic
environment may be toxic to aquatic species and desulphonated dyes have been reported to be

a major source of problem in drinking water plants globally [21].

The novel bio-nanocomposite-magnetic nanoparticle materials were explored in overcoming
the limitations of using bionanocomposites alone and to selectively remove dyes from
environmental effluents. This research will benefit South Africa as it envisages providing
simple techniques that are cost effective, efficient, and non-toxic for the removal of dyes in
wastewater. In such as process, the dyes will be adsorbed before being discharged into water

streams, thus, making our water easier to recycle and reuse.

1.2. Problem statement

Based on the literature reviewed, it is evident that there has been an increase in the production
and utilization of dyes, resulting in an increase in environmental pollution. Effluentsdischarged
from many of industries contain residues and derivatives of dyes. Consequently, the presence
of very low concentrations in effluent is highly visible [22], [23]. Discharge of colored
wastewater without proper treatment can result in numerous problems such as chemical oxygen

demand (COD) by thewater body, and an increase in toxicity. Currently, there are about 10,000
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different commercial dyes and pigments and over 7 X 10°tons of synthetic dyes are produced
annually world-wide [24]. It is estimated that 10 — 15% of the dyes are lost in the effluent
during the dyeing processes.

It is a serious challenge to treat dye effluents because of their synthetic origins and mainly
aromatic structures, which are biologically non-degradable. Among several chemical and
physical methods, the adsorption process is one of the most effective techniques that have been
successfully employed for color removal from wastewater [25]. There are currently numerous
treatment processes for effluent discharged from industrial processes containing dyes; amongst
which are biodegradation electrolysis [26], [27], foam flotation [28], chemical oxidation [6],

[29], adsorption [30], electro-coagulation [31] and photocatalysis [32].

Various techniques have been utilized in the removal of dyes; however, a successful
methodology for removal of all types of dyes at a low cost has not been established [33].
Different processes involving adsorption yields rewarding results but has not been exhausted.
Despite their efficiency and applicability, they are restricted because a substantial amount of
adsorbent is lost during the regeneration processes, and they are also non-selective (i.e., they

cannot isolate each pollutant and removed it independently of one another).

This work primarily focuses on the development of a novel, cost-effective bio-nanocomposite
which can be more economical and efficient at commercial level. The major objective was to
synthesize pine-magnetite composite from pinecone powder. Thereafter, graft the PMC with
acrylic acid and acrylamide to increase its reactivity and improve its surface area. It was
envisaged that the grafting will enhance the surface properties of this bio-nanocomposite, and
in turn increase its adsorption capacity bionanocomposites. The focus of this research work is
therefore a combination of photocatalysis and adsorption through the fabrication of
photocatalytic adsorbent nanomaterials. To further reduce the environmental footprint and the

capital costs, the adsorbent used in this study mainly consists of pinecone powder.

1.3. Research questions

The current study seeks to answers the following research questions:
I.  What effect does functional grafting with acrylic acid and acrylamide have on the

surface and adsorptive properties of pine-magnetite bionanocomposites?
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ii.  What effect does TiO2 and nitrogen doped TiO2 (NTiO2) have on the optical and
structural properties of pinecone bionanocomposites?

iii.  How does the modification of TiO2 and NTiO2 on pinecone affect its performance on
the degradation of synthetic dyes?

iv.  Can pinecone bionanocomposites be regenerated for reuse?

v.  What effect does the in-situ modification of amorphous TiO2 and amorphous NTiO2
using the adsorptive bionanocomposites have on the photocatalytic removal efficiency

of dyes in a binary solution.

1.4. Aim and objectives
1.4.1. Aim of the study

The aim of this study is to prepare effective and cheap bio-nanocomposite adsorbents from a
locally available material (pinecone) collected in Vanderbijpark, Gauteng Province in South
Africa for the removal of dyes from aqueous solutions. The bionanocomposites are further
employed as modifiers for TiO2 and NTiOz2 in the in-situ synthesis of amorphous TiO2 for use

in the degradation of a binary mixture of Reactive red 120 (RR 120) and Rhodamine B (RhB)

dyes.

1.4.2. Objectives of the study

The objectives of this study are:
(1) To modify the surface of pinecone powder using NaOH to improve the cation
exchange capacity.
(i1) To prepare pine-magnetite bionanocomposites using the co-precipitation method.
(i1) To optimize the adsorption variables such as solution pH, adsorbent dose,
temperature and contact time for adsorptive removal of methylene blue from
wastewater.
(iv) To graft acrylic acid or acrylamide monomers to the prepared bionanocomposite
via a free radical initiated grafting.
(v) To determine the best fitting kinetic model, isotherms and thermodynamic
parameters for the adsorption process and propose adsorption mechanism

(vi) To carry out the desorption and regeneration studies.
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(vii) To synthesize grafted PMC/GAA TiO2 and grafted PMC/GAA NTIO:
photocatalytic bionanocomposites.
(viii) To carry out the photocatalytic degradation of binary dye mixtures from

wastewater using photocatalytic bionanocomposites.

1.5. Hypothesis of the study

Functionally grafted pinecone-magnetite bionanocomposites are effective as adsorbents and

photocatalysts in the removal of dyes from single and binary mixtures from wastewater.

1.6. Value of the research study

Water pollution has received great attention and remains a serious perennial problem
worldwide. South Africa has become highly industrialized, and this has resulted in water
shortage and several environmental challenges. Therefore, there is a need to develop cost-
effective adsorbents which are more economical and efficient at the commercial level
Adsorption technique, by itself is an economically viable technique in that it is more suited for
removal of waste material from real textile wastewater that advanced oxidation processes
(AOPs) such as photocatalysis, electrocatalysis and Fenton processes, to name a few.
Adsorption has the advantage of enabling removal of highly concentrated dyes through several

cycles whereas AOPs are limited to effluent with low concentrations.

1.7. Novelty

A novel, effective and cheap bio-nanocomposite adsorbents from a locally available material
(pinecone) in South Africa was successfully synthesized and employed in the removal of basic
dyes from aqueous solutions. The bio-nanocomposite was further applied in the modification
of TiO2 and NTiO2 and the effect of the different bio-nanocomposites on the TiO2 is evaluated
through the degradation of an alkaline mixture of dyes. The application of such

bionanocomposites in the synthesis of photocatalysts is reported for the first time in this study.

1.8. Thesis outline

This thesis is divided into eight (8) chapters. A brief explanation of the aims of each chapter is

summarized below.
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Chapter 1
This chapter gives a general insight of the work presented in the thesis. It briefly presents the
background of the work, the problem statement, justification, hypothesis, novelty statement,

aims and objectives as well as the thesis outline.

Chapter 2

This chapter covers the general review of relevant literature that served as a guide into the
research. The review on dyesand its pollution and toxicity, techniques and method for removal
of dyes, kinetics and equilibrium modelling of experimental adsorption datais presented in this
chapter. The calculation of thermodynamic adsorption parameters and the use of statistical

error functions are described.

Chapter 3
Chapter 3 summarizes all the methods and analytical techniques used in the synthesis
procedures and characterization for all the bionanocomposites used in the study, even though

specific details pertaining experimental strategies are given in each chapter.

Chapter 4

Chapter 4 discusses the synthesis of pine-magnetite composite prepared from the pinecone
powder using a co-precipitation method. The work demonstrates the preparation and
optimization process of variables needed for the bio-nanocomposite working conditions. It
presents an introduction into factors affecting adsorption and the optimization process
following one factor at a time. Kinetic and equilibrium modelling of experimental adsorption
calculations are explained. Characterization using FTIR, VMS, BET, XRD, TGA, TEM, SEM

were studied and discussed. Regeneration and desorption cycles are discussed.

K.N.G. Mtshatsheni, A.E. Ofomaja, E.B. Naidoo, (2019): Synthesis and optimization of
reaction variables in the preparation of pine-magnetite composite for removal of methylene
blue dye, South African Journal of Chemical Engineering 29 (2019) 33-41,
https://doi.org/10.1016/].sajce.2019.05.002
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Chapter 5

In this chapter, the effect of grafting of acrylamide onto pine-magnetite composite is
investigated. Adsorption data is fitted into kinetic and isotherm models and the adsorption
processes are calculated and presented. Characterization using FTIR, XRD, TGA, TEM, SEM

were studied and discussed. The work also discusses regeneration and desorption cycles.

KNG Mtshatsheni, EB Naidoo and AE Ofomaja (2020): Characterization of grafted acrylamide
onto pine-magnetite composite for the removal of methylene blue from wastewater: Waste in
the textile and leather sectors, INTECHOPEN, ISBN: 987-1-78985-244-1

Chapter 6

This chapter systematically probes the surface structure-property relationship of acrylic acid-
grafted pine-magnetite bionanocomposites and its effect on the adsorption of MB from water.
It further investigates the effect of coupling pinecone dust with magnetite nanoparticles and
further grafting of pine-magnetite composite (PMC) with acrylic acid using ceric ammonium
nitrate (CAN) as an initiator on the adsorptive mechanism of the resultant bionanocomposites
and its stability under reuse. The pine-magnetite (PMC) and acrylic acid grafted pine-magnetite
composite (GAA) were probed for structural morphology and surface properties using various

surface characterization instrumental techniques.

Kgomotso N.G. Mtshatsheni®*, Sithembela A. Zikalala, Eliazer B. Naidoo?, Edward N.
Nxumalo?, AE Ofomaja®, (2021). Surface structure-property relationship of acrylic acid-
grafted pine-magnetite bionanocomposites and its effect on the adsorption of MB from water,

Journal of Nanoscience and Nanotechnology. (Under Review)

Chapter 7

Chapter 7 investigates differences in which the adsorptive bionanocomposites PMC and GAA
influence the morphology and chemical composition of TiO2. In doing so, two paths are
pursued: the in-situ deposition of TiO2 onto GAA and PMC bionanocomposites and the in-situ
deposition of TiO2 onto the bionanocomposites in the presence of a nitrogen source. The
process results in the formation of amorphous carbon doped (a-C,TiO2) photocatalyst and its

counterpart amorphous carbon and nitrogen co-doped TiO2 (a-C,NTiO2). Photocatalytic
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bionanocomposites PMC-a-C,TiO2, GAA-a-C,TiO2 and their nitrogen-doped counterparts
PMC-a-C,NTiO2 and GAA—a-C,NTiO2 were fabricated in the process. The photocatalysts are
characterized form morphological. Chemical and optical properties. These properties are
correlated to the performance of the photocatalysts in the removal of a mixture of Rh B and
RR120 dyes under UV light.

Kgomotso N.G. Mtshatsheni, Sithembela A. Zikalala, Eliazer B. Naidoo, Edward N. Nxumalo,
AE Ofomaja, (2021). Surface structure-property relationship of acrylic acid-grafted pine-
magnetite bionanocomposites and its effect on the adsorption of MB from water, Journal of

Environmental and Chemical Engineering. (Under Review)

Chapter 8

Chapter 8 summarizes the findings of this thesis in the form of conclusions.

Recommendations for future work are also made in this Chapter
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CHAPTER 2

LITERATURE REVIEW

2.1. Introduction

Water is an essential component to human life, agricultural and industrial activities. More areas
suffer from water scarcity because of the increasing world-wide population, industrialization
and the decreasing of available freshwater resources due to pollution [1]. Water pollution has
caused an enormous concern worldwide [2,3]. Due to the fast growth of industry, the quality
of water has been significantly reduced due to the industrial and agricultural wastewater
discharges which contain heavy metals [4]. Once they are emitted, they can remain in the
environment for years, and due to their toxic effects and their tendency to accumulate, they
pose a risk to humans and the environment. Inorganic and organic wastes produced by human
activities have resulted in high volumes of contaminated water which threatens human health
and other living organisms [5]. Dye-bearing effluents are known to be significant source of
water pollution. Dyes are known to be complex chemical organic compounds that can connect
themselves tosurfaces or fabrics to impart color. These dyes are purged from various industrial
sources such as textile, cosmetic, paper, leather, rubber, and printing industries. The discharge
of coloured substances into the water bodies causes aesthetic damage to the ecology and is

harmful to biological organisms [6].

Given the scourge of dye pollution, there is a necessity for the development of novel, efficient
and cost-effective methods for wastewater remediation. This is particularly so because most of
the present day municipal methods of both wastewater and drinking water treatment methods
are ineffective in the removal for synthetic dyes [7]. This inefficiency can be due to i) the
technologies employed being unable to remove the dyes or, ii) where the technology is suited
to remove dyes, the capacity of the treatment plants were designed forsmaller volumes of water
[8,9]. Ineither, case, the water treatment plants are overloaded with the barrage of dye pollution
due to increase in the density of textile industries. Typical municipal wastewater treatment

plants use techniques such as flocculation, adsorption, chlorination, to name a few [10].

Advanced treatment plants do employ techniques such as membrane technology and
adsorbents, however, at a small scale [11,12]. Presently, systems that use photocatalysis and
adsorption, either in a series or as a hybrid system, are among the leading potential technologies

towardsthe removal of dye from wastewater [13,14]. This is because the adsorptive techniques
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can be able to remove the high concentration of dyes while photocatalysis is able to deal with
trace concentration of toxic pollutants that form in the wastewater. These two techniques are
mainly viewed as an add-on to the currently existing municipal technologies so that the carbon
footprint due to dye pollution is reduced [15]. This chapter will explore the properties of dyes,
the fundamental principles of adsorption, the fundamental principles of photocatalysis and the

advances made in fine tuning of these technologies.

2.2. Dye species found in wastewater
2.2.1. Introduction to dyes

A dye is a colored substance that has an affinity to the substrate to which it is being applied.
The dye is generally applied in an aqueous solution, and requires a mordant to improve the
fastness of the dye. The majority of natural dyes are derived from plant sources: roots, berries,
bark, leaves, wood, fungi and lichens [16]. Most dyes are synthetic, i.e., are man-made from
petrochemicals. Other than pigmentation, they have a range of applications including organic
dye lasers, food colorants, pharmaceuticals, tracers in geological studies and human anatomy,
cell markers toname afew [17], [18]. Dyes being natural or synthetic organic compounds have
been used for coloring many different types of materials for thousands of years. Synthetic dyes
are widely used in many fields of advanced technology, such as the textile industry, paper,
leather tanning, food processing, plastics, cosmetics, rubber, and in the printing as well as dye
manufacturing industries [18]. Synthetic dyes are also employed in ground water tracing for
the determination of specific surface area of activated sludge, sewage and wastewater treatment
[18].

The textile industry and its dye-containing wastewater is one of the main sources of severe
pollution worldwide [19,20]. About 10-25% of textile dyes are lost during the dyeing process,
and 2-20% are directly discharged as aqueous effluents in different water bodies. Synthetic
dyes have been used extensively due to their low cost, bright colors, resistance to fading, and
ease of use. The residual dyes from different sources (e.g., textile industries, paper and pulp
industries, dye and dye intermediates industries, pharmaceutical industries, tannery, and kraft
bleaching industries, etc.) introduces a wide variety of organic pollutants into the natural water

resources or wastewater treatment systems.
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Dyes are one of the most easily recognizable pollutants in the environment. The discharge of
dye-bearing wastewater into natural streams and rivers is toxic to aquatic life and damages the
aesthetic nature of the environment [21]. In addition, the discharge of dyes into watercourses
threatens the water supply and quality due to their non-degradability, toxicity, and

accumulation throughout the food chain.

A wide range of physical and chemical processes such as flocculation, electro-flotation,
precipitation, electro-kinetic coagulation, ion exchange, membrane filtration, oxidation,
irradiation and ozonation have been investigated extensively for removing dyes from aquatic
bodies [22,23]. However, these processes are costly and cannot effectively be used to treat the

vast volume of wastewater containing dyes [24].

The rapid advance of nanoscience and nanotechnology has brought new opportunities for
wastewater treatment. Due toits unique physical and chemical properties such as large specific
surface area, higher adsorption capacity and faster adsorption rate, nanomaterials have
tremendous potential for capture of inorganic or organic pollutants in water [25]. Several
treatment processes and methods have been used for removing heavy metal ions from
contaminated water, including adsorption, chemical precipitation, chemical oxidation or

reduction, ion exchange, filtration, reverse osmosis and electro-dialysis [26].

Among these approaches, adsorption has been found to be superior to other techniques for
removal of colors, odor, oils, and organic pollutants from processed or waste effluents in terms
of its high efficiency, initial cost, simplicity of design and easy handling in terms of operation
[24].

2.2.2. Classification of dyes

There are several ways for classification of dyes. Dyes can be classified according to the
chemical structure (acid, basic, direct, mordant, reactive, disperse, azo, and sulfur) [27], color
and application method [18,28]. However, due to the complexities of the color nomenclature
from the chemical structure system, the classification based on application is often favorable
[1]. Dye molecules consists of chromophores (OH, NH2, NHR, NR2Cland COOH) which are
responsible for the production of color and auxochromes (NO2, NO, N=N) enhance the affinity
of the dye towards the fibers [29]. Chemical structure classification dyes are identified by

groups with characteristic properties [30], e.g. azo dyes (-N=N-). They are strong, with good
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all-round properties and are cost effective. On the other hand, anthraquinone dyes are weak

and expensive.

Application-based classification is based on usage or method of application [31]. Dyes can also
be classified based on their particle charge upon dissolution in an aqueous medium [28] such
as cationic (all basic dyes), anionic (direct, acid, and reactive dyes) and non-ionic (dispersed

dyes). Dyes are classified according to their solubility and chemical properties [16].

2.2.3. Types of dyes

2.2.3.1. Acid dyes

Acid dyes are renowned for being soluble in waterand they are anionic as such they are applied
to fibers such as silk, wool, nylon and modified acrylic fibers. Their mode of attachment to the
fiber is due through an electrostatic attraction between the cationic dye and the positively
charged surface moieties of the fibers. As such, they are best suited for fibers with negatively
charged surface groups. The most common category of dyesin this group are the synthetic food

colorants.

2.2.3.2. Basic dyes

Basic dyes are also renowned for being highly soluble in water owing to them being cationic.
As such basic dyes attach onto negatively charged fibers or fibers with negatively charged

surface groups. As such they are mainly applied to acrylic fibers, wool and silk and paper.

2.2.3.3. Methylene blue dye

Methylene blue (Figure 2.1) is a common basic dye which has a wide variety of economic
relevance. It has also been used as adsorption model for some adsorbents. It is used in many
industries such as batik, textile, and tanning industry and in some universities’ laboratories for
practicing and researching. Discharge of methylene blue without treatment prior could
contribute to water pollution. Due to this reason, it is evident that removal of methylene blue
is of significantly important for the environmental and commerce. Some techniques have been
used for the removal of methylene blue in the wastewater. Several physiochemical technologies
like chemical oxidation [32], coagulation and flocculation [33], biological oxidation [34],

electrochemical [35], ultrafiltration [36], and adsorption have been extensively studied for the
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removal of dyes in the wastewater [37,38]. The adsorption process is found tobe quite suitable,
low investment, flexible, ease of operation, insensitive to pollutants and effective for the
removal of dyes from aqueous solution. A considerable amount of work has also been
published in the literatures regarding the adsorption of MB dye on various adsorbent surfaces
such as alumina [39], clay [40,41], zeolite [42], peat [43], activated carbon [44] , silica [45],
organic polymers [46], algae [47], plants wastes, wood sawdust [48], agricultural waste
materials [49,50], nanocomposites [21], organic—inorganic hydrogel composites [51] and
nanotubes [52].

N
=
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Figure 2.1 Chemical structure of methylene blue

2.2.3.4. Direct dye

Direct dyeing is normally carried out in a neutral or slightly alkaline dye bath, at or near boiling
point, with the addition of either sodium chloride (NaCl) or sodium sulfate (Na2SOa)
or sodium carbonate (Na2CO3) [53]. Direct dyes are used on cotton, paper, leather, wool, silk

and nylon. Direct dyes are also used as pH indicators and as biological stains.

2.2.3.5. Mordant dyes

Mordant dyes require adye fixative, which improves the fastness of the dye against
water, light and perspiration [54]. The choice of mordant is very important as different
mordants can change the final color significantly. Most natural dyes are mordant dyes and there
is therefore a large literature base describing dyeing techniques. The most important mordant
dyes are the synthetic mordant dyes, or chrome dyes, which comprise 30% of dyes used for
wool, and are especially useful for black and navy shades [55]. The mordant potassium

dichromate is applied as an after-treatment. It is important to note that many mordants,
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particularly those in the heavy metal category, can be hazardous to health and extreme care

must be taken in using them.

2.2.3.6. Vat dyes

Vat dyes are essentially insoluble in water and incapable of dyeing fibers directly [54].
However, reduction in alkaline liquor produces the water-soluble alkali metal salt of the dye.
This form is often colorless, in which case it is referred to as a leuco dye, and has an affinity
for the textile fiber. Subsequent oxidation reforms the original insoluble dye. The color of

denim is due to indigo, the original vat dye.

2.2.3.7. Reactive dyes

Reactive dyes utilize achromophore attached to asubstituent that is capable of
directly reacting with the fiber substrate [55]. The covalent bonds that attach reactive dye to
natural fibers make them among the most permanent of dyes. "Cold" reactive dyes, such
as Procion MX, Cibacron F, and Drimarene K, are very easy to use because the dye can be
applied at room temperature. Reactive dyes are by far the best choice for dyeing cotton and

other cellulose fibers at home or in the art studio.

2.2.3.8. Disperse dyes

Disperse dyes were originally developed for the dyeing of cellulose acetate, and are water-
insoluble [54]. The dyes are finely ground in the presence of a dispersing agent and sold as a
paste, or spray-dried and sold asa powder. Their main use is to dye polyester, but they can also
be used to dye nylon, cellulose triacetate, and acrylic fibers. In some cases, a
dyeing temperature of 130 °C (266 °F) is required, and a pressurized dyebath is used. The very
fine particle size gives a large surface area that aids dissolution to allow uptake by the fiber.
The dyeing rate can be significantly influenced by the choice of dispersing agent used during

the grinding.

2.2.3.9. Azo dye

Azo dye is produced directly onto or within the fiber. This is achieved by treating a fiber with
both diazoic and coupling components. With suitable adjustment of dyebath conditions, the

two components react to produce the required insoluble azo dye [56]. This technique of dyeing
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IS unique, in that the final color is controlled by the choice of the diazoic and coupling
components. This method of dyeing cotton is declining in importance due to the toxic nature

of the chemicals used.

2.2.3.10. Sulfur dyes

Sulfur dyes are inexpensive dyes used to dye cotton with dark colors. Dyeing is effected by
heating the fabric in a solution of an organic compound, typically a nitrophenol derivative, and
sulfide or polysulfide [57]. The organic compound reacts with the sulfide source to form dark
colors thatadhere to the fabric. Sulfur Black 1, the largest selling dyeby volume, does not have

a well-defined chemical structure.

2.3. Toxicity effects on dyes

Dyes are known to have high intensity in color and greatly visible in very little concentration.
Dyes may affect the photosynthetic activity in aquatic life due to decreased light penetration
[18]. They may also be toxic to some aquatic life due to the presence of metals, aromatics, dyes
etc. They are dangerous to humans and affects the kidneys, reproductive system, liver and
central nervous system [58]. Dyes are reported to cause mutagenesis, chromosomal fractures,
carcinogenesis, and respiratory toxicity. Due to their toxic effects, dyes have generated much
concern regarding their use. Therefore, there is a need to focus on specific methods and

technologies to remove dyes from wastewater streams.

2.4. Methods for Dye removal

Dyes are highly visible materials and a minor release into the environment may produce a color.
Therefore, there is a need to develop new and improved methods to remove dyes from
wastewater before it is discharged to receiving waters. Techniques to remove dye contaminants
from wastewater such as photocatalytic degradation, adsorption/precipitation processes
coagulation, chemical oxidation, membrane separation process, electro-chemical, aerobic and
anaerobic microbial degradation have inherent limitations [59]. These technologies can be

divided into three categories: biological, chemical and physical [34].

37


https://en.wikipedia.org/wiki/Sulfur_dye
https://en.wikipedia.org/wiki/Polysulfide

Current treatment technologies for color removal involving physical and chemical and
biological processes have been extensively studied. The conventional methods for the
treatment of colored wastewater are physical, chemical and biological treatments. However,
these technologies have advantage and disadvantages. At large scale, most of these
conventional methods are not applicable because of the high cost and disposal problems as

large amount of sludge is been generated at the end of the process [34].

2.4.1. Physical methods

Physical treatments like electro-kinetic coagulation, ion-exchange, membrane filtration,
electrochemical oxidation and photocatalytic degradation process have found to be successful
in treating these wastewaters [60—62] however they have certain drawbacks. Treatment
processes like coagulation produce huge amount of sludge leading to high disposal expenditure,
while the ion-exchange process is expensive. Membrane separation process is effective, but
due to membrane fouling problems and high investment its application is restricted. The major
drawback in this technology, is analysis of their economic viability. Among all the physical
treatments, adsorption process has been reported to be the most effective method for water
decontamination [63]. Adsorption is known to be a promising technique, which has great
importance due to the ease of operation and comparable low cost of application in the
declaration process. Commercially activated carbon is a remarkable highly adsorbent material
with many applications in the remediation of contaminated groundwater and industrial wastes
such as colored effluents. However, activated carbon is an expensive adsorbent due to its high
costs of manufacturing and regeneration. For the purpose of removing unwanted hazardous
compounds from contaminated water at a low cost, much attention has been focused on various
naturally occurring adsorbents such as chitosan, zeolites, fly ash, coal, paper mill sludge, and
various clay minerals [64,65]. An attempt to develop cheaper and effective adsorbents and
many non-conventional low-cost adsorbents such as clay materials, zeolites, siliceous material,

agricultural wastes and industrial waste products have also been suggested [66,67].

2.4.2. Chemical treatment

The major agents of chemical treatment of dye wastewater are coagulants/flocculants [68]. It
involves the addition of substances such as calcium, aluminum, or ferric ions to the effluent,

as such flocculation is induced [69]. Furthermore, Mishara and Y ue have report the use of other
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agents for chemical processes such as, ferric sulphate [21,70], and some synthetic organic
polymers. While Shi et al. (2014) suggests the combination of coagulation and flocculation
may also be added to enhance the process. Generally, chemical treatment has economic
feasibility and efficiency, but a major drawback is that the cost of chemicals is high and the
price fluctuates in the market due to high demand and the rate at which chemicals are being
produced. Moreover, even though it is efficient, the overall disadvantage of chemical treatment
is the production of sludge and other unknown by products formed between the chemicals and
the wide range of chemicals in the water. The chemistry of the sludge at the final stage

treatment is pH dependent and brings about disposal problems [33].

2.4.3. Biological methods

Biological treatment of wastewater is an alternative and most economical method compared to
physical and chemical methods. Biodegradation methods such as adsorption by (living or dead)
microbial biomass, fungal decolorization, bioremediation systems and microbial degradation
are commonly used in the treatment of industrial effluents. Microorganisms such as yeasts,
bacteria, fungi and algae are able to accumulate and degrade different pollutants, but due to
some technical constraints their applications is often restricted [71,72]. Biological treatment
may be aerobic and anaerobic [73]. But the major drawback is that, it requires substantial land
area and is constrained by sensitivity toward diurnal variation as well as toxicity of chemicals
[66]. Moreover, contradictory findings were reported in a review of current technologies [19]
which states that, with current conventional technology, biological treatment is incapable of
obtaining satisfactory color elimination. Furthermore, dyes such as (azo dyes) are not easily
degradable due to their complex chemical structure, synthetic organic origin and xenobiotic

nature [74]. The strengths and limitations of these methods are summarized in Table 2.1.
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Table 2.1 Summary of advantages and disadvantages of methods for removal of dyes [75]

Method

Strengths

Limitations

Chemical treatments

Oxidative process

H202 + Fe(Il) salts(Fenton’s

reagent)

Ozonation

Photochemical

Sodium hypochlorite (NaOCI)

Electrochemical destruction

Biological treatments

Decolorization by white-rot fungi
Other microbial cultures (mixed

bacterial)

Adsorption by living/dead

microbial biomass

Anaerobic textile dye

bioremediation systems

Physical treatments

Adsorption

Membrane filtration

Simplicity of application

Fenton’s reagent is a suitable

chemicalmeans

Ozone can be applied in its
gaseous state and does not
increase the volume of wastewater

andsludge

No sludge is produced and foul

odors are greatly reduced

Initiatesand accelerate azo-bond

cleavage

No consumption of chemicalsand

no sludge build up

White rot fungi areable to

degrade dyesusing enzymes

Decolorized in 24-30h

Certain dyes have particular
affinity forbinding with microbial
species

Allows azo and otherwater-

soluble dyes to be decolorized

Good removalof variety of dyes

Removesall dye types

Water is needed for the activation

of the dyes

Sludge generation

Short half-life

Formation of by-products

Release aromaticamines

Relatively high flow rates cause a

direct decrease in dye removal

Enzyme production hasalso been

shown to be unreliable

Under aerobic conditions azo dyes

are not readily metabolized

Not effective for all dyes

Anaerobic breakdown yields

methane and hydrogen sulfide

Very expensive

Concentrated sludge production
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lonexchange Regeneration: no adsorbent loss Not effective for all dyes

Irradiation Effective oxidation atlab scale Requires a lot of dissolved O>

electrokinetic coagulation Economically feasible High sludge production

2.5. Adsorption technologies

Adsorption is the accumulation of a substance at the interface between two phases which can
either be liquid-solid or gas-solid interface. The substance that accumulates at the interface is
called the adsorbate and the solid on which adsorption occurs is the adsorbent [63]. Adsorption
can be classified into two types, chemical and physical. Chemical adsorption or chemisorption
is characterized by the formation of strong chemical association of ions or molecules of the
adsorbate to adsorbent surface. This is due to the exchange of electrons and thus it is known to
be irreversible [76]. Physical adsorption or physisorption is characterized by weak Van der
Waals intraparticle bonds between the adsorbate and the adsorbent and is thus reversible in
most cases [76]. The main physical forces controlling adsorption are Van der Waals forces,
hydrogen bonds, polarity, dipole-dipole ©-rt interaction, etc .[30]. This process provides an
attractive alternative for the treatment of polluted waters, especially if the adsorbent is
inexpensive and does not require an additional pre-treatment step before its application [63].
As for environmental remediation purpose, adsorption techniques have been widely studied
and used to remove certain classes of chemical contaminants from water, mostly those that are

practically unaffected by conventional biological wastewater treatments [63,76].

Factors that influence the adsorption efficiency include adsorbate, adsorbent interaction,
adsorbent surface area, adsorbent to adsorbate ratio, adsorbent particle size, temperature, pH
and contact time [66,76].

In recent years, the search for low-cost adsorbents with pollutant-binding capacities has
intensified. Locally available natural materials such as agricultural and industrial wastes can
be utilized as low-cost adsorbents. When a solution containing adsorptive solute meets a solid
with a highly porous or a gel-like structure, intermolecular forces of attraction (physical or
chemical nature) cause some of the solute molecules from the solution to be concentrated or
deposited at the structure. The creation of an adsorbed phase having a composition different

from that of the bulk fluid phase forms the basis of separation by adsorptiontechnology [66,76].

41



In removing dyes from aqueous solutions, adsorbents can bind and capture heavy metal ions
from the aqueous solutions. The key part of an adsorption process are the adsorbents. Thus,
good adsorbents should be abundant and easy to process, and have high selectivity, large
surface area and long service time [77]. So far, many natural materials and synthetic
compounds have been used as adsorbents, including bark, lignin, dead biomass, zeolite, peat,
xanthate, clay, modified wool and cotton, fly ash, chitosan [78], as well as homopolymer,

copolymer and composites of water soluble monomers (e.g., acrylic acid and acrylamide).

2.5.1. Factors affecting adsorption of dye

Factors that need to be taken into consideration and optimized are solution pH, temperature,

and initial dye concentration and biosorbent dosage.

2.5.1.1. Effect of solution pH

The pH of a solution affects the capacity of the adsorbent in wastewater treatment. The
efficiency of adsorption is dependent on the solution pH, because variation in pH leads to the
variation in the degree of ionization of the adsorptive molecule and the surface properties of
the adsorbent [79]. The adsorption ability of the surface and the type of the surface active
centers are indicated by the point zero charge pHpz [51]. The pH at which the surface charge
is zero is called the point of zero charge (pzc) and is used to quantify or define the electro-
Kinetic properties of a surface. The pH is used to describe point of zero charge only for systems
in which H*/ OH- are the potentially determined ions. Most researchers have studied the point
of zero charge of various adsorbents which were prepared from agricultural solid wastes to
understand the adsorption mechanism. Due to the presence of the OH- group, cationic dye
adsorption is favored at pH > pHpzc and anionic dye adsorption is favored at pH < pHpzc where

the surface becomes positively charged [51].

2.5.1.2. Effect of temperature

Temperature is another significant physico-chemical process parameter because it will change
the adsorption capacity of the adsorbent [80]. If the amount of adsorption increases with
increase in temperature, then the adsorption is an endothermic process. This might be due to
the increasing mobility of the dye molecules and an increase in the number of active sites for

the adsorption with increasing temperature. The decrease of the adsorption capacity with
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increase in temperature indicates that the adsorption is an exothermic process. When
temperature increases, there is a decrease in the adsorptive forces between the dye species and

the active sites on the adsorbent surface leading to a decrease in adsorption [75].

2.5.1.3. Effect of initial dye concentration

The effect of initial dye concentration depends on the immediate relation between the
concentration of the dye and the available sites on an adsorbent surface. The amount of
adsorption for dye removal is highly dependent ontheinitial dye concentration. The percentage
of dye removal decreases with an increase in the initial dye concentration. This may be due to
the saturation of adsorption sites on the adsorbent surface, whereas the increase in initial dye
concentration will cause an increase in the capacity of the adsorbent. This may be due to the

high driving force for mass transfer at a high initial concentration [81].

2.5.1.4. Effect of adsorbent dosage

Biosorbent dosage on the dye removal efficiency is an important process parameter to
determine the capacity of an adsorbent. The percentage of dye removal increases with increase
in adsorbent dosage. The quantity of adsorption sites at the surface of adsorbent will increase
by increasing the amount of the adsorbent. The effect of the adsorbent dosage gives an idea for

the ability of a dye adsorption efficiency [75].

2.5.1.5. Effect of contact time

The rate of reaction is examined at different time intervals. Adsorption rate initially is meant
to increase rapidly, and the optimal removal efficiency be reached within about 60 min. Further
increase in contact time mostly does not show significant changes in equilibrium
concentration; that is, the adsorption phase reached equilibrium. That is how the effect of

contact time on adsorption efficiency is obtained

2.6. Biosorbents
2.6.1. Introduction to biosorbents

Biosorbents, either by themselves or in conjunction with a substrate can extract and/or

concentrate a desired molecule by means of its selective retention. Biosorbents are considered
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to be eco-friendly and effective with a low cost [82]. They also have high selectivity, requires
little processing and are easy to regenerate. Natural materials and certain waste from
agricultural operations that are available in large quantities may have the potential to be used
as low cost adsorbents, as they represent unused resources that are widely available and are
environmentally friendly [83]. Various biosorbents like commercial activated carbon [84], clay
[85] and agricultural solid wastes [86,87] have been used for the removal of dyes. Activated
carbon is still widely used [88,89]. It has been found todisclose a very high adsorption capacity
and a high volume of micro porosity because it increases the speed of absorption. However, it
is limited because of high cost involved and their regeneration by chemical and thermal
procedures usually result in adsorbent deactivation [90,91]. Biosorbents of biological origin
have been found to be efficient in the removal of pollutants at very low concentrations but the
disadvantage is that they are limited by their low extraction capacities, poor mechanical

strength and selectivity for targeted pollutants.

Crini and Badot indicated that an ideal adsorbent for dye removal should have the following
characteristics: 1) large surface area, 2) high adsorption capacity, 3) suitable pore size and
volume, 4) easy accessibility, 5) cost effectiveness, 6) mechanical stability, 7) compatibility,
8) ease of regeneration, 9) environmentally friendly, and 10) high selectivity to remove a wide
range of dyes and does not require high processing procedures. Hence, researchers have
recently focused on developing materials based on natural polymers such as chitosan to serve
as alternative adsorbents with improved adsorption capacity and not compromising the low
cost [92].

2.6.2. Pinecone as a biosorbent

Pinecone as a biosorbent has been widely studied because of its potential to treat industrial
wastewater. One major advantage of pinecone powder as a biosorbent is the removal of large
amount of dyes and metal ions from aqueous solution at a shorter contact period [93]. Other
advantages include natural availability, cost effectiveness, pollutant removal at low
concentrations and easy modification. The disadvantages of using pinecone as a biosorbent are
low binding capabilities, low filtration properties, low surface area and the leaching of colored

plant pigments into treated water. These limitations can be reduced by modifying the adsorbent.



Several research articles showed that pinecone shell (PCS) is able to selectively adsorb heavy
metals [94]. Argun et al. (2008) in their paper described the activation of pinecone with Fenton
reagent and determined the removal of Cd(ll) and Pb(Il) ions from an aqueous solution
examined the effect of surface modification on the biosorption kinetics of Pb (I1) ions onto raw
and NaOH modified pinecone powder [94]. They also treated pinecone powder with KOH and
their studies revealed that KOH treated pinecone powder had a higher capacity for Cu (11) than
untreated pinecone shell [94]. In another investigation, the variation caused by the NaOH
modification of pinecone powder on the kinetics and diffusion of Pb (I11) and Cu (11) ions onto
the pinecone powder surface was investigated [94]. These two authors also studied the Kinetic
behavior of the Cu (I1)—pinecone powder system by varying several process variables including
solution pH, initial concentration and temperature [93]. It appears that pinecone powder needs
to be modified to increase its adsorption capacity. Biosorbent modification is a process of
chemically or physically manipulating the surface properties of biological materials such as
type and functional groups, surface area and porosity by extraction of plant chemical

components to improve its adsorptive ability.

2.7. Magnetic Properties
2.7.1. Iron Magnetic nanoparticle

Magnetic nanoparticles have attracted increased attention due to their excellent physical and
chemical properties such as super-paramagnetism, good dispersity, low toxicity and good
biocompatibility [95].

Nano-sized magnetic iron oxide particles have been assessed for removal of dyes because of
its high surface area, good mechanical strength, high reactivity and the fact that nanoparticles
can be easily functionalized [96,97]. However, the production cost, agglomeration and small
sizes limited its widespread use [98].

Coating magnetic nanoparticles onto biomaterials shows a combination of relatively large
numbers of active sites, high specific surface area and the convenience of separation offered
by the magnetic species, and with the improved adsorption properties of the biomaterial due to
the presence of the functional groups it contains. Coating of nano-sized magnetic composite
onto the pinecone may be applied in addressing the problems highlighted and activation of

surface area and will increase the reactivity and mechanical strength.
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Development and modification of pinecone magnetite as a biosorbent will create a space for

valorization of waste materials, possible elimination of filtration, introduction of magnetic
separation and improvement in surface area dueto the particles being in the nanoparticle range.

Compared to traditional micro-sized supports used in separation process, nano-sized
adsorbents possess better performance that can be attributed to their high specific surface area,
small size, absence of internal diffusion resistance and quantum size effect. Magnetic
nanoparticles are coated on solid matrix such as polymers, carbon, zeolites and biomaterials to
make separation from the effluent easier [99]. Coating biomaterials with magnetic
nanoparticles combines the relatively large numbers of active sites, the high specific surface
area and the convenience of separation offered by the magnetic species. Magnetic nanoparticles

are also known to have good mechanical strength, high reactivity, and functionality.

Recently, magnetic separation has been applied in many areas to remove, isolate, or concentrate
the desired components from a sample solution. Research has proven that iron oxide magnetic
nanoparticles have been coated or functionalized and stabilized by biological materials. Several
types of iron magnetic particles such as Fe2Os [100], maghemite [101], FesO4 [102] and
CuFe204[103] have been explored for their ability to perform as adsorbents for metallic and
organic pollutants from water. Some examples are chitosan [77], gum arabic [104], humic acid
[105], polyacrylic acid , tea waste [106], cross-linked pectin [107], shellac [108] and orange
peel powder [109]. The prepared magnetic nanomaterial used as adsorbents have been applied

for the removal of heavy metals and organic pollutants from aqueous solutions.

2.8. Grafting as modification

Grafting is the modification process whereby a polymer containing a known functional group
is added onto the surface of the biosorbent particles to increase its binding capacity. Grafting
plays a crucial role as it improves the physiochemical properties of the material. Grafted surface
material demonstrates much better adsorption, improved surface coverage at low pH and
smoother surfaces at high pH. Importance of a grafted surface gives biopolymers desirable
properties like increase of hydrophilicity when grafting with a monomer containing hydrophilic
groups to the cellulose. Considerable amount of work has been done on techniques of graft co-
polymerization of different monomers on polymeric backbones. These techniques include
chemical, radiation, photochemical, plasma-induced techniques and enzymatic grafting [110].

Grafting reactions to improve and enhance the dye adsorption characteristics has received an
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intense interest [111].Grafting has the advantage of improving the removal of color that is

present in the wastewater. This can be done since new functional groups are introduced onto
the biosorbent [112] and forms stronger bonds between pollutant and the biosorbent.

2.8.1. Chemical grafting

Grafting initiated by chemical means can proceed along two major paths, that is, free radical

and ionic (Figure 2.2). In this process, the role of the initiator is very important as it determines
the path of the grafting process. A typical example of grafting is as follows:

M M

T T T M —»M

Polymer Monomer Grafted Polymer

Figure 2.2 An example of polymer grafting

2.8.2. Free-radical grafting

This process involves free radicals that are produced from initiators and transferred to the
substrate to react with monomers to form the graft polymers. The generation of free radicals

can be considered to be direct or indirect methods [113].

2.8.3. lonic grafting

The process involves ions formed through high energy irradiation. lonic grafting is defined by
two types which are cationic and anionic. The polymer is irradiated to form the polymeric ion

and then reacts with the monomer to form the grafted polymer. The primary advantage of the
ionic grafting is the high reaction rate [113].

2.8.4. Radiation grafting

Radiation is a process that is performed in solution or emulsion a whereby the reaction medium

is water with a small amount of surfactant. For example, if radiation is carried out in air,
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peroxides may be formed on the polymer. The life time of the free radical dependson the nature
of the backbone polymer [114].

2.8.5. Photochemical grafting

This process involves grafting initiated when a macromolecule containing a chromophore
absorbs light and dissociates into reactive free radicals. If the absorption of light does not lead
to the formation of free radical sites through bond rupture, the process can be promoted by the
addition of photosensitizers, benzoin ethyl ether, dyes like sodium 2,7 anthraquinone

sulphonate or acrylated azo dye, aromatic ketones or metal ions like UO22*[115].

2.8.6. Plasma induced grafting

This process involves electrons that are used to initiate grafting. The electron induced is excited
resulting in ionization and dissociation. Thus, the accelerated electrons from the plasma have

sufficient energy to induce cleavage of the chemical bonds in the polymeric structure to form
macromolecule radicals, which initiate grafting of copolymers [110].

2.8.7. Acrylic acid and Acrylamide monomers for grafting

Acrylic acid and acrylamide are known to be water soluble monomers with significant
solubility. Acrylic acid is an organic unsaturated acid. Acrylic acid with its polymers, poly
(acrylic acid) can be easily polarized, and pH can be adjusted by an inorganic base such as
sodium hydroxide. If it is cross-linked by a cross linking agent or grafted onto non-water-
soluble material, it is known to adsorb water molecules and swell, but it will not dissolve in
water.

Many methods for polymerization of acrylic acid are available. For example, acrylic acid is
initiated and polarized in aqueous solutions using water-soluble initiators like oil-soluble
initiators such as 2,2-azoisobutyronitrile (AIBN) [116] or K2S20sg [117] (Figure 2.2).

Acrylamide is a non-ionic compound, appearing at pH of neutralization in aqueous solutions.
To expand the applicability of polyelectrolyte materials, acrylic acid (sodium acrylate) and its

derivatives are usually used to produce copolymers with other water-soluble monomers like
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acrylamide and its derivatives. Acrylamide monomers can be inserted into the chain segment
of poly (acrylic acid), decreasing the sequence length and tacticity of the acrylic acid chain
segment (Figure 2.3). This is expected to enhance the efficiency of carboxyl groups in acrylic
acid to associate with the metal ions or dyes. It is important that the co-monomer improves
macromolecular chain structure of acrylic acid and obtain a desired morphology of the
condense state. With respect to copolymers of acrylic acid and acrylamide it is important to
consider H-bond formation between carboxyl groups and amides because carboxyl groups on
acrylic acid are known not only to bind metal ions but also to act with the amides on the

acrylamide [118].

The grafting copolymers of acrylic acid and acrylamide are usually used as hydrogel materials

to capture metal ions from aqueous solution [119-121]
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2.9. Desorption

Desorption is a phenomenon whereby a substance is released from or through a surface. The
process is the opposite of sorption (that is, either adsorption or absorption). Desorption can
occur when an equilibrium situation is altered. The main aim for desorption is the reusability
of adsorbents in the multiple adsorption or desorption cycles and beneficial for their practical
and economical applications [122,123]. Regeneration of the spent adsorbent is necessary to
restore its original adsorption capacity. Diluted acids like hydrochloric acid, nitric acid and
sulfuric acid can be used as the chemical regenerant. Dilute acids are very effective regenerants
for cellulosic adsorbents.

2.10. Adsorption Isotherms

Isotherm studies can describe the qualitative information of the adsorbate interaction with
adsorbent at constant temperature [124]. For example, the capacity of an adsorbent can be
described by the adsorption isotherms, which helps us to understand the proper adsorption
mechanism. The isotherm provides the relationship between the concentration of dye in
solution and the amount of dye adsorbed on the solid phase when both phases are in

equilibrium.

2.10.1. Langmuir isotherm

The Langmuir model [125] is based on the assumption that the process takes a place on a
homogeneous surface, assuming monolayer adsorption onto a surface with a finite number of
identical sites, so a monolayer of adsorbate is formed at saturation on the adsorbent surface.
The linearized isotherm model is given by the expression

fe = Lk 4+l Equation 2.1
de Adm adm

where e is the amount of dye adsorbed at the equilibrium time (mg.g™!), Ce is the equilibrium
dye concentration (dm®.mg!), qm is the maximum adsorption capacity (mg.g!) and K is the

Langmuir adsorption equilibrium constant (dm3.mg-!).
2.10.2. Freundlich isotherm

Freundlich model [126] describes the non-ideal adsorption on heterogeneous surfaces as well

as the multiplayer adsorption. The isotherm model is expressed by Equation 2.2

50


https://en.wikipedia.org/wiki/Phenomenon
https://en.wikipedia.org/wiki/Process_(science)
https://en.wikipedia.org/wiki/Sorption
https://en.wikipedia.org/wiki/Adsorption
https://en.wikipedia.org/wiki/Absorption_(chemistry)

Log q, = LogK; + %Log C, Equation 2.2

Where Ce represents the equilibrium concentration of dye at the equilibrium time (mg.L™1), n
is the Feundlich constant related to the adsorption intensity, K is the Feundlich constant that

represents the relative adsorption capacity (mg.g).
2.10.3. Temkin isotherm

The Temkin and Pyzhev (1940) isotherm model describes the chemisorption between the
adsorbate and adsorbent [127]. The model assumes that the heat of adsorption decreases
linearly with the coverage. The equation works better for gas-phase equilibria. The non-linear

form of the Temkin isotherm which on linearization gives:

g =B,/ InK; + B, InC, Equation 2.3

where B, = RT /b, b (mol/kJ) is the Temkin isotherm constant, K, (dm3.mg1) is equilibrium
binding constant, g, (mg.g!) is the adsorption capacity and C, (mg.dm-3) is the equilibrium
adsorbate concentration, T (K) is temperature and R (8.314 x 10-3 kJ.mol"1K-1) is the ideal gas
constant. The linear plot of g, versus InC, gives the isotherm parameters, b and K, are

calculated from the slope and intercept.

2.10.4. Adsorption Kinetics

Kinetic studies are of utmost importance to the adsorption process because they depict the
uptake rate of adsorbate and control the residual time of the whole adsorption process [27]. For
a batch contact time process, the rate of sorption of dyeon to the given adsorbent is proportional
to the amount of dye absorbed from the solution phase. Several kinetic models have been
proposed to clarify the mechanism of a solute adsorption from aqueous solution onto an
adsorbent [128].

2.10.5. Pseudo-first order

The rate constant of adsorption was determined from the pseudo-first-order rate expression
given by Lagergren. The linear forms of the pseudo-first order is represented by the following
equation [129]:
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Ln(q, —q,) = Lnq, — K,t Equation 2.4

where ge and q: are the amount of MB adsorbed at equilibrium and at time t (mg.gt),
respectively, and kit (min) is rate constant of adsorption. The values of the K1t and ge cal were

calculated from the slopes (kit) and the intercepts (Ln ge) of the plots of In (ge—qt) vs. t (min)

2.10.6. Pseudo-second order

Inthis model, therate-limiting step is the surface adsorption that involves chemisorption, where
the removal from a solution is due to physicochemical interactions between the two phases

[130]. The linear forms of the pseudo-second order are represented by the following equation:

L= —de+— Equation 2.5
2

where K2 (g.mgt.min1) is the rate constants of the pseudo-second order. The parameters e

and gt (mg.gt) are the amount of MB adsorbed at equilibrium and at time t (min).

2.11. Photocatalysis
2.11.1. TiO; in photocatalysis

Photocatalysis is the chemical reaction induced by the absorption of photons by a
semiconductor particle (photocatalyst) [8]. The photocatalyst does not undergo any chemical
changes during and after the reaction. In thermodynamics, the concept of catalysis and
photocatalysis is different whereby energy storing reactions can be driven by light energy even
when it is not thermodynamically favorable (AG > 0) while normal catalysis is limited to
thermodynamically possible reaction (AG < 0). The reaction rate whether absolute or relative
of the photocatalytic process is usually referred as photocatalytic activity [131]). The five steps
that are usually distinguished during catalysis are transfer of pollutants to the photocatalyst
surface, adsorption of pollutants on the surface, photonic activation and decomposition of
adsorbed molecules, reaction product desorption and removal of reaction products from

photocatalyst’s surface.
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The main principle of photocatalysis can be explained according to the fact that electron-hole
pairs are generated when photocatalytic material is exposed to the light with equal or larger
energy than that of photocatalyst band gap. Formed electron hole pairs dissociates into
electrons (e~) in conduction band and holes (h*) valence band. The e~ and h* lead to the
reduction and oxidation of molecules adsorbed on the surface of photocatalytic material.
Extensive studies have been conducted on the photocatalytic treatment of wastewater effluents
at the laboratory and pilot scale [132,133]. Photocatalysis is one of the most researched
branches of advance oxidation processes (AOPs). Advanced oxidation processes are methods
of pollutant removal in which the active species is a radical or a charged nanoparticle that
degradesthe pollutant through the activity of the radical or the charged species [134].Advanced
oxidation processes (AOPs) has been identified as active methods for the treatment of
wastewater [135]. They result in the formation of oxidizing species such a OH, which remove
organic pollutants by oxidation and inactivate microorganisms present in wastewater upon
visible light irradiation [136] Photocatalytic degradation of organic effluents is considered to
be the best approach for the abstraction of organic effluents from industrial wastewater.
Examples of semiconducting nanocatalysts that have been used in the literature are ZnO, TiO2,
WQOs3, ZnS, CdS, Fe203, etc. [137,138]. Among various transition metal oxides, TiO2 is known
to be widely used as a photocatalyst due to its unique characteristics of low cost, good optical
activity, high chemical stability and non-toxic nature [139]. Doping with metals and non-metals
is an effective method for enhancing the photocatalytic efficiency of TiO2 as this impedes
electron-hole recombination and increases its visible- light harvesting capacity. Doping TiO2
with metal or non-metal ions can increase its capacity for visible light absorption or its
reactivity in the UV spectrum [140,141]. Park et al. synthesized NTiO2 nano-structured
materials via graft polymerization method [142]. The resultant materials exhibited enhanced
catalytic activity for the degradation of methylene orange (MO) dyes after irradiation with
visible light. These were due to the incorporation of N into TiO2 structure, which reformed the
electronic band level of TiO2. The doped material absorbed visible light. As a result, e~/h™*
pair recombination was suppressed as such influencing the degradation reaction that could be

strongly catalyzed. Some examples like activated carbon impregnated magnetite composites
(PAC/Fe;0,) have been fabricated which not only have high ability of adsorbing pollutants, but also
can be easily catalyzed by UV light as well as separated from solution, due to its magnetic features
[143]. The sol—gel process has been used to fabricate the coating of nanosized crystalline TiO, directly
onto magnetic core particles [135]. The enhancement of the photocatalytic activity of Fe;0,/TiO, core—

shell nanoparticles can be interpreted by energy level theory: the energy level of Fesp/Fe,p closest to
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the energy level of TiO, conduction band, and the energy level of Fezp/Fe b closest to the energy level
of the TiO, valence band; Fe3p dissolved from Fe;0, nanoparticles can come into not only electron
capture position but also hole capture position, which causes the electron—hole pair recombination of
TiO, to decrease [144,145]. Hang et al. have also synthesized the cryptomelane-type manganese oxide
(K-OMS-2) nano wires, and then loaded it with TiO, nanoparticles by a hydro-thermal method, and
finally coated with the magnetic Fe;O, nanoparticles via a co-precipitation method. The hierarchically
magnetic K-OMS-2/TiO,/Fe;0, heterojunction exhibited good photocatalytic activity for the
degradation of humic acid under solar light [146]. More recently, Hu et al. have prepared the magnetic
double-shell Fe;0,@TiO,/AU@Pd@TiO, microsphere composed of a Fe;O, core and double
mesoporous TiO, shells with Au and Pd nanoparticles encapsulated via a multi-step building-up
method, resulting in a high catalytic activity and stability for reduction of 4-nitrophenol [147].

TiO, is mainly applied in photocatalysis in its crystalline form (c-TiO,). However, despite the
advantages offered by its amorphous form (a-TiO,), studies pertaining to a-TiO, have been lagging.

The advantages and disadvantages of TiO, are summarized in Table 2.2:

Table 2.2 A comparison of the advantages and disadvantages of amorphous TiO2 in
photocatalysis

Advantagesof TiO: Disadvantages of TiO-

Small particle size and large surface area High aggregation
Eliminates high temperature calcination hence High charge recombination
improved economic feasibility

a-TiO, and c-TiO, share similar properties

provided they have the same chemical

composition, size and preparation conditions

Ease of preparation

2.11.2. Amorphous TiO;, fabrication and applications in photocatalysis

Studies on the viability of a-TiO2 as a photocatalyst has been under evaluation for some time,
though such studies have been surpassed by the interest in the applications of crystalline TiO2
(c-TiO2) [148-150]. One or the earliest reported studies by Ohtani et al.(2011) the
characteristics of a-TiO2 and c-TiO2 were compared by studying the properties of a-TiO2
calcined in the temperature range 300 — 800 °C [148]. The studies indicate that amorphous and
crystalline TiO2 of the same size and composition have the same optical properties such as the
energy band gap [148]. The optical properties and the photocatalytic efficiency of a-TiO2 are

affected by the tendency of high charge recombination. A comparison of the photocatalytic
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efficiency of a-TiO2 and c¢-TiO2 showed that photocatalytic removal of
2-propanol under UV-irradiation was low for a-TiO2 and increased with calcination
temperature. Subsequent studies demonstrated through computational modelling and
experimental work that doping a-TiO2 with either a p-type or n-type dopant was effective in
reducing the energy band gap and the charge recombination [151]. It was further shown that
co-doping with such dopants has a greater effect in enhancing the photocatalytic activity
through red shifting of the band edge. Subsequent studies on a-TiO2 have demonstrated that
with carefully controlled synthesis parameters, a-TiO2 can outperform P25 in the removal of
organic pollutants as demonstrated in the table above [152]. Inaddition, doping with C has also
been shown to enhance the photocatalytic performance of TiO2 to surpass that of P25 [153].
Furthermore, a-TiO2 has also been applied as a co-catalyst for other catalytic semiconductors
and shown to be effective in enhancing the photocatalytic activity. For example a-TiO:
encapsulated CsPbBrs3 (a-TiO2@ CsPbBrs) had a six-fold increase in photodecomposition of
CO2 under UV-light [154]. The a-TiO2 was found to particularly increase the affinity between
a-TiO2@ CsPbBrs and COz. Selected studies pertaining to the synthesis and application of a-
TiO2 have been summarized in the Table 2.3 below.
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Table 2.3 Fabrication, applications, and general results for amorphous TiO>

Material Synthesis parameters Physicochemical Application and results Refs
and optical
properties
a-TiO2 Commercial a-TiO2 Band edge — 380 - 2-propanol under [148]
calcined in temperature nm for a-TiO2 UV-light
ranges 300 - 800°C and red-shifted - 2-propanol
by calcination conversion
lowest for
a-TiO2
c-doped a- Microwave assisted sol- Energy band gap - Rhodamine B [155]
TiO2 gel in situ doping of TiO2 — 1.94 eV for a- and
with  calcination in  TiO2 calcined at 4-chlorophenol
temperature range 300 — 300°C and with kg, =
600 °C highest  charge 4.6 X 10~ 2for 4-
recombination Chlorophenol
removal
Microwave  Microwave assisted Band gap in the Highest removal of [153]
prepared C- solgel with varied range 3.37 — 3.4 Rhodamine B (~98%
doped a- microwave treatment eV removal of RhB) in 80
TiO2 Spherical min
aggregates  with
diameter at ~300
nm
Alcothermal  Tetraisopropyl Band-edgeat 395 RhB decolorization [152]

preparation
of a-TiO2

titanate+ethylene
glycol+acetic acid aged

for 8 h and thermally

nm
BET surface area
of 50 m?. g7t

under simulated solar
light.

klapp
a-TiO2 and 3.7 for P25

=5.1x%x 1072 for
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treated for 3 h in Teflon compared to 15

lined autoclave m?. gt

2.11.3. TiO; based photocatalytic bionanocomposites: Value proposition, synthesis and

applications.

The development of advanced oxidation processes past lab scale research has been mainly
hindered by the high process costs as projected from the processes employed in the fabrication
of the semiconductor catalysts at the lab scale. One of the main issues of concern in the
fabrication of semiconductors for photocatalysis is the calcination to transform an amorphous
matrix into a crystalline nanomaterial. As such there has been research into the use of the
amorphous forms of the semiconductor nanomaterials as an alternative to the crystalline forms
[150]. The costs of producing semiconductors has been the drive towards making
semiconductor nanoparticles absorb visible light in order to make them applicable as
photocatalysts that can use the regular light from the sun [156]. Such modifications typically

involve the use of additional chemicals to achieve such things as chemical doping, particle size
control and morphology control [152].

In addressing these issues, research has taken the direction of using plant materials and plant
derived biopolymers as modifiers for semiconductors such as TiO2. This has led to the
fabrication of TiO2— plant biopolymer composites with improved mechanical strength, visible
light absorption, uniform particle size, decreased particle aggregation to name a few of these
characteristics [157]. Given that lignin, cellulose and hemicellulose are the major constituents
of plant materials they are therefore viable biopolymers for the modification of photocatalytic
semiconductors [158]. For example, the use of lignin as a template in the synthesis of titania
nanoparticles, a process involving post-synthesis calcination at 300 °C, resulted in
nanoparticles with a smaller particle size (8.5 nm), increased surface area and hence high
photocatalytic degradation TiO2 [159]. In a separate work, cellulose nanofiber mats were
coated with CdS and applied for the H2 generation under visible light [160]. Titania has also
been deposited onto wood with results demonstrating improved mechanical and thermal
properties of wood [161]. The process involved in-situ, ultrasonication-assisted solgel
deposition of the titania and subsequent curing of the wood -titania composite in air at 103 °C
for 20h. The results demonstrated the value in the use of biopolymers for the modification of
nanoparticulate photocatalysts.
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The processes for forming plant biopolymer-semiconductor composites are also favored for
their simplicity as opposed to the use of synthetic chemical modifiers. These processes
typically involve i) precipitation of the semiconductor in a suspension of the plant material
powder, ii) aging the mixture, drying, washing and iii) calcination of the composite [158,162].
Where calcination is desired, different types of nanocomposites can be achieved by choosing
a suitable environment. When the calcination of the bionanocomposite is carried out in an
oxidizing atmosphere the plant/biopolymer material typically burns leaving the semiconductor
nanoparticles with small amounts of nano carbon doped into the nanoparticles. In this way, the
plant material acts as a template. Calcination of the amorphous bio-nanocomposite in an inert
atmosphere, however, results in formation of carbon nanosheets with the semiconductor
nanoparticles anchored onto the surfaces of these nanosheets. In all the scenarios, the plant
material has demonstrated a profound effect in reducing the particle size of the semiconductor
nanoparticles [163,164].

These techniques for the fabrication of plant biopolymer-based photocatalysts have been
applied fabricated in several ways including supporting ZnO on plant-material derived-carbon
[163,164]. The resultant bionanocomposites had a lower energy band gap, low charge
recombination and high BET surface area; characteristics that are suffice to improve
photocatalytic degradation of organic dyes by the composites [165]. A similar procedure was
adopted for anchoring CeO:2 nanoparticles onto lignin-derived carbon resulting in a composite
with improved optical properties and photocatalytic activity for desulfurization of water [166].
Most importantly, these results demonstrated that the mechanism by which lignin keeps the
particle size of the semiconductors low is hinged on the surface properties of lignin. The
crystallinity of TiOz is influenced by several factors such as, i) drying and calcination
temperature, ii) presence of impurities. Typically, the presence of impurities reduces the
crystallinity. Selected literature references of photocatalytic bionanocomposites have been

summarized in Table 2.4 below.
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Table 2.4 Fabrication, applications, and general results for amorphous TiO>
bionanocomposites

Material Synthesis parameters Physicochemical ~ Applicationand results  Refs
and optical
properties
TiO,— Polyamide-amine- Strong bond TiO, loaded MFC dipped [167]
microfibrilated epichlorohydrin and TiO, between TiO, and in 5 ppm MO with 95%
cellulose suspensions sequentially MFC. Binding decolorization of MO in
(MFC)- added into a mediated by PAE. 150 min
polyamide microfibrilated cellulose Bonding results in
amine suspension under co- high reusability
epichlorohydrin  ultrasonication
(PAE)
TiO, — carbon TiO,—carbon fibers using TiO, bound as 99% MOremovalafter7h [168]
fiber—cellulose aluminum silicate and clusters onto the and recyclability of the
fibers (Na,SiO;, sodium silicateas binders  carbon fiber composite  due to
Al;(SO4); and strengthening effect of
PAE as binders PAE
TiO,/Ag— Hydrothermal method for Even dispersion of Degradation of 20 ppm [169]

cellulose fibers

TiO, nanobelts

Ag-TiO, nanobelts
prepared through UV
reduction

Ag-TiO,—paper

composites by immersion

Ag-TiO, nanobelts
onto the cellulose
paper fibers

MO under UV. ~ 95%

removalof MO in4h

It is worth noting that while co-doping of a-TiO2 has been hailed as a promising route towards

circumventing the low photocatalytic efficiency in TiOz, there is little literature to date that

couples co-doping of a-TiO2 using photocatalytic bionanocomposites. The main aim of this

work is to further apply the magnetite-based adsorptive bionanocomposites as modifiers for a-

TiO2. With the elimination of high temperature calcination, it is expected that the carbon from

the synthesis process chemicals will remain in the a-TiO2 products and thus play a significant

role in altering the properties of TiO2. This work will investigate the value in using plant-based
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bionanocomposites as a carbon source versus using the process chemicals. In addition, the

effect of co-doping a-TiO2 with C and N through synthetic chemicals and plant-based
bionanocomposites will be investigated.

2.12. Summary

Water pollution and water shortages are becoming a more serious problem worldwide. The
results of most human activities ultimately end up in water bodies. The quality of water in a
stream or river is often a good indication of healthy living. Based on the literature reviewed
thus far, it is evident that there has been an increase in the production and utilization of dyes,
resulting in an increase in environmental pollution. Effluentsdischarged from a lot of industries
contain residues of dyes. Most researchers have always been focused on single component dye
solutions while in real effluent you have a combination of dyes. Therefore, the purpose of this
study was to design adsorbents which can be more economical and efficient at commercial

level and the focus is the removal of multiple species of dyes in a solution.

In this study, a novel, efficient and eco-friendly pine-iron oxide magnetite biosorbent was
synthesized. The biomaterial was be grafted using vinyl monomers. Grafting increased
reactivity and improved surface area. The pine-iron oxide magnetite biosorbent was then
modified with acrylic acid and acrylamide. Itwas envisaged that this modification will increase
surface properties of this biosorbent, and in turn increase its adsorption capacity. Low capacity
was overcome by introduction of monomers onto the biomaterial to give high capacity and
selectivity in the removal of the targeted pollutants. The presence of lignin affects the
adsorption capacity of the pinecone and may also affect the grafting of acrylic modifiers onto
its surface. As an extension of this study, iron oxide nanoparticles were used as an initiator to
introduce active Fe-OH radical to the —OH group of the cellulose, then acrylic acid and
acrylamide were grafted on the active Fe-OH radical to obtain high percentage and efficient
grafting that will not destroy the —OH of the cellulose. This modification increased —COO- and
—NH_2 functionalities on the pinecone. Acrylic acid has strong —COO-as a functional group that
easily ionizes the pinecone charge and acts as the adsorption site to hold cationic material.
Acrylamide has —NH2 with lone pairs that donates them to cations materials. The novel
biosorbent-magnetic nanoparticle materials was therefore explored in overcoming the

limitations of the biosorbent alone and selectively removes multiple dyes effluents. Further to
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CHAPTER 3

METHODS, CHEMICALS AND EQUIPMENT

3.1. Introduction

This chapter summarizes all the laboratory work that was carried out in this study. This includes
preparation of treated pinecone with sodium hydroxide, pine-magnetite composite (PMC),
modification by grafting with acrylic acid (GAA), acrylamide (GACA)obtained from pinecone
and synthesis of grafted PMC/GAA doped TiO2 samples. It also covers the description of
instrumental  techniques employed in the characterization of the synthesized
bionanocomposites. In addition, optimization methods and experimental procedures of
adsorption variables such as initial solution pH, biosorbent dose and contact time are described.
Kinetic models and equilibrium experiments for PMC, GAA and GACA studied are also
described. The response surface methodology (RSM) for the optimization of grafting acrylic

acid to PMC is also discussed from preparation to results obtained.

3.2. Materials and methods
3.2.1. Chemicals and reagents

Pinecones are naturally occurring agricultural wastes obtained from a plantation in
Vanderbijlpark, Gauteng, South Africa. The following chemicals used Fe2(SO4)3.4H20,
FeSO4-7H20, NH4OH, NaOH, titanium butoxide, ethanol, methanol, Acrylic Acid,
Acrylamide, Ceric Ammonium nitrate (CAN) and methylene blue were supplied by Merck,
South Africa. All reagents were of analytical grade and were used without any further

treatment. Nitrogen gas was supplied by Afrox.

3.2.2. Apparatus

All glass apparatus were thoroughly washed and thereafter dried in an oven at 80°C before use.
The reactions were conducted in a three-neck round bottom flask under a dry nitrogen
atmosphere to ensure uniformity. A heating block was used to regulate the temperature for all
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reactions. The following equipment or apparatus were used to carry out the experimental
procedure: Magnetic stirrer, pH meter, weighing balance, incubator shaker, reflux apparatus

grinder and vacuum oven.

3.2.3. Preparation of treated pinecone powder

The pinecones were collected and washed to remove impurities without destroying the cone
matrix. The pinecone scales were peeled and crushed to a powder using a pulverizer and then
sieved. The washed cones were dried at 90°C for 48 h in an oven. The pinecone powder (PCP)
was then sieved and particles at size of 45 and 90 um were characterized and used for further
experiments. A weighed amount (50 g) of PCP was mixed with 500 cm? of 0.15 mol.dm
sodium hydroxide solutions and the slurry stirred for 18 h at room temperature. The solution
mixture was rinsed with 500 cm? of distilled water. This procedure was repeated four times to
ensure the removal of sodium hydroxide from the suspension. The residue was dried overnight
at 90°C.

3.2.4. Synthesis of pine-Fe;O4 magnetite

A magnetite was prepared using two iron salts. A mixture of FeSO4.7H20 (2.1 g) and of
Fe(S04)3. XH20 (3.1 g) were dissolved under inert atmosphere in 100 cm? of double distilled
water with vigorous stirring. Thereafter, 20 cm3 of 28% ammonium hydroxide and the
appropriate amount of pine powder were added. The reaction was left to run for 45 min at
80 °C under constant stirring. The resulting nanoparticles consisting of magnetite attached to
the cellulose was washed several times with deionized water and ethanol and dried in a vacuum
oven at 60 °C overnight. Parameters which were varied in this experimental work included
volume of NH4OH from 5, 10, 20, 30, and 40 cm?3; weight of pine powder from 1.0, 1.5, 2.0,
2.5, 3.0 and 3.5 g; temperature from 40, 60, 80 and 100 °C and reaction time from 15, 30, 45

and 60 min.

3.2.5. Grafting with acrylic acid and acrylamide

PMC (1 g), 20 cm? of 1.5 mol.dm acrylic acid or acrylamide and 135 cm? of deionized water
were transferred into a three-neck round bottom flask at 42 °C. The reaction was bubbled under
nitrogen gas for 30 min to remove the dissolved oxygen under stirring. About 10 cm? of 0.5 M
CAN, dissolved in 0.3 M HNO3s was slowly added to the reaction to initiate graft co-
polymerization and stirring was continued for 2 h. Reaction mass was neutralized by 50%
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NaOH and precipitated in methanol and thereafter washed with methanol/ water (90:10) several
times, so that the unreacted PMC and ceric salt were removed. The final residue was dried in a

vacuum oven over night at 40 °C.

3.2.6. Synthesis of grafted PMC/GAA doped TiO, samples

Approximately 5.0 mg of the bionanocomposite powders (PMC/GAA) (calculated to be
equivalent to 9 wt.% of the mass of Ti in the amount of titanium precursor) was sonicated in
50 mL ethanol (EtOH) at 40 for 30 min. A TiO2 precursor was prepared by dissolving 10 mL
of titanium butoxide (TiOBut) in a 100 cm? butanol: propanol (80:20 v/v) and adding 2 cm?3
acetylacetone. A hydrolysing solution was made by mixing EtOH and deionized water at
1:1 (v/iv). The hydrolysing solution and the precursor solution were simultaneously added
dropwise into the suspension of the bionanocomposite with continued sonication and stirring
using a mechanical stirrer. The preparation of the bionanocompostes with N doped TiO2 was
carried out using a similar procedure except that the hydrolysing solution also functioned as
the dopant carrier in that ethylene diamine was added such that the v/v ratio was 1:1:1. At
completion of mixing the reagents, the resultant sol was stirred for 5 h on a heater/ stirrer plate.
Afterwardsthe heating mantle was switched on and set at 70 °C to evaporate the solvents. After

complete evaporation of the solvents (about 24 h), the remaining powder was crushed using a
mortar and pestle and stored for further use.

3.3. Characterization techniques

Complete characterization of the pine-magnetite composite, pine-magnetite composite grafted
with acrylic acid and acrylamide was studied through different techniques. Incorporation of
Fe3O4 magnetic nanoparticles in the grafting network on the pine-magnetite composite were
confirmed through different techniques such as TEM (Transmission Electron Microscopy),
XRD (X-ray diffraction (XRD) spectroscopy), TGA (Thermal Gravimetric Analysis), FTIR
(Fourier transform infrared (FTIR) spectroscopy), SEM (Scanning electron microscopy) and
Brunauer-Emmett-Teller (BET).

3.3.1. Fourier transform infrared (FTIR) spectroscopy

Qualitative and fundamental identification of the functional chemical groups of treated
pinecones with NaOH, pine-magnetite composite (PMC), modification by grafting withacrylic
acid (GAA) and acrylamide (GACA) was analyzed with a FTIR (Perkin- Elmer) in the range
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450 - 4000 cm-tusing diamond attenuated total reflectance (ATR). Different organic functional

groups peaks were explained using FTIR spectroscopy.

3.3.2. X-ray diffraction (XRD) spectroscopy

XRD analysis was done to identify the chemical composition and crystallographic structure of
the cellulose powder magnetite. An X’Pert PRO X-ray diffractometer (PANalytical,
PW3040/60 XRD; CuKa anode; A= 0.154 nm) was used for XRD patterns. The samples were
placed in an aluminum holder and scanned at 45 kV and 40 mA from 10° to 120° 26, the
exposure time for each sample was 20 min and a step size of 0.02°. The Debye-Scherrer

equation was used to determine particle sizes of the prepared bionanocomposites.

3.3.3. Transmission Electron Microscopy (TEM)

The morphology and size of the synthesized particles were observed using transmission
electron microscope (TEM, FEI TECNAI G2 SPIRIT) at an accelerating voltage of 150 kV.
Samples were prepared by placing drops of diluted ethanol dispersed of nanocrystalline onthe

surface of coper grids, which were purchased commercially.

3.3.4. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was used to observe the microstructure and surface
morphology of all the bio-nanocomposite. SEM images were generated from a Jeol JSSM 7800F
field emission microscope equipped with an LED detector. Samples were carbon coated using
a Quorum QT 150 sputter coater before HRSEM analysis and Thermofischer UltraDry EDS
Detector was used for elemental analysis.

3.3.5. Brunauer-Emmett-Teller (BET) Method

A surface property of an adsorbent describes the effect of modification on the surface area of the
adsorbent. Thespecific surface areaofthe PMC, GAA, PMC-TiO,,PMC-NTIO,, GAA-TIO, and GAA-
NTiO, bionanocomposites were measured by BET analyzer. The BET surface area and pore size
distribution were determined using computer-controlled nitrogen gas adsorption analyzer. Degassing
was carried outfor 1 hrat 90 °C and increased to 120 °C for 2 h. A mass of 0.2 g of the PMC, GAA,
PMC-TiO,, PMC-NTIO,, GAA-TIO, and GAA-NTiO,adsorbent material was applied for analysis.
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3.3.6. X-ray photoelectron spectroscopy

The surface elemental composition of the bionanocomposites was determined through X-ray
photoelectron spectroscopic (XPS) analysis on a Thermo ESCAlab 250Xi model. A
monochromatic X-ray beam with a spot size of 900 um, generated from an Al Ka (1486.7eV)
shell was blazed onto a pelletized sample that was held in a pressurized chamber at 10- mBar.
X-ray photoelectron spectroscopy (XPS) analysis was carried out on PHI 5000 scanning ESCA
microprobe with a 100 um diameter monochromatic Al Ka x-ray beam (hv = 1486.6 e¢V)
generated by a 25 W, 15 kV electron beam to analyze different binding energy peaks.
Multipack version 9 software was utilized to analyze the spectra to identify the chemical

compounds and their electronic states using Gaussian—Lorentz fits.

3.3.7. Vibrating sample magnetometer

Magnetic properties of powder samples were characterized with a Quantum Design MPMS-7, by

measuring the applied field dependence of magnetization between -15 and 15 kOe.

3.3.8. Thermal Gravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was used to determine weight loss as a function of
temperature. Changes of the pinecone matrix were determined due to the different chemical
treatments because each kind of biomass has a characteristic pyrolysis behavior which is
explained based on its individual component characteristics. The cone samples were forced to
pyrolysis from 30 — 900 °C in a N2/air atmosphere at a heating rate of 10 °C.min"! using a

Perkin-Elmer (USA) Simultaneous Thermal Analyzer 6000 instrument.

3.3.9. X-ray fluorescence (XRF)

Energy Dispersive X-ray Fluorescence (EDXRF) elemental analyzer supplied by NEXQC was
used to determine the elemental composition of iron oxide (FeO). X-ray fluorescence is a non-
destructive analytical technique. It provides one of the simplest, most accurate and most
economic analytical methods. This was done by measuring the fluorescent x-ray emitted from

a sample when it is excited by a primary x-ray source.
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3.3.10. Adsorption and Kinetic studies

Various Methylene Blue (MB) solutions with different pH range, contact time, initial
concentrations and mass dosage were prepared by diluting 1000 M. Equilibrium experiments,
to determine the adsorption capacity of pine-magnetite composite and grafted pine-magnetite
composite with acrylic acid and acrylamide was conducted using 250 cm?® bottles.
Approximately 0.1 g of PMC/GAA/GACA and 100 cm® of the MB solution were added and
shaken for 2 h at 26 °C. Thereafter, absorbance was determined using UV-VIS
spectrophotometer at the wavelength corresponding to the maximum absorbance (An.=665
nm) as determined from the plot. This wavelength was used for measuring the absorbance of
residual concentration of MB. pH of the solution was adjusted using 0.1 M HCI and 0.1 M
NaOH.

Batch contact kinetic experiments were performed by contacting 0.1 g of the adsorbent material
with 100 cm? of MB solution of concentrations (100, 150, 200, 250 and 300 M). Agitation was
made for 120 min which is more sufficient time toreach equilibrium at a constant stirring speed

of 200 rpm and temperature of 26°C. Aliquots (0.1 cm?®) of sample was drawn at suitable time

intervals and were analyzed using UV-VIS spectrophotometer (Perkin Elmer Lambda 25).

3.3.11. Desorption and recycling efficiency

The main aim of desorption studies is the reusability of adsorbents in the multiple adsorption
or desorption cycles and beneficial for their practical and economical applications. Desorption
studies were performed with 0.01, 0.05 and 0.1 M HCI. PMC, GAA and GACA (1 g) of

saturated with 100 cm3 of methylene blue was placed in different desorption solutions and
constantly stirred in a water bath at 200 rpm, 26 °C for 2 h. The adsorbent solutions were

centrifuged and analyzed using UV-VIS spectrophotometer.

3.3.12. pH at point zero charge

To further investigate the effects of modifications on the suitability of the synthesized materials
for adsorption, the isoelectric point or point of zero charge (pHpzc) was determined. The
solution pH is an important parameter for dye adsorption because it does not only change the
surface charge of the adsorbent but also it affects the molecule structure of the dye. As

methylene blue is a cationic dye, it can easily form positively charged species over a wide pH
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range. The solid addition method was used to determine the pHpzc of the pinecone composite.
To a series of 100 cm?3 volumetric flasks, 45 cm® of 0.01 mol.dm=3 KNOs solution were
transferred. The pH;j values of the solutions were roughly adjusted between pH 2 to 12 by
addition of either 0.1 M HCI or NaOH on a pH meter with constant stirring. Total volume of
the solution in each flask was made up to 50 cm? by addition of KNOs3 solution of the same
strength. The pHifor the solutions was accurately noted, and 0.1 g of pinecone composite were
added to each volumetric flask, which was then immediately closed. The suspensions were
allowed to equilibrate for 48 h on a shaker operating at 200 rpm. The pH+ values of the
supernatant were accurately noted and the difference between the initial and final pH values
(ApH = pHs¢ — pH;i) were plotted against the pHi. At the isoelectric point, the net surface charge
is O therefore the material is neither negatively nor positively charged and is effectively neutral.
Below the isoelectric point, the surface possesses a positive charge and attracts negatively
charged ions through electrostatic attraction. Above the point of zero charge, the surface has a

net negative charge hence attracting positively charged ions.

Adsorption measurement was determined by batch experiments of known amount of the
adsorbent with 50 cm?® of aqueous methylene blue solutions of known concentration in a series
of 250 cmd conical flasks. The mixture was shaken at a constant temperature using Thermoline
Scientific Orbital Shaker Incubator at 120 rpm at 30 °C temperature for 180 min. At
predetermined time, the bottles were withdrawn from the shaker, and the residual dye
concentration in the reaction mixture was analyzed by centrifuging the reaction mixture and
then measuring the absorbance of the supernatant at the wavelength that correspond to the
maximum absorbance of the sample. Dye concentration in the reaction mixture was calculated
from the calibration curve. Adsorption experiments were conducted by varying initial solution
pH, contact time, adsorbent dose, initial methylene blue dye concentration, temperature, and
salt concentration under the aspect of adsorption Kinetics, adsorption isotherm and

thermodynamic study.

3.3.13. Experimental design and Response Surface Methodology optimization

Optimization is the term referring to improvement of the performance of a system, a process,
or a product to obtain the maximum benefits from it. In analytical chemistry is a term that

describes conditions at which toapply a procedure that produces the best possible response [1].
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It monitors the influence of one factor at a time on an experimental response. While one

parameter is changed, others are kept at a constant level.

Response surface methodology (RSM) is one of the multivariate statistics techniques used in
an analytical optimization procedure. It is a collection of mathematical and statistical
techniques based on the fit of a polynomial equation to the experimental data, which describes
the behavior of a data set with the objective of making statistical provisions. Linear or square
polynomial functions are employed to describe the system studied. It is applied when a
response or a set of responses of interest are influenced by several variables. Thus, RSM
objective is to simultaneously optimize the levels of these variables to attain the best system
performance [2]. Basic principles were followed to attain the results. The following steps were
followed for application of RSM as an optimization technique and explored in the experimental
conditions until its optimization [3] selection of independent variables of major effects on the
system through screening studies and the delimitation of the experimental region: (i) choice of
the experimental design and carrying out the experiments according to the selected
experimental matrix; (ii) mathematics- statistical treatment of the obtained experimental data
through the fit of a polynomial functions and evaluation of model’s fitness; (iii) verification of
the necessity and possibility of performing a displacement in thedirection of the optimal region
and (iv) obtaining the optimum values for each studied variable

In this study, grafting of PMC onto acrylic acid bio-nanocomposite optimization were
synthesized by using RSM to examine the simultaneous interaction between concentration of
acrylic acid and other preparation parameters. In this design the concentration, temperature,
CAN and time were selected as the synthesis parameters. The RSM design known as central
composite design (CCD) was used in this study, to monitor the influence and interaction of the
synthetic process variables for the grafting with acrylic acid using CAN as the initiator. The
independent variables selected in the synthetic procedure for the grafting with acrylic acid were
the temperature, concentration, initiator (CAN) and time. The independent variables used were
varied between the lower (-1) and the higher (+1) levels as shown in (Table 3.1). The number
of experimental runs (N) generated from a partial factorial design for the four independent
variables consisted of sixteen factorial points, eight axial points and six replicates at the center
points, indicating that altogether 30 experiments were required, (Table 3.2) as calculated from

Equation 3.1:

N=2"+2n+n, Equation 3.1
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where n is the number of variable factor and nc is a constant which has a value of 6.

The three responses (Y) were particle size (Y 1), % grafting of acrylic acid (Y 2) and rate constant
(k2) (Y'3) of the synthesized grafted PMC with acrylic acid bio-nanocomposite. Each response
was utilized to develop an empirical model which correlated the response to the four synthetic

process variables using a second-degree polynomial equation as given by Equation 3.2

Y =b, +Z4:bixi +Z4:b"xi2 +Z4:Z4:bijxixj Equation 3.2
i=1l i=1

i=l j=il

where Y is the response variable, bo is the constant coefficient, bi the linear coefficient, bij the

interaction coefficient, bii the quadratic coefficient, while x; and , are the coded variables

which determine the response Y. The response data in this study were analyzed using the
design-expert software (version 10), and the fitting of the models was evaluated based on the
statistical significance of the equation. Parameters such as F-value, probability >F and adequate
precision, which is a measure of error or the signal-to-noise ratio, were used as the indicators

of how the suggested models fit the experimental values.

The response surface methodology emanates from a graphical presentation of the independent
variables and the response. The response values are viewed as a surface lying above the plane
of the independent variables, which shows the graphical relationship between the response

(yield %) and the two independent variables (time and temperature). When all points with the
same response in the plane of the independent variables are joined, a contour plot results [1].

Table 3.1 Variable levels for RSM experiment

Variables Levels

Factor Name Minimum  Maximum | Values of Code

A Acrylic acid 0.5000 1.50 -1-0.50+1<1.50  1.0000 0.3939

B CAN (mL) 5.00 15.00 -120.00  +1-70.00  45.00 19.70
C Temperature (°C)  20.00 70.00 -1520.00 +1 « 70.00 45.00 19.70
D Time (min) 0.5000 4.00 -1-0.50 +14.00 225 1.38

In this experimental design, a total of 30 experiment runs were performed and the observed
percentage grafting and grafting efficiency of the grafted bio-nanocomposite were determined

based on the adsorption capacity (Table 3.2). Central composite design (CCD) was used to
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develop a relationship between the GAA bio-nanocomposite preparation variables influence

on the grafting % , grafting efficiency and adsorption capacity.

Table 3.2 Experimental design and results for preparation of grafted pine-magnetite bio-

nanocomposite with grafting % and efficiency and adsorption capacities for methylene blue

Run A: Acrylic acid B: CAN C: Temp D:Time  Grafting%  Grafting Efficiency Adsorption

capacity
1 1.00 10.00 45.00 4.00 96.0414 58.3042 5.925
2 1.50 10.00 45.00 2.25 86.8039 79.0203 6.412
3 1.00 10.00 45.00 2.25 98.0583 71.7784 6.412
4 1.00 10.00 45.00 2.25 98.0583 71.7784 6.142
5 0.50 10.00 45.00 2.25 79.6075 83.8223 5.369
6 1.00 10.00 20.00 2.25 99.6209 50.0751 6.118
7 0.50 5.00 70.00 0.50 54.2294 94,2011 6.497
8 0.50 5.00 70.00 4.00 84.0908 57.737 6.412
9 1.00 10.00 45.00 2.25 98.0583 71.7784 6.412
10 0.50 15.00 70.00 4.00 97.2531 47.1655 6.142
11 1.50 5.00 20.00 4.00 82.1115 60.8199 5.923
12 0.50 15.00 20.00 4.00 85.6027 50.4541 6.142
13 1.00 10.00 45.00 2.25 98.0583 71.7784 6.118
14 0.50 5.00 20.00 4.00 73.0363 66.3053 5.923
15 1.00 10.00 70.00 2.25 87.6641 62.7408 5.923
16 1.50 5.00 20.00 0.50 86.6906 57.4581 6.263
17 1.50 5.00 70.00 4.00 94.949 47.7638 5.369
18 0.50 15.00 70.00 0.50 64.799 81.2031 6.142
19 1.00 10.00 45.00 2.25 98.0583 71.7784 6.118
20 1.50 5.00 70.00 0.50 51.6376 92.3948 5.923
21 1.00 10.00 45.00 2.25 98.0583 71.7784 6.118
22 150 15.00 70.00 0.50 54.2073 88.7431 6.142
23 150 15.00 20.00 4.00 87.6934 54.0687 5.369
24 1.00 5.00 45.00 2.25 96.837 64.5198 5.369
25 0.50 15.00 20.00 0.50 94.4627 495175 6.142
26 0.50 5.00 20.00 0.50 80.8424 64.9773 5.807
27 1.00 10.00 45.00 0.50 89.905 76.6232 6.142
28 1.50 15.00 70.00 4.00 98.054 47.7692 6.142
29 1.50 15.00 20.00 0.50 93.057 47515 6.113
30 1.00 15.00 45.00 2.25 98.973 56.8196 5.875
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Table 3.3 (a-c) present the ANOVA of regression of the predicted response from the quadratic
models for the grafting %, grafting efficiency and adsorption capacity. The calculated F values
from the ANOVA (Table 3.3(a-c) for the grafting %, % grafting efficiency and adsorption
capacity were found to be 58.16, 70.05 and 1050.60 with lower probability (< 0.0001)
indicating that the models were significant. Values presented in Table 3.3(a-c) with “Prob >
F” less than 0.05 indicates model terms are significant whilst the insignificant terms are omitted
from the tables. The calculated coefficient of determination (R?) values was 0. 9819, 0.9849,
and 0.9990 for the grafting %, % grafting efficiency and adsorption capacity respectively which
highlights an acceptable accuracy of the datas with the model. The adequacy of the model
equation in describing the experimental data was validated from the plot of predicted versus
actual values. The relationship between predicted and actual values of grafting %, % grafting
efficiency and adsorption capacity (mg.g™t) are indicated in
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Figure 3.1. Itis observed that the plots show a high correlation betweenthe predicted and actual

results indicating, this model can be used to navigate the design space.

Table 3.3 Analysis of variance for Grafting %

Source  Sum of Squares

df

Mean Square F-value p-value

Model
A-Acrylic acid
B-CAN
C-Temperature

D-Time
AB

AD
BC

CD
A2

Residual

Lack of Fit
Pure Error
Cor Total

Std. Dev.
Mean
CV.%

5716.06
25.16
269.72
514.49

924.52
65.19

62.28
4.76

1937.82
437.52

105.31
105.31
0.0000
5821.37

2.65
86.88
3.05

14 408.29  58.16

1
1
1

15
10
5

29

R2

25.16 3.58
269.72  38.42
51449  73.28
92452  131.68
65.19 9.29
62.28 8.87
4.76 0.6782
1937.82 276.01
437.52  62.32
7.02

10.53

0.0000

Adjusted R2
Predicted R?
Adeq Precision

90

<0.0001 significant
0.0778

<0.0001

<0.0001

< 0.0001
0.0082

0.0094
0.4231

< 0.0001
< 0.0001

0.9819
0.9650
0.9080
26.4579



Table 3.4 Analysis of variance for % Grafting efficiency

Source  Sum of Squares  df Mean Square F- value p-value

Model 5549.16 14 396.37 70.05 <0.0001 significant
A-Acrylic acid 21.85 1 21.85 3.86 0.0682
B-CAN 382.00 1 382.00 67.51 < 0.0001
C-Temperature 780.49 1 780.49 137.94 < 0.0001
D-Time 1462.42 1 1462.42 258.45 <0.0001
AB 74.56 1 7456 13.18 0.0025
BC 27.01 1 2701 4.77 0.0452
CD 1770.03 1 1770.03 312.82 <0.0001
A2 445.82 1 44582 78.79 < 0.0001
B2 151.00 1 151.00 26.69 0.0001
C? 366.64 1 366.64 64.80 < 0.0001
Residual 84.87 15 5.66

Lack of Fit 84.87 10 8.49

Pure Error 0.0000 5 0.0000

Cor Total 5634.03 29

Std. Dev. 2.38 R? 0.9849

Mean  65.69 Adjusted R2  0.9709
C.\V.% 3.62 Predicted R2 0.9190
Adeq Precision 29.1698
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Table 3.5 Analysis of variance for Adsorption capacity

Source  Sumof Squares  df Mean Square F-value p-value

Model 0.1907 14 0.0136 1050.60 <0.0001 significant
A-Acrylic acid 0.0092 1 0.0092 706.60 <0.0001

B-CAN 0.0512 1 0.0512 3951.72 < 0.0001
C-Temperature 0.0713 1 0.0713 5497.08 < 0.0001

D-Time 0.0587 1 0.0587 4529.45 <0.0001

AB 5641E-08 1 5.641E-08 0.0044 0.9483

AC 3.452E-07 1 3.452E-07 0.0266 0.8726

AD 3.106E-06 1 3.106E-06 0.2396 0.6316

BC 5.814E-07 1 5.814E-07 0.0449 0.8351

BD 0.0001 1 0.0001 4.80 0.0447

CD 0.0001 1 0.0001 5.23 0.0371

A2 0.0001 1 0.0001 4.71 0.0464

B2 0.0001 1 0.0001 8.82 0.0095

C? 2.373E-06 1 2373E-06 0.1831 0.6748

D2 0.0000 1 0.0000 1.46 0.2449

Residual 0.0002 15 0.0000

Lack of Fit 0.0002 10 0.0000 2.74 0.1391 not significant
Pure Error 0.0000 5 6.010E-06

Cor Total 0.1909 29

Std. Dev. 0.0036 R2 0.9990

Mean  6.06 Adjusted R2  0.9980
C.V.% 0.0594 Predicted Rz 0.9942
Adeq Precision 153.9255
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Figure 3.1 Plot of predicted vs. experimental values of GAA on (a) % grafting (b) % grafting
efficiency (c) Adsorption capacity (mg.g?t)

The three-dimensional (3D) surface response was used to understand the interactive
relationships between preparation variables and the responses of the model [4]. In Figure 3.2,
a-3D response surface plots depict the significant interaction between the preparation
parameters (concentration acrylic acid (AA), temperature, initiator (CAN) and time in
accordance with the ANOVA Table 3.5(a-c) are discussed. In Figure 3.2 A, the contour graph
shows increase in AA concentration to 1.1 increase the grafting % and when you increase the
AA concentation above 1.1 it decreases the grafting %. The highest grafting % is obtained at
CAN being 15 and AA concentration of 1.1. Figure 3.2 B contour graph shows maximum time
increased at 4 h increases the grafting % and Figure 3.2 C contour graph shows highest grafting
% at temperature 20 °C. Figure 3.3 A-C shows the contour graph whereby highest grafting
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efficiency % is obtained at AA concentration of 0.5, CAN at 9, temperature at 70°C and time
at 4 h. Adsortion capacity showed no influence for both AA concentration and CAN. Figure
3.4 A and B showed the adsorption capacity to be at the the maximum when CAN is at 15 and
time at 0.5 min. adsorption capacity increased with increase in temperature at maximum of
70 °C (Figure 3.4 C). Time has more infulence on % grafting and grafting efficiency %
(Table 3.1) and temperaturehas more influence on the adsorption capacity (Table 3.5). These
observation proofs a significant impact on the grafting optimization as well as based on the
F values presented on (Table 3.5) that time and temperature has influence on the adsorption

capacity.

Grafting % (%)

Grafting % (%)

500 050 " 070

0.50 0.50

Grafting % (%)

40.00
30.00 C: Temperature

0.50 20.00

Figure 3.2 3D surface plots of interactions between (a) GAA and the grafting % (b) GAA
and the grafting efficiency
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Figure 3.4 3D surface plots of interactions between (b) GAA and the adsorption capacity

3.4. Conclusions

The results show the successful preparation of grafting acrylic acid onto the PMC. The

optimization conditions estimated by CCD for the grafting optimization were 1.5 mol.dm-3, 15
mL CAN, 240 min for time and 70 °C for temperature. Discussion of results obtained in this

chapter is carried out in subsequent chapters.
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CHAPTER 4

SYNTHESIS AND OPTIMIZATION OF REACTION VARIABLES IN THE

PREPARATION OF PINE-MAGNETITE COMPOSITE FOR REMOVAL OF
METHYLENE BLUE DYE!

4.1. Introduction

Dyes are known to be chemical compounds that can connect themselves to surfaces or fabrics
to impart color. They are mostly used in textile, paper printing, carpet, plastic, food and
cosmetic industries. It has been estimated that total dye consumption in the textile industry
worldwide is more than 10 000 tons per year. Itis known that 10-15% of these dyesare released
as effluents during the dyeing process [1,2]. Dye bearing effluent is a significant source of
water pollution. Discharge of colored wastewater without proper treatment can result in
numerous problems such as chemical oxygen demand (COD) by the water body, and an
increase in toxicity. Major problems associated with colored effluent are lowering light
penetration, photosynthesis and damaging the aesthetic nature of the water surface [3,4].
Moreover, their degradation products may be mutagenic and carcinogenic [5-7]. For instance,
many dyes may cause allergic dermatitis, skin irritation, dysfunction of kidney, liver, brain,
reproductive and central nervous system [8]. Industrial effluents is influenced by rapid
growthof the world population, industrialization and unplanned urbanization, agricultural
activities as well as the excessive use of chemicals which have contributed to environmental
pollution [9]. Pollutants that are of primary concern include metals, dyes, biodegradable waste,
phosphate and nitrates, heat, sediment, fluoride, hazardous and toxic chemicals, radioactive
pollutants, pharmaceuticals and personal care products [10,11]. Trace amounts of any of these
compounds have been found leading to major pollution problems and consequently, the
treatment of wastewater is of universal importance. Some techniques have been used to
decrease methylene blue concentration in wastewater. Chemical oxidation, coagulation,
flocculation, ozonation, electrochemical, fungal decolorization, and adsorption are techniques
used by scientists [12]. Above it all, adsorption is a process technique which is still used

because of its low cost, simplicity, and efficiency. Granulated activated carbon (GAC) or

1 Chapter published with the South African Journal of Chemical Engineering DOI:
https://doi.org/10.1016/j.sajce.2019.05.002
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powdered activated carbon (PAC) has been widely used as adsorbent, however it is expensive
and difficult to regenerate [14]. Other adsorbents used because of their low cost are waste
orange peel, banana bith, cotton waste, bentonite clay, neem leaf powder, powdered activated

sludge perlite, bamboo dust, and sewage dust [15]. Although these adsorbents do not imply
high cost, they may be used for other purposes.

Inthe present research, pine-magnetite composite was used as an adsorbent to test its usefulness
and learn its adsorption capabilities. It is abundant, cheap, effective and can be regenerated
[13]. As there are many factors that affect dye adsorption, the adsorption of dye by using
pinecone was conducted employing varying parameters such as temperature, mass time volume
NH4OH and initial concentration.

The study results led to potential application to solve two waste problems: (a) annual generation
of large quantities of pinecone in South Africa for which there's no current use, and (b) the
treatment of polluted water generated by the textile industry.

4.2. Materials and methods
4.2.1. Preparation of pinecone powder

Pinecones are naturally occurring agricultural waste, a plantation in Vanderbijlpark, Gauteng,
South Africa. All the following chemicals used were of analytical grade Fe2(SO4)3.4H20,
FeSO4-7H20, NH4OH, NaOH, methylene blue supplied by Merck, South Africa. Nitrogen gas
supplied by Afrox.

The pinecones were washed with deionized water to remove impurities and some volatile
organics such as resin acids without destroying the cone matrix. The pinecone scales were
peeled and crushed to a powder using a pulverizer and then sieved. The washed cones were
then dried at 90 °C for 48 h in an oven. The pinecone powder (PCP) was subsequently sieved
and particles of size of 45-90 um were then used in the experiments.

A weighed amount (50 g) of the powder was mixed with 500 cm? of 0.15 mol.dm sodium
hydroxide solution and the slurry stirred for 18 h at room temperature. The solution mixture

was rinsed with 500 cm? of distilled water, a procedure that was repeated four times to remove
sodium hydroxide from the suspension. The filtrate was then dried overnight at 90 °C.
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4.2.2. Synthesis of pine-magnetite composite

A mixture of FeSO4.7H20 (2.1 g) and of Fe(S04)3.XH20 (3.1 g) were dissolved under inert
atmosphere in 100 cm? of double-distilled water with vigorous stirring. Thereafter, 20 cm3 of
28% ammonium hydroxide and the appropriate amount of pine powderwas added. The reaction
was left to run for 45 min at 80 °C under constant stirring. The resulting particles, consisting
of magnetite attached to the cellulose (hereafter referred to as bio-composite) were washed
several times with deionized water and ethanol and dried in a vacuum oven at 60 °C overnight.
To determine the optimum conditions to achieve the desired production of the bio-composite,
we experimented with the following variables: volume of NH4OH 5, 10, 20, 30, and 40 cm?3;
weight of pine powder 1.0, 1.5, 2.0, 2.5, 3.0 and 3.5 g; temperature 40, 60, 80 and 100 °C;

reaction time 15, 30, 45 and 60 min.

4.2.3. Characterization of the bionanocomposite

4.2.3.1. Fourier transform infrared analysis

Qualitative and fundamental identification of the functional chemical groups of pinecone
treated with NaOH and the bio-composite were analyzed with a Perkin- Elmer Fourier
transform infrared (FTIR) in the range 450-4000 cm™. The FTIR spectra of NaOH treated
pinecone and the bio-composite were recorded.

4.2.3.2. X-ray diffraction analysis

XRD analysis was done to identify the chemical composition and crystallographic structure of
the cellulose powder magnetite. An X'Pert PRO X-ray diffractometer (PANalytical,
PW3040/60 XRD; CuKa anode; A = 0.154 nm) was used for XRD patterns. The samples were
placed in an aluminum holder and scanned at 45 kV and 40 mA from 10° to 120° 26, the

exposure time for each sample was 20 min and a step size of 0.02°. The Debye Scherrer
equation (Burton et al., 2009) was used to determine particle sizes of the bio-composite.

4.2.3.3. Transmission electron microscopy analysis

The morphology and size of the synthesized particles were observed using transmission
electron microscope (TEM, FEI TECNAI G2 SPIRIT) at an accelerating voltage of 150 kV.
Samples were prepared by placing drops of diluted ethanol dispersed of nanocrystalline on the
surface of copper grids.
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4.2.3.4. Thermal gravimetric analysis

Thermogravimetric analysis (TGA) was used to determine weight loss as a function of
temperature. Changes of the pinecone matrix were determined due to the different chemical
treatments because each kind of biomass has a characteristic pyrolysis behavior explained
based on its individual component characteristics. Pyrolysis of cone samples were done from
30t0 900 °C in a N2/air atmosphere at a heating rate of 10 °C.min 1 using a PerkinElmer (USA)
Simultaneous Thermal Analyzer 6000 instrument.

4.2.3.5. Adsorption and kinetic studies

Adsorption studies were performed by batch technique to obtain rate and equilibrium data.
Various Methylene Blue (MB) solutions with different pH range, initial concentrations and
mass dosage were prepared by diluting 1000 mg.dm3. Equilibrium experiments, to determine
the adsorption capacity of pine-magnetite composite were conducted using 250 cm? bottles. 0.1
g of PMC and 100 cm? of the MB solution were added and shaken for 2 h at 26 °C. Thereafter,
absorbance was determined using UV-V IS spectrophotometer at the wavelength corresponding
to the maximum absorbance (£max = 665 nm) as determined from the plot. This wavelength was
used for measuring the absorbance of residual concentration of MB. pH of the solution was
adjusted using 0.1 M HCl and 0.1 M NaOH.

Batch contact kinetic experiments were performed by contacting 0.1 g of the adsorbent material
with 100 cm3—of MB solution of concentrations (100, 150, 200, 250 and
300 mg.dm3). The solution was agitated for 120 min which has been previously shown to be
sufficient time to reach equilibrium at a constant stirring speed of 200 rpm and temperature of

26 °C. Aliquots (0.1 cm?®) of sample was drawn at suitable time intervals and were analyzed
using UV-VIS spectrophotometer. 5. Results and discussion

4.3. Results and Discussions
4.3.1. Fourier transform infrared analysis

The FTIR spectrum of NaOH treated pinecone is shown in Figure 4.1 (a). FTIR showed

different organic functional groups. A broad intense spectrum at 3313.5 cm™ corresponding to
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the stretching vibration of —OH assigned to —OH by Fe3O4nanoparticles is observed [16]. The
peak observed at 2895.5 cm! represents the aliphatic C—H group, the one at 1600.3 cm™t
corresponds to C=0 stretching [17], the peak at 1269.9 cm™* shows aromatic —~OH and at 1020.6
cm™® correspond to C-O-C stretching [16]. In Figure 4.1(b) FTIR spectra represent the
pine-Fe3sO4 magnetite or pine-magnetite composite (PMC). FTIR spectra showed some changes
in band intensities, indicating the functional groups on the surface had been modified. A
compressed —OH peak with an increase in intensity at 3313.5 cm™ is observed, it is an
indication of possible extraction of lignin present in the pinecone, COO- peak is converted to
esters, C—H aliphatic peaks are observed at 1415.2 cm™ which represent the increase in the

internal surface of the pinecone and there is a new peak at 557.2 cm™* assigned to the vibration

of Fe—O band of Fe304[18].
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Figure 4.1 FTIR spectra for (a) treated pinecone and (b) Pine-magnetite composite

4.3.2. X-ray diffraction analysis

X-ray diffraction analysis was used for structural determination and estimation of crystallite
size of the bio-composite as shown in Figure 4.2. The XRD pattern was contributed by
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crystalline and amorphous cellulose in the lignocellulosic material. Prominent peaks were
observed at 20 values of 27.5°, 28.7° and 32.0° corresponding to the cellulose. The XRD
spectra of the samples optimized for NH4OH volume, pinecone mass, temperature and time of

reaction showed the diffraction peak at 26 = 41.0°, 45,4°, 43.20°, 50.49°, 53.9°, 58,5°, 59.8°,

65.3°, 76.6° and 84.7° which correspond to the lattice indices for the FezO4 magnetite [19].
Crystalline size for PMC is 11.6 nm.
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Figure 4.2 XRD spectrum of pine-magnetite composite.

4.3.3. Transmission electron microscopy analysis

The TEM image in Figure 4.3(a) shows the appearance of the synthesized pine magnetic
composite, as spherical nanoparticles. Figure 4.3 (b) shows the size distribution of the pine-
magnetite particle (PMC) and that the mean particle size is 14.0 + 3.20 nm. In addition, the
particle size range for PMC is 6 — 24 nm. Modal particle size range for PMC is in the range

14 — 16 nm and accounts for 23% of the nanoparticle count.
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Figure 4.3 (a) TEM image and (b) size distribution of pine-magnetite particles

4.3.4. Thermal gravimetric analysis

The thermal degradation of the pinecone biomass occurred in three stages [20]: (a) moisture
evolution from 30 to 150 °C, (b) hemicellulose and cellulose decomposition from 200 to
350 °C, and (c) lignin decomposition from 160 to 700 °C. The weight loss focused in the
temperature range 200-400 °C. Figure 4.4 (a) shows the comparison in thermogravimetric
curves for raw, treated and modified pine composite, Temperature at 30-150 °C corresponds
to evaporation of water, showing the hygroscopic nature of the pinecone biomass surface [18].
The thermal degradation in the region 200-350 °C is attributed to hemicellulose and cellulose
degradation. Hemicellulose decomposes at relatively low temperatures dueto their random and
amorphous structure [21-23]. Their decomposition took place from 200 to 310 °C with
maximum rate of weight loss rate at 270 °C. Cellulose decomposition took place from 310 to
350 °C, with maximum weight loss rate around 330 °C. Temperature at 160-700 °C
corresponds to lignin degradation. Differential thermal analysis (DTA) shows endothermic
peaks associated with degradation of various materials (Figure 4.4 (b)). Observation at
different temperatures confirms the stabilizing effect of the presence of FesO4 onthe composite.
The treated pine proved to be less stable than the raw pine due to the surface adsorption of the

FesO4. The content for pine-magnetite composite was calculated as follows:
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PMC wt.% = ~—total 5 100 Equation 4.1

“Lwater

Where L total and L water are total weight loss and weight loss from water respectively. 1t was
calculated that the real content of PMC synthesized is 58 wt.% also for raw pine 21.3 wt.% and

NaOH treated pinecone 26.9 wt.% respectively.
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Figure 4.4 (a) TGA curve of raw, treated, and modified pine-magnetite composite, (b) DTA
curve of raw, treated pine and modified pine-magnetite composite

4.3.5. Surface properties

Table 4.1 is an indication of the effect of modification on surface area of the materials. The
pure pine-magnetite nanoparticles showed a surface area of 113.60 m2.g"! pore volume of
0.6321 cmi.g? and pore size of 25.86 nm the NaOH treated pine had surface area of
2.25m2.g, pore volume of 0.0177 cm2.g-! and pore size of 10.17 nm. Pine-magnetite composite
exhibited surface area of 54.80 m2.g-, pore volume of 0.1522 cm3.g ! and pore size of 23.10
nm.

The higher the surface area may be due to the pinecone structure, attributed to smaller size of
the PMC bio-composite. Such high surface area will be important for the improvement of mass
diffusionand adsorptive capacity. These results confirm that extraction of the pinecone organic
component occurred.
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Table 4.1 BET surface area and pore characteristics for synthesized materials.

Properties Pure Magnetite NaOH treated Pine Pine-magnetite
nanoparticles Composite
(PMC)
Surface area (m2.g'1) 113.60 2.25 54.80
Pore volume (cm3.g'1) 0.6321 0.0177 0.1522
Ave. pore size (nm)  25.86 10.17 23.10

4.3.6. pH at point zero charge (pPHpzc)

To further investigate the effectsof modifications on the suitability of the synthesized materials
for adsorption, the isoelectric point or point of zero charge (pHpzc) was determined. The
solution pH is an important parameter for dye adsorption because it does not only change the
surface charge of the adsorbent but also it affects the molecule structure of the dye. As
methylene blue is a cationic dye, it can easily form positively charged species over a wide pH
range. At the isoelectric point, the net surface charge is O therefore, the material is neither
negatively nor positively charged and is effectively neutral. Below the isoelectric point, the
surface possesses a positive charge and attracts negatively charged ions through electrostatic
attraction. Abovethe point of zero charge, the surface has a net negative charge hence attracting
positively charged ions. The point of intersection of the resulting curve at which ApH = 0 gave

8.56 as the pHpzc for the pine-magnetite composite.

4.3.7. Vibrating sample magnetometer (VSM)

Figure 4.5 shows the saturation magnetization of PMC. Magnetic separation enjoys the
advantages of effectiveness and rapidness compared to the traditional solid-liquid separation
method. Magnetic behavior of the nanoparticles was characterized at 25 °C using a Quantum
Design MPMS-7, measuring the applied field dependence of magnetization between —15 and
15 kOe. Where the biomass reacted with magnetite. Low coercivity confirmed that
nanoparticles are superparamagnetic. The reduction in saturation magnetization may be due to
the interaction of organics from the pinecone with iron oxide and the reduced primary size of

the magnetite material.
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Figure 4.5 Saturation magnetization of PMC

4.4. Optimization of the reaction conditions
4.4.1. Effect of NH4,OH volume and pinecone powder mass

Figure 4.7(a) shows investigation of the influence of volume NH4OH which was varied from
5, 20, 30, 35 and 40 cm (Figure 4.7). The pH of the reaction solution is important in the
production of nano particles by a co-precipitation method [24]. The formation of nano-FesO4
in the co-precipitation reaction of Fe3*/Fe?* involves phase transformation of iron
oxyhydroxides rather than a direct reaction between Fe3*and Fe?* in aqueous solution [25]. In
addition to the required amount of NH4+OH to the mixture there is formation between two
contact interfaces between the iron solution and NH4OH solution at the initial stage for a short
period. This phase represents a low pH Fe3*-rich phase, which reacts with NH4OH and increase
the solution pH and convert the less stable Fe3* into akaganeite (B-FeOOH) and further
transformation of akaganeite to goethite (a-FeOOH) as described in equations (1) and (2). In
the high-NH4OH region, Fe?*is converted to ferrous hydroxide as described in equation (3).

These two nucleation processes are initiated in solution to produce nano particles of FezO4in
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equation (4). According to Lian et al. (2004) the mechanism of formation of nano-Fe3O4from
the mixture of Fe3*and Fe?*is as follows:

Fe3*+30H —Fe (OH)s @)
Fe(OH)s—FeOOH+H,0 @)
Fe2*+20H —Fe(OH)2 @)
Fe(OH)2+2FeOOH—Fe304+2H,0 (4)

Under these reaction conditions, akaganeite growth is suppressed while goethite formation is
strengthened, therefore goethite and ferrous hydroxide are the major intermediates controlling
the phase transition and particle size [25]. Sun et al. (2014), suggested that nano-Fe3Os
nucleation increases below solution pH 11, while above pH 11 the growth of nano-FesO4
nucleus prevails producing particles of larger sizes [26]. We observed a gradual increase from
5 to 35 cm™ and a decrease afterwards. The 35 cm-3 was taken as the optimum volume for
NH4OH. The influence of the pine mass is shown in Figure 4.7(b). The effect of pinecone mass
on the reaction of Pine-Fe3O4 magnetite was performed by adding different masses (1.0-3.5g)
of pinecone in 80 cm? of double distilled water containing iron salts and 35 cm3 NH4OH at
80°C. The initial decrease in particle size may be due to increase stabilization of the Fe3O4
nucleus by the cellulose and lignin fraction of the pinecone as mass is increased from 1.0 g to
1.5g [27]. Increase in pine mass at constant amounts of iron salts and volume of NH4OH above

1.5 g gave rise to aggregation of the large pinecone particles and eventually increases in final

particle size.
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Figure 4.6 a) Influence of NH4OH volume on adsorption of methylene blue; (b) influence of
pine mass dose on adsorption of methylene blue
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4.4.2. Effectof reaction temperature and contact time

The influence of the reaction temperature and contact time is shown in Figure 4.7 (c) and (d).
The effect of reaction temperature on the formation of nano-FesO4-pinecone composite was
studied in a reaction mixture containing 1.5 g of pine in a solution of iron salts with 35 cm3 of
NH4OH at temperatures ranging between 40 and 100 °C. Increasing temperature increases the
rate of interaction between the functional groups on the pinecone and the nano-FesOa4 nucleus,
which stabilizes the nano-FeszO4 particles keeping their sizes small [27]. When temperature was
increased above 60°C, the growth of nanoFe3O4 nucleus (aggregation) was encouraged [26].
The effect of reaction temperature on the formation of nano-FesO4 pinecone composite was
studied in a reaction mixture containing 1.0 g of pine in a solution of iron salts with 35 cm3 of
NH4OH, at 80°C. Figure 4.7 (d) showed that a longer time of mixing gives a higher
displacement of methylene blue contact time ranging from 15 min to 60 min was also studied
from determination of absorbance. After the required volume of NH4OH and 1.0 g of pinecone
was added to the solution of iron salts at 80°C, different time intervals were allowed for the
precipitation to occur. As contact time increased from 15 to 60 min, we observed that short
contact time of the reaction means few amounts of nano-FeszO4 nucleation occurred. Therefore,
the fewer the nano-FesO4 coverage, the larger the particle size of the bionanocomposite. At

45 min optimum contact time of methylene blue was observed.
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Figure 4.7 Influence of temperature on the adsorption of methylene blue (d) Influence of
time on the adsorption of methylene blue
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4.4.3. Effect of the initial concentration

Figure 4.8 shows theinfluence ofthe initial concentration on the adsorption of methylene blue.
There was a rapid increase in adsorption capacity from157 to 168 mg.g-tin the concentration
range100 to 200 ppm and then a sharp decrease afterwards. We reason that when the adsorbent
loading increases past 200 ppm, the interparticle forces between the nanoparticles increases
such that there is an overall attraction between them, a phenomenon which results in

agglomeration of the adsorbent.
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Figure 4.8 Influence of temperature on the adsorption of methylene blue

4.4.4. X-ray fluorescence (XRF) analysis

Figure 4.10 (a and b) show XRF results on NH4OH volume and mass dose on the pine-

magnetite composite. The percentage of iron oxide determined for NHsOH volume of 35 cm™

was found to be the highest at 76.5% and mass dose of 1 g at 78.2%. Figure 4.10 (a and b)

show the effect of temperature and contact time confirmed by XRF analysis. Temperature was

found to be highest with 75.4% at 80°C and contact time highest with 78.3% at 45 min. XRF
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confirmed the optimum values of volume NH4OH, mass of pinecone powder, reaction

temperature and contact time due to the highest iron oxide percentage present on the pine-

magnetite composite.
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Figure 4.10 (a) XRF on reaction temperature and (b) XRF on contact time of pine-magnetite

composite.

4.4.5. Adsorption studies for PMC

The magnitude of electrostatic charges imparted by the ionization of metal ions and the

functional groups on the adsorbent surface are primarily controlled by pH of the medium.
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Figure 4.11 shows the effect of pH on the adsorption of methylene blue. The increase in pH
showed the increase in percentage removal. This is because at pH above 7 there is an abundance
of “OH ions in the solution which are repelled by the lone pairs of electrons on magnetite. MB,
on the other hand, being cationic and remaining as an ion in the solution will have an
electrostatic attraction from the magnetite. AtpH 12 we observed that there is a high percentage
removal for methylene blue compared to any other pH value. Figure 4.11 shows the effect of
adsorbent dose on the percentage removal and amount of dye adsorbed. It is apparent that by
increasing the dose of the pine-magnetite composite, the number of adsorption sites available

for adsorbent-solute interaction is increased, thereby resulting in the increased percentage dye
removal from solution.
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Figure 4.11 Effect of solution pH on the adsorption of methylene blue.
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Figure 4.12 Effect of adsorbent dose on the percentage removal amount of dye adsorbed.

4.4.6. Adsorption kinetics

The plots show the amount of methylene blue adsorbed from solution per mass of adsorbent
for each PMC dose against the effective time of contact (Figure 4.13). As per observation for
all adsorbent doses, a large fraction of the total amount of MB was removed from the solution
within the first few minutes. This can be explained from the fact that at this stage adsorbent
molecules are being adsorbed onto the surface where there are no other such molecules and
consequently the sorbate-sorbate interactions are negligible [28,29]. The rapid initial phase is
followed by a slower uptake which might be due to saturation of adsorption sites. The

adsorption datafitted the pseudo-second order with regression coefficient of 1 and the qge values
coincided with the expected ge values (qeexp) (Table 4.2). All this proves the adsorption obeys

the pseudo-second order model meaning the controlling rate step is chemisorption [30,31].
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Figure 4.13 Effect of adsorption kinetics on PMC.

Table 4.2 Kinetic parameters and correlation coefficients for MB adsorption at different

concentrations onto PMC (299K, pH 12)

Conc.  First order kinetic model Second order kinetic model
k1 q.exp g.mod R? k2 H g.mod R?
(mint)  (mgg®)  (mgg) (@-mg*.mint) (mg.g*mint)  (mg.g?)
100 0.0492 9.9118 5.27722 0.9689 0.0057 0.55988 9.9108 1
150 0.0362 14.8755 3.87637 0.9243 0.0048 1.06293 14.881 1
200 0.0273 19.8701 3.27036 0.9625 0.0036 1.42287 19.8807 1
250 0.0147 24.7851 8.52242 0.973 0.0013 0.79649 247525 1
300 0.0147 29.7488 8.11164 0.9633 0.001 0.88577 29.7619 1

4.4.7. Adsorption isotherms

Isotherm studies can describe the qualitative information of the adsorbate interaction with

adsorbent at constant temperature [32]. The isotherm provides the relationship between the

concentration of dye in solution and the amount of dye adsorbed on the solid phase when both

phases are in equilibrium. The equilibrium data were analyzed by fitting Langmuir, Freundlich

an Temkin isotherm models. The Langmuir isotherm model presume a monolayer adsorption

onto the surface containing finite number of adsorption sites of uniform energies of adsorption

with no transmigration of adsorbate in the surface plane [35].
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The Langmuir isotherm model is represented by the following equation:

qe Amky Am

Ce L 4L Equation 4.2

where e is the amount of dye adsorbed at the equilibrium time (mg.g™!), Ce is the equilibrium
dye concentration (dm?®.mg!), qm is the maximum adsorption capacity (mg.g!) and K is the
Langmuir adsorption equilibrium constant (dm3.mg!). Freundlich linear expression was

represented by:

logq, = logk, + C—le Equation 4.3

Where kp, is the equilibrium adsorption coefficient (dm3.mg ") and cl is an empirical constant.
e

Temkin isotherm model describes the chemisorption between the adsorbate and adsorbent

Temkin model is expressed by:

_RT RT
e brnK = br.C,

Equation 4.4

where K is Temkin isotherm equilibrium binding constant (L.mg!) related to the maximum
binding energy, br is Temkin isotherm constant (J.mol!") related to the heat of adsorption, R is

the universal gas constant (8.314)J.mol-'K-")and T is the absolute temperature.

The isotherms calculated from the experimental data and the parameters obtained from the
linear regression by all the three models is summarized in Table 4.3. According to the
observation, R? values for the Langmuir are higher than those of the Freundlich isotherm
model, which suggests the Langmuir isotherm is suitable for defining the adsorption
equilibrium of MB onto PMC. This implies the adsorption process occurs in a homogeneous
surface giving homogeneous distribution of active sites on the PMC. The value of K shows a
decrease with increase in temperature, which implies that low temperature favored the
adsorption process. The adsorption is evidently favorable as Freundlich constant nis 2.47,2.23
and 2.02 for PMC. Higher Kr indicate higher adsorption capacity meaning temperature 299 K
gives better adsorption. Temkin constants K, br together with R? values are also summarized

in Table 4.3. The heat of adsorption of all the molecules in the layer showed decrease linearly
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with coverage due to adsorbate/adsorbent interactions. K, decreased as the experimental
temperature increased from 299 to 309 K, which implies that the adsorption process is

exothermic and favoured at higher temperatures [33]

Table 4.3 Isotherm parameters for the adsorption of MB onto PMC

Isotherms  Parameters Temperature
299 304 309
Langmuir  gm(mg.g!) 60.6 64.5 68.5
Kr(dm*mg') 0.11 0.10 0.09
R? 0.9944 0.9872 0.9650
Freundlich Kr(dm*mg') 117 10.7 9.8
N 2.47 2.23 2.03
R? 0.8892 0.8760 0.8378
Temkin br (J.mol!) 35.21 39.77 46.12
K(L.mg"h 2.17 1.21 1.10
R? 0.9582 0.9484 0.9108

4.4.8. Desorption and recycling efficiency

The main aim of desorption studies is the reusability of adsorbents in the multiple adsorption
or desorption cycles and beneficial for their practical and economical applications. Desorption
studies were performed with 0.01 M, 0.05 M and 0.1 M HCI. PMC (1 g) saturated with 100
mg.dm-3 of methylene blue was placed in different desorption solutions and constantly stirred
in awater bath at 200 rpm for 2 h. The adsorbent solutions were centrifuged and analyzed using
UV-VIS spectrophotometer. Figure 4.14 demonstrates the effect of eluent concentrations on
MB dye desorption efficiency. It was observed that desorption efficiency increased with
increase in the eluent concentration even though the shift is small in percentage. The maximum
desorption percentage was found at 0.1 M HCI (99.3%) whereby 001 M HCI showed the
minimum desorption efficiency (98.96%). Increase in HCI concentration results in increase in

H*ions concentration which lead to the increase in dye desorption efficiency.
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Figure 4.14. Recycling efficiency of PMC on MB removal.

4.5. Conclusions

Observations from the present study showed that pine-magnetite composite was successfully
synthesized using co-precipitation method as it indicated potentially good magnetic material
that can have good magnetic quality. The results also showed that the optimization of the Pine-
magnetite composite was dependent on the chosen parameters of interest. Optimization
conditions were the composite showed to be optimum at NHsOH = 35 cm?3, Temperature =
80 °C, Time = 45 min, Mass Pine = 1,0 g and concentration dosage = 200 ppm. XRF analysis
confirmed the optimization conditions by showing the highest % of FeO present on the
parameters selected. XRD analysis confirmed the spherical structure of FesO4and the binding
of Fe3O4onto pinecone. FTIR confirmed the functional groups on the NaOH treated pinecone
and the Pine-magnetite composite as literature states. Removal of dye was found to have a
capacity of 168 mg.g* using pine-magnetite composite. The results showed that the adsorbent
shows a promising adsorption capacity for removal of methylene blue dye. PMC also exhibit
excellent magnetic separation after adsorption process due to the large surface area and
magnetic property. The adsorption kinetics studies showed the adsorption processes increase

with increase in time. The pine-magnetite composite showed improvement in adsorption
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capacity and reusability which further demonstrates that it can be used as the promising

adsorbent in the practical treatment of wastewater contaminated with dyes.
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CHAPTER 5

CHARACTERIZATION OF GRAFTED ACRYLAMIDE ONTO PINE-MAGNETITE

COMPOSITE FOR THE REMOVAL OF METHYLENE BLUE FROM
WASTEWATER?

5.1. Introduction

The rapid development of the textile industry has resulted to a large proportion of industrial
wastewater pollution. Methylene blue (MB) dye is a most widely used dye by industries like
textile, paper, rubber, plastics, leather, cosmetics, food industries and pharmaceuticals. The
textile industry is classified into three main categories, namely; cellulose fibers (cotton, rayon,
linen, ramie, hemp and lyocell), protein fibers (wool, angora, mohair, cashmere and silk) and
synthetic fibers (polyester, nylon, spandex, acetate, acrylic, ingeo and polypropylene) [1]. The
type of dyes and chemicals used in the textile industry are found to differ depending on the
fabrics manufactured. Reactive dyes (remazol, procion MX and cibacron F), direct dyes
(Congo red, direct yellow 50 and direct brown 116), naphthol dyes (fast yellow GC, fast scarlet
R and fast blue B) and indigo dyes (indigo white, tyrian purple and indigo carmine) are some
of the dyes used to dye cellulose fibers [2]. The textile industry is known to be the main creator
of wastewater effluents because it consumes more water for its wet processes. Therefore,
globally it is estimated that all wastewater discharge is highly populated. According to the
world bank estimation, textile dyeing and finishing treatment given toa fabric generates at least
17 - 20% of world’s industrial wastewater [3], [4].

Dyes oftendischarged in water effluents contain residues that are highly visible and undesirable
even at low concentrations [5]. In addition, they are toxic due to their harmful effects on the
human beings. Therefore, it is of vital importance that they are removed from water [6].
Wastewater containing dyes needs to be treated before being discharged into water bodies [7].
Various techniques including chemical oxidation, coagulation, flocculation, membrane
processes and biological treatment have shown effectiveness in the removal of methylene blue

from wastewater [8]. The limitation most of these techniques possess is the incomplete dye

2 Chapter published as a peer reviewed book Chapter: Book Chapter citation: KNG Mtshatsheni, EB Naidoo and
AE Ofomaja (2020): Characterization of grafted acrylamide onto pine-magnetite composite for the removal of
methylene blue from wastewater, Waste in textile and leather sectors, INTECHOPEN, ISBN: 987-1-78985-244-1

122



removal, poor detection, requirement of expensive equipment and monitoring systems [7]. The
performance of adsorption techniques which have been mostly applied due to their

effectiveness since they remove the entire dye molecule, leaving no fragments in the effluent

[9].

Extensive research in recent years has focused on utilizing waste materials from agricultural
products (such as pinecones and others) since they are eco-friendly, cost-effective and
renewable [10]. Pinecones are naturally occurring agricultural wastes widely found in a
plantation in Vanderbijlpark, Gauteng, South Africa. They are of commercial importance and
value which is extensively used in different industries [11]. One pinecone consists of 46.5%
hemicellulose, 37.4% lignin, 18.8% cellulose and 15,4% extractives [12]. Pinecone powder has
been studied extensively in the removal of heavy metal pollutants such as lead, cesium, copper
nickel and arsenic from water systems. Activated carbon has been the most employed adsorbent
for the removal of dyes dueto its outstanding adsorption properties. However, it has limitations
by being expensive and it cannot be used in large applications of wastewater treatment. The
use of biomass and other microbial cultures in the removal of methylene blue has been
extensively studied in recent years. Among others, carbonized organic materials, fly ashes, peat
moss, recycled alum sludge, fishery residues and microorganisms such as fungus and algae
[13].

The present study reports the development and characterization of grafted pine-magnetite
composite using grafted acrylamide (GACA) for the removal of methylene blue in wastewater.
Grafting is a process of chemically or physically manipulating the surface properties of plant
materials such as type and number of functional groups, surface area and porosity by extraction
of'plant chemical components to improve its adsorptive ability. Grafting of synthetic monomers
onto pure biological materials has been successfully performed e.g., grafting of acrylonitrile

onto starch [14] and methyl acrylonitrile onto cotton [15].

5.2. Materials and methods
5.2.1. Materials

Pinecones are naturally occurring agricultural wastes found in a plantation in Vanderbiljpark,
Gauteng, South Africa. All the chemicals and reagents used throughout this study were of

analytical grade reagents and used without any further purification. Acrylic amide, ceric
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ammonium nitrate (CAN), nitric acid (HNO3), sodium hydroxide (NaOH), ammonium
hydroxide (NH4OH), ferric sulphate (FeSO4) and methylene blue was supplied by Merck,
South Africa. Deionized was used for the preparation of all solutions. The stock solution for
methylene blue (1000 mg.L1) was prepared by dissolving the required quantity of dyes in a
1000 ml of deionized water and the stock solution was further diluted for batch experiments.

5.2.2. Methods

5.2.2.1. Synthesis of pine-magnetite composites

A mixture of FeS04.7H20 (2.1 g) and of Fe(SO4)3.XH20 (3.1 g) were dissolved under inert
atmosphere in 100 cm? of double-distilled water with vigorous stirring. Thereafter, 20 cm? of
28% ammonium hydroxide and the appropriate amount of pine powder was added. The
reaction was left to run for 45 min at 80 °C under constant stirring. The resulting particles,
consisting of magnetite attached to the cellulose (hereafter referred to as bio-composite) were
washed several times with deionized water and ethanol and dried in a vacuum oven at 60°C
overnight. To determine the optimum conditions to achieve the desired products of the
bio-composites, we experimented with the following variables: volume of NH4OH 5, 10, 20,
30, and 40 cm3; weight of pine powder 1.0, 1.5, 2.0, 2.5, 3.0 and 3.5 g; temperatures 40, 60, 80
and 100 °C and reaction times 15, 30, 45 and 60 min

5.2.2.2. Synthesis of grafted pine-magnetite composite

PMC(1 g), 20 cm? of 1.5 M acrylic amide and 135 cm? of deionized water were transferred
into a three-neck round bottom flask at a temperature of 42 °C. The reaction was bubbled under
nitrogen gas for 30 min to remove the dissolved oxygen under stirring. CAN (10 cm?®) of
0.5 M, dissolved in 0.3 M HNO3 was slowly added to the reaction to initiate graft
co-polymerization and stirring was continued for 2 h. Reaction mass was neutralized by 50%
NaOH and precipitated in methanol and thereafterwashed with methanol/water (90:10) several
times, so that the unreacted PMC and ceric salt were removed. The final residue was dried in a

vacuum oven at 40 °C.
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5.3. Characterization

Qualitative and fundamental identification of the functional chemical groups of grafted pine-
magnetite composite (GPMC) were carried out with a FTIR (Perkin- Elmer) in the range
450 - 4000 cm. An X’Pert PRO X-ray diffractometer (PAN analytical, PW3040/60 XRD;
CuKoa anode; A = 0.154 nm) was used for particle size measurements. The size of the
synthesized particles was observed using transmission electron microscope (TEM, FEI
TECNAI G2 SPIRIT) at an accelerating voltage of 150 kV. TGA (Perkin-Elmer (USA)
Simultaneous Thermal Analyzer 6000 instrument) was used for determining the weight loss as
a function of temperature. Changes in morphology were studied using scanning electron
microscopy (SEM), HRSEM Instrument Specs Model: Jeol JSM 7800F field emission

scanning electron microscope run at Operational voltage: 5kV Elemental composition was
determined using a Thermofischer UltraDry EDS Detector.

5.4. Results and discussions
5.4.1. FTIR spectroscopy results

The FTIR spectrum shown in Figure 5.1 (a) represents the pine-FesO4 magnetite (PMC). The
FTIR spectrum showed some changes in band intensities, indicating the functional groups on
the surface that had been modified. A compressed —OH peak at 3350 cm™* with an increase in
intensity was observed. This might have been due to the presence of extracted lignin in
pinecone. Clearly, the COO- peak was converted to esters at 1622 cm™, C-H aliphatic peaks
were observed at 1416 cm~t which represent the increase in the internal surface of the pinecone
and a new peak was found at 567 cm~* which was assigned to the vibration of Fe-O band of
FesOas.

The FTIR spectrum of GACA (Figure 5.1 (b)) shows a slightly broad band observed at
3389 c¢cm? ascribed to the existence of —OH and —NH groups. The compressed peak at
1654 cm corresponds to a carbonyl functional group of acrylamide, whereas the one at
1030 cm! reflects on the vibrations of N-CH2 groups. The last peak at 546 cm reflects the
—C-0O-C- functional groups. These functional groups might have participated in the
interactions with MB which involved the mechanism of surface complex, hydrogen bonding,
and electrostatic attractions.
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Figure 5.1 (a) FTIR spectrum for PMC and (b) GACA

5.4.2. XRD analyses

The XRD spectrum of grafted pine-magnetite composite with acrylamide is shown in
Figure 5.2(a). The prominent peaks at 26 values of 30.5°, 38.7°, 43.9.0°, 59.8° and 63.7°
corresponding to (220), (311), (400), (422), (511), respectively, attributes to the cellulose peaks
due to the presence of iron oxide magnetite composite and crystal planes of grafted pine
magnetic composite respectively [16]. The composite has shown a cubic crystal structure. The
composite has shown a cubic crystal structure It is observed that diffraction intensity of the
broad peak at 43.9° was weakened indicating that the crystallinity of the PMC decreased after

grafting. This phenomenon might be due to the strong interaction of covalent bonds between
the PMC and the acrylamide.
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Figure 5.2 XRD spectrum for GACA

5.4.3. TGA analyses

The TGA and DTG curve shown in Figure 5.3 demonstrates the thermal stability of grafted
pine-magnetite composite. The incorporation of the FesO4 magnetite composite showed the
changes in the thermal properties of the cellulose. The initial thermal decomposition of GACA
occurred at 100 — 240°C temperature range which corresponds to loss of water molecules and
volatile compounds. The second stage thermal decomposition in the temperature range
380 — 640°C may be due to the breakdown of the polymer matrix and cross-links between
different polymeric chains. The last stage of decomposition at a temperature of 700°C
corresponds to the lignin degradation [17]. Graftingwith acrylamide presented a better thermal
stability due to the different types of covalent bonds in the grafting of copolymer backbone
[14]. Differential thermal analysis (DTA) showed endothermic peaks associated with
degradation of various materials. The degradation behavior exhibited two stage decomposition
effects. Observation at different temperatures (380 — 620°C) was attributed to the cellulose
decomposition at low temperature and grafted acrylamide composite at higher temperatures.

This confirmed the stabilizing effect of the incorporation of FesO4 composite onto acrylamide.
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Figure 5.3 TGA and DTA curves for GACA

5.4.4 TEM studies

The TEM image in Figure 5.4 shows the appearance of the typical images of grafted pine
magnetic composite with acrylamide and the nanoparticle size distribution of GACA. The

spherical nanoparticles are attributed to the shape and the incorporation of the magnetic

nanoparticles in the polymer matrix. The size distribution of the GACA shows mean particle
size tobe 11.4 + 3.16 nm.
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Figure 5.4 TEM image and size distribution of grafted pine-magnetite composite with
acrylamide (GACA)
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5.4.4. SEM studies

SEM images of grafted pine-magnetite composite with acrylamide is shown in Figure 5.5. The
observation showed changes in morphology of the GACA because of the graft
copolymerization process and incorporation iron oxide magnetite. Supporting information
showed the granular smooth surface. Roughness of the surface increased after modification;
better matrix coherence was achieved after incorporation of the iron oxide magnetite
nanoparticles. All the observations confirmed that grafting pine-magnetite composite with
acrylamide allows better compatibility. The presence of the Fe peak in the EDX of the
nanocomposite showed successful incorporation of iron oxide composite in the polymer matrix
Figure 5.6.

lpm JEOL 9/26/2019
x15,000 5.0kVv LED SEM WD 9.7mm 10:46:00

Figure 5.5 SEM image of the GACA
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5.4.5. BET (Surface area) analyses

A surface property of an adsorbent describes the effect of modification on the surface area of
the adsorbent. (Table 5.1 BET surface area and pore characteristics for synthesized materials
shows comparison of the effect of modification on the surface area of the materials. The pure
pine-magnetite nanoparticles showed a surface area of 113.60 mZ2.gl, pore volume of
0.6321 cm.g! and pore size of 25.86 nm. On the other hand, the NaOH treated pine had a
surface area of 2.25 m2.g1, pore volume of 0.0177 cm3.g-t and pore size of 10.17 nm. Pine-
magnetite composite exhibited surface area of 54.80 m2.g-1, pore volume of 0.1522 cm3.g ! and
pore size of 23.10 nm. Grafted acrylamide reflected the surface area of 57, 77 m2.g-1, pore
volume of 0.1591 cm3.g't and pore size of 17.33 nm. The higher surface area was due to the
pinecone structure which was found to be important for the improvement of mass diffusionand
adsorptive capacity. An increase in surface area, pore volume and pore size confirmed that
GACA can adsorb MB more efficiently than the PMC. The distinct pore structure size enables
fast transportation of particles.
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Table 5.1 BET surface area and pore characteristics for synthesized materials

Properties Pure magnetite NaOH treated pine  Pine-magnetite Grafted
composite composite (PMC)  acrylamide

Surface area (m?.g) 113.60 2.25 54.80 57.77

Pore Volume 0.6321 0.0177 0.1522 0.1591

(cms.g)

Ave. pore size (nm) 25.86 10.17 23.10 17.33

5.4.6. Point Zero Charge (pHpzc)

To further investigate the effects of modifications on the suitability of the synthesized materials
for adsorption, the isoelectric point or point of zero charge (pHpzc) was determined. The
solution pH is an important parameter for dye adsorption because it does not only change the
surface charge of the adsorbent but also it affects the molecular structure of the dye. As MB is
a cationic dye, it can easily form positively charged species over a wide pH range. The solid
addition method was used to determine the pHpzc of the pinecone composite. To a series of
100 cm? volumetric flasks, 45 cm® of 0.01 mol.dm3 KNOs solution were transferred. The pHi
values of the solutions were roughly adjusted between pH 2 to 12 by the addition of either
0.1 mol.dm3 HCI or NaOH on a pH meter with constant stirring. The total volume of the
solution in each flask was made up to 50 cm?® by the addition of KNO3z solution of the same
strength. The pHi of the solutions was accurately noted, and 0.1 g of pinecone composite were
added to each volumetric flask, which was then immediately closed. The suspensions were
allowed to equilibrate for 48 h on a shaker operating at 200 rpm. The pHs values of the
supernatant were accurately noted and the difference between the initial and final pH values
(ApH = pHs— pHi) were plotted against the pHi. The solution pH is an important parameter for
dye adsorption because it does not only change the surface charge of an adsorbent, but it also
reflects the molecular structure of the dye.

Changes in the point of zero charge values within the sample can be attributed by the difference
in typesand amounts of surface functional groups present on the surface of theadsorbent. pHpz
is observed when modification on the suitability of the synthesized materials is determined. It
is known to be the pH at which the amount of positive charges on a biosorbent surface equals

the amount of the negative charge i.e. the pH at which the biosorbent surface has net electrical
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neutrality [18], [19]. Methylene blue is a cationic dye and can easily form positively charged
species over awide pH range. The pHpzc of pine-magnetite composite was found to be 8.56 and
grafted pine-magnetite with acrylamide was found to be 6.2. The decrease in the pHpzc is

attributed to the modification of the surface area.

5.5. Adsorption studies
5.5.1. Effectof solution pH

The adsorption experiments were carried out using batch equilibration techniques. Various
Methylene Blue (MB) solutions with different pH range, initial concentrations and mass dosage
were prepared by diluting1000 mg.dm3. Equilibrium experiments, to determine the adsorption
capacity of pine-magnetite composite were conducted using 250 cm? bottles. 0.1 g of PMC and
100 cm? of the MB solution were added and shaken for 2h at 26 °C. Thereafter, absorbance
was determined using UV-VIS spectrophotometer at the wavelength corresponding to the
maximum absorbance (Amax =665 nm) as determined from the plot. This wavelength was used
for measuring the absorbance of residual concentration of MB. pH of the solution was adjusted
using 0.1 M HCl and 0.1 M NaOH.

Figure 5.7 showed the effect of pH on the adsorption of MB. It is observed that the
bionanocomposite adsorbs efficiently across a wide range of pH and thus demonstrating its
versatility and suitability for real wastewater systems. A slight variation occurs in that an
increase in pH showed an increase in percentage removal from 99% at pH 1 to around 99.9%
at pH 12. We attribute this to the adsorption due to the plant material and the additional
adsorption dueto the surface groups from the functionalization with acrylamide. This indicated
that the lower adsorption of MB at acidic pH was due to the presence of excess H* ions. The
influence of low pH to MB adsorption was that H* ions could occupy the binding sites; this
was not favorable for the adsorption of MB. Furthermore, MB possessed positive surface

charges and could be repulsed by H*ions to prevent MB adsorption onto grafted pine magnetic
composite.

With increasing pH, the number of hydrogen ions in solution was reduced and the competitive
effect, repulsive interaction weakened, lead to an increase in theremoval rate. The MB removal

rate became stable when the pH reached 12, where the higher percentage removal for MB was
observed in comparison to other pH values.
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Figure 5.7 Effect of pH on the adsorption of MB

5.5.2. Effect of adsorbent dose

Figure 5.8 shows the effect of adsorbent dose on the percentage removal and amount of dye
that was adsorbed. This effect was necessary to observe how the novel adsorbent used impacted
on the adsorption stoichiometry. Italso gave an idea of the propensity of dye molecules to be
adsorbed with the smallest amount of adsorbent. When the mass of the adsorbent was 0.5 g,
the percentage adsorption removal increased rapidly, which contributed to the increased
surface area of the adsorbent which in turn increased the number of binding sites [20]. The
adsorption capacity decreased past 0.5 g of adsorbent dosage and we attribute that to increased
interactions between the adsorbent nanoparticles and hence increased agglomeration. At mass
0.5 g the highest percentage removal of 99.8% was achieved.
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Figure 5.8 Effect of adsorbent dose on the adsorption of MB

5.5.3. Effect of contact time

The effect of contact time on the grafted pine-magnetite composite with acrylamide for the
adsorption of methylene blue is shown in Figure 5.9. The adsorption experiment was done at
100 mg.L"! concentration. The adsorption rate of the grafted composite on the removal of MB
is faster from the beginning which might be influenced by the grafted composite with higher
specific gravity which makes them betterin dispersity and more efficient contact with MB. The

adsorption capacity of the grafted composite is higher due to its the high surface area.
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5.6. Adsorption isotherms

The adsorption isotherm explains the relationship between an adsorbate in the liquid phase and
the adsorbate adsorbed on the surface of the adsorbent at equilibrium at constant temperature
[21]. To successfully obtain the adsorptive behavior of any substance from the liquid to the
solid phase, it is important to have a satisfactory description of the equilibrium state between
two phases composing the adsorption system. Langmuir and Freundlich isotherms are the well-
known isotherms which have been used to describe the equilibrium of adsorption systems.
Typically, the Langmuir model describes the monolayer sorption on a surface containing a
limited number of sites and predicting a homogeneous distribution of sorption energies [22].
Freundlich describe the heterogeneity distribution. The results of the MB concentration

dependence study were subjected to analyses by using Langmuir and Freundlich isotherm

models.

The theoretical Langmuir isotherm is represented by the following equation:

Ce 1 L C Equation 5.1

135



Where q, is the amount of dye adsorbed at the equilibrium time (mg.g), C, is the equilibrium
dye concentration (dm® mg'), q,,, is the maximum adsorption capacity (mg.g'') and Kvris the
Langmuir adsorption equilibrium constant (dm?.mg™!'). Freundlich linear expression was

represented by:

Log q. = log Ky + Equation 5.2

nlogC,

Where Kris the equilibrium adsorption coefficient (dm3.mg™!) and% is an empirical constant.

The parameters of the isotherm models are calculated from the experimental data and the values
of correlation coefficient (R?) are demonstrated in Table 5.2 below. The results show R? values
for the Langmuir are higher than those of Freundlich isotherm model. This imply that the
equilibrium adsorption data comply with the Langmuir isotherm, suggesting that the adsorption
process occurs in a homogeneous surface. Also, it can be stated that the results demonstrate no
interaction and transmigration of dyes in the plane of the neighboring surface [23]. Higher K
value for GACA indicates a higher adsorption capacity for methylene blue and a value of n>1

indicates favourable adsorption conditions [24], [25].

Table 5.2 Isotherm parameters for methylene blue dye adsorption on GACA

Langmuir isotherm model Freundlich isotherm model
Temperature (K) Qn K (dmimg?!) R? Ki(mg.g?)(dm:.mg?) N R?
(mg.m)

299 57.47 0.2107 0.9957 17.7174 2.862 0.9819
304 82.64 0.0588 0.9745 7.66655 1.725 0.9635
309 78.74 0.0968 0.9825 10.7226 1.873 0.9691
314 68.03 0.1786 0.9851  15.01067 2.293 0.9097
319 67.11 0.2569 0.9925 18.02603 2.455 0.8879

5.7. Desorption and Regeneration

The main goal of desorption studies is the competitiveness of adsorbents reusability in the
multiple adsorption or desorption cycles and their beneficial potential in practical and

economical applications. Desorption studies were performed with 0.01 M, 0.05 M and 0.1 M
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HCI. Typically, 1 g of PMC saturated with 100 mg.L-! of MB was placed in different desorption
solutions and constantly stirred in a water bath at 200 rpm for 2 h. The adsorbent solutions
were centrifuged and analyzed using UV-VIS spectrophotometer. Figure 5.10 demonstrates
the effect of eluent concentrations on MB dye desorption efficiency. It was observed that
desorption efficiency increased with increase in the eluent concentration even though the shift
is small in percentage. The maximum desorption percentage was found at 0.1 M HCI (99.8%)
whereby 0.01 M HCI showed the minimum desorption efficiency (98.8%). An increase in HCI
concentration resulted in an increase in H* ions concentration which led to a subsequent

increase in dye desorption efficiency.
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Figure 5.10 Desorption characteristics of MB adsorbed

Regeneration shows the competitiveness of the adsorbent where it expresses the good
reusability and recycling abilities. Figure 5.11 demonstrates the possibility of regeneration and
reusability of the grafted pine-magnetite composite with acrylamide. Adsorption-desorption
reaction cycles were repeated 4 times using 0.1 M HCI as the desorbing agent. Observation

showed that there was a gradual reduction from 29.8% to 14.03% after cycle 4. The results
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explain that the higher adsorption capacity proves the adsorbent to be a good adsorbent for the

removal of MB.

20 0.1 Mol/dm® HClI

Desorbed MB(mg/g)

cycle 1 cycle 2 cycle 3 cycle 4

Cycles

Figure 5.11 Regeneration characteristics of MB adsorbed

5.8. Conclusions

The study showed that acrylamide was successfully grafted onto pine-magnetite composites.
FTIR, BET, SEM, TEM and XRD characterization provided sufficient evidence to demonstrate
the incorporation and distribution of the iron oxide nanoparticles within the polymer matrix.
GACA nanocomposites were shown to be effective in the adsorption of methylene blue at a
pH of 12. The role of adsorbent dose and contact time demonstrated excellent results in the
adsorption of methylene blue due to the increased surface area and high rate of the adsorption
were achieved. The adsorption datawas adequately interpreted by Langmuir and Freundlich
isotherm models respectively. It was found that Langmuir isotherm model gave the best

equilibrium fit.
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CHAPTER 6

SURFACE STRUCTURE-PROPERTY RELATIONSHIP OF ACRYLIC ACID-

GRAFTED PINE-MAGNETITEBIONANOCOMPOSITES AND ITSEFFECT ON
THE ADSORPTION OF MB FROM WATER?

6.1. Introduction

The ever-increasing pollution of surface waters by textile waste necessitates the exploration of
sustainable means of wastewater remediation. The key tenets of sustainability in water
treatment are (i) the fabrication of environmentally benign yet efficient nanomaterials and (ii)
the use of materials that are synthesized through natural biosynthetic processes, preferably with
minor or no modification [1,2]. The mechanical and chemical stabilization of nanomaterials
prior to their application in wastewater treatment is key to rendering these nanomaterials
environmentally benign in that it helps protect the material from reacting with environmental
components and thus getting degraded. These stabilized materials can further be mechanically
stabilized by anchoring onto a bulk support to minimize their leaching into the environment
[3,4]. Stabilization is achieved through several methods including the capping of the

nanomaterials with chemical capping agents [5].

While the technique of capping nanoparticles with polymer or their monomers is commonly
used in biomedical applications, it is gaining momentum in water treatment technologies such
as adsorption and photocatalysis. For example, polyvinyl pyrrolidone (PVP)-capped magnetite
has been demonstrated to be effective in the adsorptive removal of undesirable micropollutants
[6]. These capping agents themselves should interact with the pollutant to minimise the loss
of activity of the capped nanomaterial in removing the pollutant. For instance, ZnS
nanoparticles have been capped with polyvinyl alcohol and starch and the resultant composites
were shown to have an improved removal of Cr(VI) ions from water owing to the polymer
having an interaction with the ions and thus acting as extended sites for the adsorption of the
ions [7]. Inanother work a new copolymer, poly(1,4,8,11-cyclo- tetradecane [2,2-bipyridine]-
5,5-dicarboxamine) (PNH) was found to promote the adsorption of tetracycline and enhance
charge separation in Fe2O3 nanoparticles [6]. The polymer chains on these polymer-capped

nanomaterials increase the amount of functional groups such that these capped nanoparticles

3 Submitted for peer review to the Journal of Nanoscience and Nanotechnology

142



have a lower propensity of leaching out of bulkier nano artefacts such as polymeric membranes
[1,8]. This makes capped nanomaterials best suited for process optimization through the

combination of two technologies into one artefact.

Poly acrylic acid has been found suited for the capping of adsorptive nanomaterials because of
its high hydrophilicity, negative zeta potential a propensity for the charge-based selective
adsorption of pollutants (both organic and inorganic) [9]. In addition, acrylic acid, is an
ecofriendly molecule that is typically used to impute chemical stability to nanoparticles [10].
For example, polyacrylic acid has been grafted onto the surface of a PES membrane so as to
bind onto TiO2—nitrogen-doped carbon quantum dots composite [11]. It was demonstrated that
the polyacrylic acid not only enhanced the adhesion of the composite but also played a role in
promoting the adsorption of the pollutant onto the membrane; a step that is essential for the
photocatalytic degradation of the pollutant. While substantial progress has been made in the
fabrication and assembly of new synthetic technologies, the use of renewable resources is key

to increasing the economic feasibility of these technologies [12].

The use of renewable resources in synthesis processes relating to wastewater remediation has
had a positive impact on agriculture, environment, and economy in that, otherwise useless, but
environmentally benign agricultural waste is put into good use without increasing the carbon
footprint in the environment [13,14]. To this end, plant material-based synthesis of
nanomaterials has remained a key means to improving the environmental-friendliness of
nanotechnology-based water treatment technologies. Pinecones are one of the commonly used
nanomaterials and are a rich resource of crystalline cellulose, lignin, and their amorphous
forms-the hemicelluloses. These biopolymers consist of fibers that are enriched with surface
—OH and —COOH groups [15]. These surface groups make celluloses and, in our, pinecone
powder good candidates as supports for nanoparticles. In addition, the high concentration of
these groups on the surfaces of the polymers nanofibers and nanoparticles exert their influence
on the surface charge of bionanocomposites of pinecones and other cellulose-rich resources
[16]. These characteristics, can further be influenced by etching organic polymer and monomer
molecules onto the surface of the bionanocomposites [17]. NaOH-activated pinecone powder
was used for the adsorptive removal of malachite green (MG) from wastewater. This modified
pinecone powder had a higher adsorption capacity for MG (111.1 mg.g™') compared to
unmodified pinecone powder (30 — 60 mg.g1) [18,19].
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Previous studies on the applicability of pinecone composite in wastewater remediation have
primarily focused on the adsorption of heavy metals [18]. Little amount of work has been
carried out to investigate their efficacy in the removal of synthetic dyes and to understand the
mechanism involved. Magnetite is renowned for being amphoteric and hence reduced
adsorption capacity [20]. Coupling magnetite with an inherently negatively charged
biopolymers and a strongly hydrophilic polymer such as acrylic is anticipated to have a
significant effect on the structural and surface properties that make the bionanocomposites
better stabilized without loss of adsorptive activity. Our previous work investigated the
parameters for the synthesis of high performance pinecone-magnetite composite (PMC) and
compared the performance to the adsorption performance for alkali treated pinecone powder
[21]. The results demonstrated that the best performing PMC composite was synthesized using
a mass ration of 2:1 FeSO4.7H20 and Fe2(SOa4)3. XH20, 35 mL of 28% NaOH, 1.5 g pinecone
powder at a temperature of 80 °C and 45 min aging time for the PMC composites with the

smallest, well dispersed, and firmly attached magnetite and pine composites.

The present study makes use of these optimized parameters to synthesize PMC and further
graft PMC with acrylic acid as a monomer to form unique acrylic acid-grafted pinecone-
magnetite grafted bionanocomposites (herein referred to as GAA). The surface and
morphological properties and their influence on the mechanistic aspects of methylene blue
(MB) adsorptive removal from wastewater are investigated. Focus is placed on understanding
the structure-property relationship of acrylic acid-grafted pine-magnetite bionanocomposites
and its effect on the adsorption of MB. In addition, reusability studies are carried out to
investigate the economic feasibility of modified pinecone composites in wastewater treatment.
The bionanocomposites were synthesized and characterized to evaluate their adsorption
efficiency on MB. The effects of the reaction variables such as contact time, initial dye
concentration, temperature, pH and adsorbent dosage on the dye adsorption were
systematically investigated and the changes in surface charge and efficiency of adsorption were
monitored. This work, consequently, evaluates in detail, the reusability of these natural
adsorbents, the mechanistic models responsible for the adsorption process and the role of

structure and property on the adsorption process.
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6.2. Materials and methods

6.2.1. Chemicals and reagents and equipment

Pinecones were collected from a local plantation in South Africa, washed several times in
deionized water and dried before crushing them into a powder using a blender. The resultant
powder was in successive repetition using a domestic flour sieve in to obtain a fine powder.
Acrylic acid (AA) (99.0%), ceric ammonium nitrate (CAN) (ACS reagent 98.5%), nitric acid
(HNOs3) (ACS reagent 70.0%), sodium hydroxide (NaOH) (ACS reagent 97.0%), ammonium
hydroxide (28%), iron (1) sulfate hydrate (FeSO4.7H20) (99.9%), iron (I11) sulfate hydrate
(Fe2(S04)3. XH20) (97.0%), potassium nitrate (KNO3) (ACS reagent 99.0%), hydrochloric
acid (HCI) (ACS reagent 37.0% and (MB) (95%) were supplied by Merck, South Africa. All
the reagents used were of analytical grade and were used without any further pre-treatment.

6.2.2. Synthesis of grafted pinecone-magnetite bionanocomposites

6.2.2.1. Synthesis of pinecone-magnetite composites (PMC)

First, the pinecone powder was washed in NaOH and dried using an established procedure for
treating pinecone as had been used in our previous work [21]. The preparation procedure for
anchoring the magnetite onto the pinecone powder is an in-situ coprecipitation procedure that
was adapted from previous work in our group in which FeSO4.7H20 and Fe2(SO4)3. XH20 at
mass ration 2:3 were dissolved in 100 mL of distilled water with vigorous stirring under a
nitrogen atmosphere [21,22]. Upon completion of dissolution of the salts, approximately 50 g
of NaOH-treated pinecone powder was simultaneously added with 28% NH4OH (20 mL) with
continued stirring. The precipitate formed was aged under stirring at 80 °C for 45 min and then
filtered using vacuum filtration to obtain a brown powder (hereafter referred to as pinecone-
magnetite (PMC) bionanocomposites) After washing several times with deionized water and
ethanol and drying in a vacuum oven at 60 °C overnight the resultant powder was kept in a

desiccator for further use.

6.2.2.2. Synthesis of acrylic acid-grafted pinecone-magnetite composite (GAA)

PMC (1 g) (prepared from co-precipitation method), 20 mL of 1.5 M acrylic acid and 135 mL
of deionized water were transferred into a three-neck round bottom flask at 42 °C. Nitrogen

gas was then bubbled in the reaction mixture for 30 min to remove dissolved oxygen under
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stirring. This was followed by the slow addition of 10 mL of 0.5 M CAN, dissolved in 0.3 M
HNOsto initiate graft co-polymerization and stirring was continued for a further2 h under inert
conditions. The reaction was neutralised by adding 50% NaOH followed by precipitation in
methanol. Thereafter, the resulting product washed with methanol/water (90:10) several times
to remove unreacted PMC and ceric salt. The final residue was dried in a vacuum oven at

40 °C and stored for further analyses.

6.3. Characterization and performance evaluation of pine-magnetite (PMC) and grafted

pine-magnetite composites (GAA)
6.3.1. Morphology and surface characteristics

Qualitative and fundamental identification of the functional chemical groups of grafted
pinecone-magnetite composite samples for FTIR spectroscopy were identified by FTIR
(Perkin- Elmer) in the range 450 - 4000 cm using diamond attenuated total reflectance (ATR).
The surface elemental composition of the bionanocomposites was determined through X-ray
photoelectron spectroscopic (XPS) analysis on a Thermo ESCAlab 250Xi model. A
monochromatic X-ray beam with a spot size of 900 um, generated from an Al Ka (1486.7eV)
shell was blazed onto a pelletized sample that was held in a pressurized chamber at 10-® mBar.
A Rikagu Smartlab diffractometeroperated at 45kV and 200 mA XRD; CuKa anode; L =0.154
nm) was used for particle size measurement. The relative intensities were recorded in the range
of 10- 90 (20) at a scanning rate of 50 min't. The morphology and average size of the
synthesized particles were observed using transmission electron microscope (TEM, FEI
TECNAI G2 SPIRIT) at an accelerating voltage of 150 kV. TGA experiments were conducted
in the temperature range 30 - 900 °C at a ramp rate 10 °C.min-! under N2 atmosphere. Scanning
electron microscopy (SEM) was used toobserve the microstructure and surface morphology of
PMC and GAA. SEM images were generated from a Jeol JSM 7800F field emission
microscope equipped with an LED detector. Samples were carbon coated using a Quorum QT
150 sputter coater before HRSEM analysis and Thermofischer UltraDry EDS Detector was
used for elemental analysis. The specific surface area of the PMC and GAA adsorbents were
measured by a Micromeritics TriStar 113020 BET analyzer (n). The BET surface area and pore
size distribution were determined using computer controlled N2 gas adsorption analyzer.
Degassing was carried out for 1 h at 90 °C and increased to 120 °C for 2 h. A mass of 0.2 g of

the PMC and GAA material was used for analysis.
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6.3.1.1. pH at point zero charge (pHpz) of the pinecone bionanocomposites

The pH at point zero charge (pHpzc) of the pinecone composite was determined by the solid
addition method [23]. To a series of 100 mL volumetric flasks, 45 mL of 0.01 M KNOzsolution
were transferred. The initial pH (pHi) values of the solutions were roughly adjusted between
pH 2 to 12 by the addition of either 0.1 M HCIl or NaOH on a pH meter with constant stirring.
The total volume of the solution in each flask was made up to 50 mL by the addition of KNO3
solution of the same strength. The pHi of the solutions was accurately noted, and 0.1 g of the
pinecone composite was added to each volumetric flask, which was then immediately closed.
The suspensions were allowed to equilibrate for 48 h on a shaker operating at 200 rpm. The
final pH (pHr) values of the supernatant were accurately noted and the difference between the

initial and final pH values (ApH = pH— pHi) were plotted against the pHi.

6.3.1.2. Adsorption studies

Adsorption measurements were determined by batch experiments of known amount of the
adsorbent with 50 mL of aqueous (MB) solutions of known concentration in a series of
250 mL conical flasks. The mixture was shaken at a constant temperature using Thermoline
Scientific Orbital Shaker Incubator at 120 rpm at 30 °C temperature for 180 min. At
predetermined time, the bottles were withdrawn from the shaker, and the residual dye
concentration in the reaction mixture was analyzed by centrifuging the reaction mixture and
then measuring the absorbance of the supernatant at the wavelength corresponding to the
maximum absorbance (Amax = 665 nm) of the sample. The dye concentration in the reaction
mixture was calculated from the calibration curve. Adsorption experiments were conducted by
varying initial solution pH, contact time, adsorbent dose, initial (MB) dye concentration,
temperature, and salt concentration underthe aspect of adsorption kinetics, adsorption isotherm

and thermodynamic studies.
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6.4. Results and discussion

6.4.1. Chemical composition analysis of the acid-grafted pine-magnetite

bionanocomposites

6.4.1.1. Analysis of bionanocomposites by surface functional groups composition

The FTIR spectra shows a broad peak at 3313.5 cm™ corresponding to the stretching vibrations
of —OH that is common to NaOH treated pinecone powder, PMC and GAA (Figure 6.1). Other
peaks common to all the materials (i) the peak at 2895.5, 1600.3, 1269.9 and 1020.6 cm~1 which
are due to the aliphatic C—H group, C=0 stretching, aromatic -OH and —C—-O-C stretching
[24]. This indicative of the presence of the cellulose from the pinecone powder [25].
Additionally, peaks due to the asymmetric and symmetric stretching vibration of ionic
carboxylic groups (-COO-and -COOH) were observed at 1639 cm ! 1265 cm-! respectively
[26]. The intensities of these peaks are highest for NaOH treated pinecone and the least for
GAA and therefore indicative of the presence and functionalization of cellulose from the
pinecone powder. Most notable is the decrease of the intensities for these peaks with the
incorporation of magnetite to form PMC and a further decrease after the grafting of PMC with
acrylic acid. This indicates that a number of these functional groups are used for the formation
of bonds between the NaOH treated pinecone powder and the Fe2O3 and a further use of the
remaining functional groups for bonding with the acrylic acid after grafting. The presence of
FesO4 in PMC and GAA is confirmed by the occurrence of the peak at 569 cmt which is

characteristic of the vibration of Fe—-O bond [21].
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Figure 6.1 FTIR spectra of treated pinecone, pinecone-magnetite composite (PMC) and acrylic

acid modified pinecone composites

6.4.1.2. Elemental composition, oxidation state and bonding configuration analysis of the

PMC bionanocomposites
Energy dispersive X-ray analysis

EDX analysis of the PMC bionanocomposites, indicates the presence of C (16.85%), O
(21.85%) and Fe(61.85%) (Figure 6.2). The GAA bionanocomposites, on the other hand,
shows an increase in the atomic C (50.00%) and atomic O (35.8%) and a significant decrease
in Fe (14.6%). Moreover, the presence of Fe % in the EDX of the nanocomposites showed
successful incorporation and uniform distribution of the iron oxide in the PMC polymer matrix
and therefore successful grafting of acrylic acid. In addition, the increase in the at.% of C and
O in GAA are due the incorporation of polyacrylic acid, which predominantly consists of
carbon and oxygen. For the same reason, while the amount of Fe2O3 is expected to remain the
same after the grafting of polyacrylic acid, the at.% decreases after the significant increase in

the carbon and oxygen.

149



@)’

Atomic concentration (%o)

C O Fe

Elements

Atomic concentration (%) =
1

C o Fe

Elements

Figure 6.2: Atomic concentrations and elemental analysis for (a) PMC and (b) GAA

bionanocomposites

X-ray photoelectron spectroscopy analysis

PMC and GAA bionanocomposites are characterized by the occurrence of C, N and O
(Figure 6.3 (a), Table 6.1). There is a striking difference between the bionanocomposites in
the % composition of the N atom (and related functional groups) and the O atoms as indicated
by the XPS spectra (Figure 6.3 (b) and (c)). The at.% associated with the N-based groups
accounts for 2.6% in PMC while it is 0.3% in GAA (Table 6.1). The N1s spectra for PMC has
peak at 398.5 eV is attributed to N substituted into a six membered carbon ring while that at
400.05 eV is indexed to the binding energy for —-N-H in the bonding configuration —-CONH2
[27-29]. The existence of the -CONHe: is corroborated by the O1s peak appearing at 531 eV
[27]. These results suggest a reaction between the cellulose in the pinecone powder and the
NH4OH. Upon incorporation the capping of PMC with acrylic acid, the overall N content
decreases, the peak at 400.5 eV disappears while another N1s peak appears at 399.6 eV. Since

XPS is a surface probing technique, the disappearance of the peaks suggest that the N becomes
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the centers through which the acrylic acid monomers coordinate onto PMC. Additionally, the
peak at 399.6 eV is attributed to the six membered ring N coordinating to the acrylic acid

molecule through the alcohol group.

The C1s spectra in both bionanocomposites accounts for the highest at.% composition and is
deconvoluted to the C1s (C-C) sp2 and Cls (C-C) sp3 bonding configurations at 284.2 eV
(Figure 6.3 (d) and (e)). The C1s peak which is attributed to the (C=0) bonding configuration
also occurs at the same binding energy for both nanocomposites. A complimentary O1s peak
at 533.1 and 533.0 (in PMC and GAA respectively) confirms the occurrence of the C=0
functional group (Figure 6.3 (f) and (g)). There also appears a C1s C-O bonding configuration
at 285.5 eV and a complimentary O1s C—-O bonding configuration at 531.7and 531.6 eV (in
PMC and GAA respectively). The Cls C-C, C-O bonding configurations are attributed to the
skeletal carbon in the cellulose monomer units and the glucose rings making in lignin that make
up the pinecones. The C1s C-O bonding configuration is attributed to the C—O—H bond in
carbon number 6, the monomer bridging ether and the ether bond between C1 and C5 in the
glucose monomers that make the cellulose and lignin. The bionanocomposites has an additional
Cls peak at 288.9 eV which is attributed to the bonding configuration (O—C=0). This
functional group is attributed -R—COO groups formed from the hydrolytic breaking down of
the ether linkage between the lignin and cellulose monomer units during the treatment of the
pinecones with NaOH. The presence of Fe2O3 was detected in larger amounts in PMC

bionanocomposites than in GAA as indicated by the Fe 21193/2 and Fe Zpl/2 peaks at 710.5

and 724.5 eV (Figure 6.3 (h) and (i)). Further confirmation of the presence of larger amounts
of magnetite in PMC was indicated by the occurrence of the O1s 530.0 eV which are due to

Fe3*and O%. Typically, the Fe 2103/2 peak appears at 710.8 [30] and so the shift in the case of

the PMC and GAA bionanocomposites suggest that there is a strong interaction between the

magnetite and pinecone nanoparticles. The low intensity of Fe 2ps3 /, and Fe 2p: /, peaks in

GAA is consistent with the EDS analysis and is thought to be due to the small amounts of Fe
precursor used which could result in Fe2O3 not being at the surface during sample preparation.
Itis also worth noting that the O1s peaks are shifted towards lower binding energy while the
C1s (C=0) is shifted toward a higher binding energy in the GAA bionanocomposites. These
features are attributed to the grafting of acrylic acid onto both the Fe2.O3 and pinecone
nanoparticles. The grafting of acrylic acid and subsequent polymerization into polyacrylic acid

could also result in shielding of the already small amounts of Fe2O3 from being detected by
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XPS. The PMC bionanocomposites also have a higher at.% of N compared to GAA. In
addition, the N in PMC is deconvoluted to indicate the presence of organic, azide and cyanide
N. The N in GAA is unassigned to these groups hence suggesting that these groups play a role
in the bonding of polyacrylic acid onto the bionanocomposites. It is hypothesized that these N
groups are acted on and possibly removed by the treatment with ceric ammonium nitrate during

the grafting.

Table 6.1 XPS peak designation for the PMC and GAA bionanocomposites

PMC GAA
Name Peak FWHM Atomic | Peak FWHM Atomic

binding eV % binding (eV) %

energy energy

(eV) (eV)
C1s(C-C) sp? 2842 1 56.5 284.2 1 39.4
Cls(C-C)sp?® 2848 1 17.3 284.7 1 31
Cls(C-0) 2858 1.5 12.4 285.8 1.4 12.9
C1s(C=0) 2875 15 1.6 288 1.4 2.2
C1s(0-C=0) 2889 15 1.1 - - -
Fe2p® (Fe,03) 7105 3.2 0.6 - - -
N1s (Cyanides; azides) | 398.1 1.8 1.6 399.6* 1.1* 0.3*
N1s (Organic N) 400.5 1.8 1 - - -
0O1s(C-0) 531.7 1.6 3.1 531.6 1.8 5.5
O1s(C=0) 533.1 1.8 2.2 533 1.8 5.6
O1s (Metal oxide) 530 15 2 - - -
Si2p (Organic Si) 101.7 1.3 0.4 - - -

*N- assigned to organic, cyanides or azides

Most importantly, XPS is generally in agreement with FTIR spectra of the bionanocomposites
in that the PMC bionanocomposites have a higher intensity of surface groups, groups that are
essential for the successful grafting of the acrylic acid. After the grafting, the polyacrylic acid

polymer play the role of pollutant adsorption especially for the positively charged ions. In
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addition, polyacrylic acid is renowned for bonding strongly with iron oxides because of its
tendency to have a negative charge, and thus stabilizing the magnetite in the case of the GAA
bionanocomposites [31]. Since methylene blue is a cationic dye and the XPS spectra suggests
an inherent negative surface charge, GAA is better equipped for adsorption of MB, all cationic

dyes and metallic ions.
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Figure 6.3 A comparison XPS results for PMC and GAA bionanocomposites (a) broad
spectrum, (b) N1s, (d) C1s, (f) O1s, (h) Fe2p for GAA bionanocomposites and (c) N1s, (e)
C1s, (g) O1s, (i) Fe2p for PMC bionanocomposites

6.4.2. Particle morphology, crystallinity, and internal microstructure analysis

6.4.2.1. X-ray diffraction (XRD) studies

X-ray diffraction analysis was used for structural determination and estimation of crystallite
size of the bionanocomposites as shown in Figure 6.4. Prominent peaks were observed at 20
values of 30.2°, 35.6°, 43.3°, 53.8°, 57.3° 62.9° and 74.5° corresponding to the (220), (311),
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(300), (422), (511) and (440) cubic, spinel magnetite phase crystalline planes respectively
[32,33]. Additional, low intensity peaks at 11.0°, 15.4° and 22.7° were observed, of which the
last peak is indexed to the (002) crystalline facet of cellulose [34,35]. It is worth noting that
the cellulose peaks in GAA are more intense than in GAA. Similar observations have been
made [17]. The increased crystallinity of cellulose after grafting the surface with acrylic acid
could be due to The GAA bionanocomposites show a more intense (002) cellulose peak than
in the PMC bionanocomposites. Additionally, the peaks attributed to magnetite have a higher
intensity for the GAA bionanocomposites than the PMC bionanocomposites. This suggests
higher crystallinity for magnetite in GAA than in PMC the additional crystallinity of magnetite
and lignin/cellulose is attributed to the polyacrylic acid forming bonds with PMC through the
surface groups of both the pinecone and the magnetite [17]. Surface groups on crystalline
nanoparticles synthesized at low temperatures are associated with low crystallinity in that the
bond strength of the atoms in the crystal is weakened by having these surface atoms bond with

other atomic groups. Crystalline size was calculated using Scherer equation (Equation 6.1)[36].

k£

- D= BCosb

Equation 6.1

D is the crystalline size as determined from the length of the longest crystal facet; which is the
311 faced, k is the crystal shape factor; which is 0.89 for magnetite, £ is the x-ray wavelength,
which is 0.154060 nm, g is the full width at half maximum height for the 311 peak and 6 is the
angle. Crystalline size for GAA is 13.14 nm and 11.6 nm for PMC of which the values are

significantly close to the particle size as determined from TEM.
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Figure 6.4: XRD spectra comparison for PMC and GAA

6.4.2.2. Structural morphology

Scanning electron microscopy was effectively used to study the microstructure and surface
properties of these unique adsorbents. The HRSEM images show globular structures that are
aggregated onto an uneven surface (Figure 6.5(a) and (b)). This configuration suggests a
microporous structure with a rough surface area. Porosity and surface roughness suggest good
surface area for adsorption of pollutants [37]. The internal pores were generated, and roughness
of surface was increased after the incorporation of PMC with grafted acrylic acid (Figure 6.5
(b)). Additional variation in the morphology was observed in the PMC bionanocomposites
having a higher mean aggregate size and a narrower size variation (46.5 +8.50 nm) than GAA
(45.8411.8 nm).
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Figure 6.5: SEM images and aggregate sizes of (a) PMC and (b) PMC grafted with acrylic
acid

TEM images in (Figure 6.6 (a) and (b)) shows the appearance of the synthesized pine magnetic
composite and grafted with acrylic acid. The micrographs show spherical uniform morphology
for the two bionanocomposites. The mean particle size for the PMC bionanocomposites is
14.0+3.20 nm while that for GAA is 13.00+1.90 nm. In addition, the particle size range for
PMC is 6 — 24 nm, making it wider than that of GAA which is 8 — 16 nm. Modal particle size
range for PMC is in the range 14 — 16 nmand accounts for 23% of the nanoparticle count while
that of GAA is in the range 12 — 14 nm and accounts for 67% of the total particle count. The
results suggest that GAA has a smaller particle size and has a narrow particle size distribution
than PMC. A similar pattern is observed with respect to the nanoparticle aggregates as shown
in HRSEM (Section 3.4). Small particle size and a narrow particle size range is associated with

a larger surface area and hence higher adsorption capacity [38].
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Figure 6.6 (a) TEM image and (b) and size distribution of PMC and GAA

6.4.3. Thermogravimetric analysis (TGA) investigations

Figure 6.7 (a) and (b) shows the changes in the thermal properties between GAA grafted

acrylic acid after the incorporation of pinecone-magnetite composite PMC in the polymer

matrix. It was observed that the initial decomposition of PMC occurred in the temperature

range 50 — 210 °C while the final decomposition took place in the temperature range

210 — 800 °C. However, the thermal decomposition pattern of GAA has three decomposition

stages. The first stage of decomposition occurred in the temperature range 50 — 250 °C giving

weight loss that may be dueto the loss of watermolecules and volatile components. The second

stage of decomposition occurred in the temperature range of 260 — 330 °C and the weight loss

observed may be due the breakdown of the polymer matrix and grafting between different

polymeric chains [39]. The final decomposition temperatures were observed at 530 and 610

°C, respectively, for PMC and GAA. The decomposition after the incorporation of the

pinecone-magnetite composite occurred at higher temperatures with comparatively lower

percentage loss. It was also observed that the thermal stability of the grafted composite
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increased after incorporation of the PMC in the polymer matrix. DTA confirmed the maximum
decomposition as it showed peaks due to degradation of various materials. Therefore, TGA and
DTA studies clearly showed that the thermal stability of pinecone-magnetite composite
increased when grafted with acrylic acid [40]. This is due to the higher amounts of acrylic acid

used during the grafting process [41].
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Figure 6.7 (a) TGA and (b) DTA curves of PMC and PMC grafted with acrylic acid

6.4.4. Surface area, pore volume and surface charge

The N2 adsorption isotherms for the BET bionanocomposites are of the type 11 lUPAC category
and the hysteresis loop of the type H3 [42] (Figure 6.8). This suggests that the
bionanocomposites surface consists of micropores and the substrate consists of non-rigid plate
like particles. There also exists a kink on the desorption arm of the GAA bionanocomposites
and therefore suggesting a change in the desorption energy, a phenomenon that indicates the
desorption of a multilayer adsorbate. It is further demonstrated that at there is a low curvature
of the isotherms at the region from the onset of the flattening of the curve. This indicates that
the onset of multilayer adsorption begins before the completion of monolayer adsorption [43].
BET surface area, pore volume and pore diameter of PMC was found to be 58.4 m2.g-1,
0.237 cmi.g't and 16.00 nm, respectively. These BET value decreased to 53.9 m2.g-1, the pore
volume to 0.225 cm3.g while the average pore size increased to 16.7 nm after the grafting of
polyacrylic acid to form GAA. The surface analysis estimates the particle size to be 11.1 nm
for GAAand 10.1 nm for PMC which is opposed to the particle size as determined by the TEM
in (Section 3.3). It is worth noting that the BET surface area, and pore volume for the PMC in

the current work is higher than the best performing PCM synthesized in the optimization
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studies of our previous work [21]. These parameters were 54.80 m?. g~* and 0.152 cm?. g~ *
respectively. Furthermore, the BET surface area of the current study was lower than that of
pure magnetite and still higher than that of NaOH-treated pinecone powder (Table 6.2). The
smaller surface area in GAA is contrary to what would be expected given that GAA has small
particle sizes and narrow particle size distribution as shown by the TEM micrograph analysis.
HRSEM particle aggregate analysis shows GAA to have a smaller aggregate size compared to
PMC. We attribute this small surface area to possible aggregation of the GAA
bionanocomposite nanoparticles due to the polyacrylic acid coating of GAA nanoparticles
making the particles to remain stuck together. Typically, a consideration of the surface area
properties independent of the surface change and the properties of the solute warrant for a

higher adsorptive surface area in an adsorbent [38,44].
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Figure 6.8 BET adsorption and desorption isotherms for the adsorptive bionanocomposites
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Table 6.2 BET surface area and pore characteristics for PMC and GAA fabricated in this work
compared to the surface properties for pure magnetite nanoparticles and NaOH -treated pine as

synthesized in our previous work.

Properties Pure magnetite NaOH treated Pinecone-magnetite Grafted acrylic
nanoparticles*  pine* composite (PMC)  acid (GAA)

Surface area (m2.g?) 113.60 2.25 58.4 53.9

Pore Volume (cm3*g?) 0.632 0.0177 0.237 0.225

Ave. pore diameter (nm)  25.86 10.17 16.00 16.7

Surface charge (pHpzc) - - 8.56 6.80

*Parameters collected from our previous work for comparison [21].

The pHsvalues of the supernatant were accurately recorded and the difference between the
initial and final pH values (change in pH (ApH) = final pH —initial pH (pH¢— pHi) were plotted
against the pHi. pHpzc is observed when modification on the suitability of the synthesized
materials is determined. It is known to be the pH at which the amount of positive charge on
biosorbent surface equal to the amount of the negative charge, which means pH at which
biosorbent surface has net electrical neutrality [23,44]. The pHpzc of pinecone-magnetite
composite (PMC) was found to be 8.56 and grafted pinecone-magnetite with acrylic acid
(GAA) was found to be 6.8. The results are consistent with the occurrence of polyacrylic acid
on the surface of GAA. Polyacrylic acid is known for having a net negative charge and hence
the lower pHpzc [31,45]. The decrease is attributed by the modification of the surface area by
the —-COO- functional groups from the acid. The net effect is that the GAA should have a higher
dispersion at pH 12 due to the equilibrium shifting towards more negatively charged

bionanoparticles.

6.4.5. Adsorptive removal of the MB dye

6.4.5.1. Effect of pH on the adsorption of methylene blue

The effect of pH onthe PMC and GAA was studied in pH range 2 - 12. The pH has been found
to exert profound effects on the removal of (MB) by these bionanomaterials (Figure 6.9). This
is because it impacts on the adsorption sites of the adsorbent and the ionization process of the
dye. Low adsorption capacity in the acidic medium might be due to the fact in acidic med ium

H* ions competed with the (MB) dye for the adsorption sites which inhibited the adsorption of
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the dye and the process decreased the amount of the dye adsorbed. In the basic medium, the
adsorbent became negatively charged and enhanced the adsorption of (MB) through
electrostatic forces of attraction [46,47]. As demonstrated in Figure 6.9, the pH of 12 was
found to be the maximum high percentage removal for (MB). This is in keeping with the idea
of the GAA bionanocomposites having more negative surface charge that PMC at pH=12.
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Figure 6.9 Effect of solution pH on MB adsorption of the PMC and GAA

6.4.5.2. Effect of adsorbent dose on the adsorption of methylene blue

A good adsorbent is known to have the ability to remove relatively high number of dyes at
lower doses. Figure 6.10 (a) and (b) show the effect of adsorbent dose on the percentage
adsorption GAA bionanocomposites and is compared to that of PMC from our previous work
[21]. The adsorbent was studied at different doses ranging from 0.1 g to 1.5 g in a neutral
solution. From the results, an increase in adsorbent dose from 0.1 to 1.5 g resulted in a decrease
in adsorption capacity from 120 to 15.5 mg.g* for GAA, of which is a lower decrease compared
to that of uncapped PMC as synthesized in our previous work. However, MB removal
percentage removal sharply increased with an increase in adsorbent dosage from 99.3 to
99.9 % for GAA. It was observed that initially, the percentage adsorption of MB increases with

increase in adsorbent dose. Constant adsorption was observed with further increase in the
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amount of the adsorbent. Increase in adsorption of MB percentage is presumably due to the
increase in the number of adsorption sites with an increase in the adsorbent dose [48]. Lastly,
the optimum adsorbent dosage is 0.5 g for GAA whereas PMC had an optimum dosage at
1.4 g with the same removal efficiency. As such, capping PMC with acrylic acid enables lowers

the adsorption dosage for the same removal efficiency.
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Figure 6.10 Effect of adsorbent dose on the (MB) adsorption for GAA

6.4.5.3. Effect of contact time on the adsorption of (MB)

The effect of contact time on the PMC and GAA for the adsorption of (MB) is shown in
(Figure 6.11). The adsorption rate of the PMC and GAA bionanocomposites on the removal
of (MB) was rapid in the beginning, proceeded at a slower rate and finally attained equilibrium
at approximately 120 min which is influenced by the availability of the larger surface area of
the adsorbent in the beginning. GAA had a slightly higher adsorption efficiency (98.7%)-an

increase of 1% compared to that of PMC. When the surface adsorption sites became exhausted,
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the uptake rate is then controlled by the rate at which the adsorbate is transported from the
exterior to the interior sites of the adsorbent [49]. The adsorption, therefore, occurred due to
attractive Van der Waals forces, electrostatic attractions, and fast diffusion onto the external
surface of the adsorbent. Inaddition, the occurrence of polyacrylic acid on GAA as suggested
by the XPS and FTIR spectroscopy results points to the possibility of GAA having a net
negative charge and hence a higher affinity of the positively charged MB ion [45].
Additionally, the BET surface area properties suggest that the average pore diameter (which is
higher in GAA) plays a more significant role in the adsorption of MB than the average surface
area and the pore volume which are lower in GAA than in PMC Table 6.2. In this scenario, the
inherent negative charge of the polyacrylic acid enhances the adsorption of positively charged
MB molecules to the point of enabling these molecules to permeate into the pores that are wider
in GAA. Previous research has demonstrated that there molecular properties and the surface
charge of an adsorbing substrate can give a different result than what would be predicted by N2
BET adsorption [50,51]. Most importantly, the GAA maintains its adsorption efficiency even
after coating with acrylic acid. This suggests that plant-based bionanoadsorbents can be made
more environmentally friendly and compatible with bulk polymer structures without loss of

adsorptive activity.
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Figure 6.11 Effect of contact time at 100 mg.dm?3 on the (MB) adsorption of the PMC and
GAA

6.4.6. Adsorption kinetics

Kinetic studies are of utmost importance to the adsorption process because they depict the
uptake rate of adsorbate and control the residual time of the whole adsorption process [52]. To
further understand the characteristics of the adsorption process, the kinetics study of adsorption
of MB onto PMC and GAA was explored on the pseudo-first order and pseudo second order
models. These models were applied to fit experimental data obtained from the batch

experiments. The linear forms of the pseudo-first order and pseudo-second order are

represented by the following equation

Ln(q, —q,) = Lnq, —k,, Equation 6.2

qi = 1q2 + qi Equation 6.3
t 2:1e e
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where Ki(min't) and K2 (g.mgt.min1) are the rate constants of the pseudo-first order, pseudo-
second order, respectively. The parameters ge and gt (mg.g-t) are the amount of MB adsorbed
at equilibrium and at time t (min). The values of the K1 and gmod Were calculated from the slopes
(K1) and the intercepts (In ge) of the plots of In (ge—qt) vs. t, respectively, and are reported in
Table 6.3 and Table 6.4. The values of regression correlation coefficients (R?) for pseudo- first
order is not close to unity and a large difference in the values of qmod and Qexp for the adsorbent
concluded that the pseudo-first-order model is not suitable to describe the kinetic profile of the
adsorption. The adsorption data fitted the pseudo-second order with regression coefficient of 1
and the ge values coincided with the expected ge values (geexp). All this suggests that the
adsorption obeys the pseudo-second order model meaning the controlling rate step is

chemisorption.

Table 6.3 Kinetic parameters and correlation coefficients for MB adsorption at different
concentrations onto PMC (299K, pH 12)

Conc. Firstorder kinetic model Second order kinetic model
ki J.exp gc.mod R? k> H gc.mod R?
(minY)  (mg.g?)  (mg.g?) %ﬁj.mg*.min‘ (mg.g*min®)  (mg.g™)
100  0.0492 9.9118 5.27722 0.9689 0.0057 0.55988 99108 1
150 0.0362 14.8755 3.87637 0.9243 0.0048 1.06293 14.881 1
200 0.0273 19.8701 3.27036 0.9625 0.0036 1.42287 19.8807 1
250 0.0147 24.7851 8.52242 0.973 0.0013 0.79649 24,7525 1
300 0.0147 29.7488 8.11164 0.9633 0.001 0.88577 29.7619 1

Table 6.4 Kinetic parameters and correlation coefficients for MB adsorption at different
concentrations onto GAA (299K, pH 12)

Conc Firstorder kinetic model Second order kinetic model
ki ge€exp gcmod R? K> H gemod R
(min*)  (mg.g?) (mg.g*) (g-mgt.min®) (mg.g*min (mg.g?) ?
D)
100 0.0348 9.90412 3.9626 0.851 0.0119 1.16655 9.90099 1
7
150 0.0257 14.8888 4.36667 0.848 0.0058 1.28437 14881 1
9
200 0.0318 19.8668 4.37935 0.884 0.0028 1.10668 19.8807 1
250 0.0224 24.9004 3.85318 0.908 0.0024 148511 24.8756 1
9
300 0.0459 29.9123 4.64411 0.929 0.0007 0.62749 29.9401 1
8
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6.4.6.1. Intra-particle diffusion

The intra-particle diffusion model was also employed to identify the steps involved during
adsorption process. The possibility of intra particle diffusion of MB onto the PMC and GAA

were investigated using the intra-particle diffusion model

The possibility of intra-particle diffusion of MB onto the prepared activated carbon was

q. =t +C Equation 6.4

Where gt is the amount of dye adsorbed (mg.g-!) at time t; C is the boundary layer thickness
and Kp is the intra-particle diffusion rate constant (mg.g* min-%-°). The plots of the amount
adsorbed, gt versus t9° at different initial concentration are shown in Figure 6.12 and
Figure 6.13 respectively. The intra-particle diffusion constants at different initial concentration
are shown in Table 6.5. As shown in Figure 6.12 and Figure 6.13, plots represent multi-
linearity, meaning that two or more steps take place. The initial region represents the diffusion
adsorption stage, attributing to the diffusion of MB dye through the solution to the external
surface of the adsorbent meaning the external diffusion. The second region shows a gradual
adsorption stage, thus corresponds to the intra —particle diffusion of the dye molecules through
the pores of the adsorbent (intra-particle diffusion). The observed multilinearity plots suggests
that the intra-particle diffusion is not a rate the rate limiting step [53]. The values for Kpand C
were calculated from the slope and intercept plots of q: versus t9°and the results are
summarized in Table 6.5. Kp increase with increase in concentration, and this is an attribution
to the external mass transfer of MB to the adsorbent surface. The increase in the intercept (C)
of the intra particle diffusion reflects the boundary layer effect. This implies a significant
contribution of the surface adsorption in the rate limiting step [54], thus meaning the limiting

step contributed in the surface adsorption.
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Figure 6.12 Intra-particle diffusion plots for the adsorption of MB onto GAA
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Figure 6.13 Intra-particle diffusion plots for the adsorption of MB onto PMC

Table 6.5 Intra-particle diffusion model parameters for the adsorption of MB onto GAA and
PMC

Concentration GAA PMC
Kop C R? Kop C R2
(mg.g*min®?)  (mg.g™) (mg.g*min®?) (mg.g™)
100 0.026 9.6455 0.925 0.022 9.7152 0.8514
150 0.0228 14.646 0.9367 0.028 14.603 0.9087
200 0.0234 19.631 0.9484 0.034 19.534 0.9495
250 0.0262 24.619 0.9607 0.011 24.654 0.9759
300 0.0263 29.678 0.9834 0.012 29.611 0.9828
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6.4.7. Adsorption isotherms

Isotherm studies can describe the qualitative information of the adsorbate interaction with
adsorbent at constant temperature [55]. The isotherm provides the relationship between the
concentration of dye in solution and the amount of dye adsorbed on the solid phase when both
phases are in equilibrium. The equilibrium data were analyzed by fitting Langmuir, Freundlich
an Temkin isotherm models. The Langmuir isotherm model presume a monolayer adsorption
onto the surface containing finite number of adsorption sites of uniform energies of adsorption

with no transmigration of adsorbate in the surface plane [35].

The Langmuir isotherm model is represented by the following equation:

Equation 6.5

de Qm-kL Am

where ge is the amount of dye adsorbed at the equilibrium time (mg.g-1), Ce is the equilibrium
dye concentration (dm2.mg1), gm is the maximum adsorption capacity (mg.g™t) and Ky is the
Langmuir adsorption equilibrium constant (dm3.mgt). Freundlich linear expression was

represented by
- logq,= logk, + Ci Equation 6.6

Where Kr is the equilibrium adsorption coefficient (dms3.mg-1)and 1/n is an empirical constant.
Temkin isotherm model describes the chemisorption between the adsorbate and adsorbent
Temkin model is expressed by:

- Q.= AL Equation 6.7

" bplnkK  bpC,

where K is Temkin isotherm equilibrium binding constant (L.mg-?) related to the maximum
binding energy, bt is Temkin isotherm constant (J.mol-!) related to the heat of adsorption, R is

the universal gas constant (8.314J.mol-*K-1) and T is the absolute temperature.

The isotherms calculated from the experimental data and the parameters obtained from the
linear regression by all the three models is summarized in Table 6.6 and Table 6.7. According
to the observation, R? values for the Langmuir are higher than those of the Freundlich isotherm
model, which suggests the Langmuir isotherm is suitable for defining the adsorption

equilibrium of MB onto GAA and PMC. This implies the adsorption process occurs in a
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homogeneous surface giving homogeneous distribution of active sites on the GAA. The value
of KiL shows a decrease with increase in temperature, which implies that low temperature
favored the adsorption process. The adsorption is evidently favorable as Freundlich constant n
Is 2.27, 2.08 and 1.74 respectively for GAA and 2.47, 2.23 and 2.02 for PMC, they are all
higher than 1. Higher Kr indicate higher adsorption capacity meaning temperature 299 K gives
better adsorption. Temkin constants K, bt together with R2 values are also summarized in
Table 6.6 and Table 6.7. The heat of adsorption of all the molecules in the layer showed
decrease linearly with coverage due to adsorbate/adsorbent interactions. K, decreased as the
experimental temperature increased from 299 to 309 K, which implies that the adsorption

process is exothermic and favored at higher temperatures [56]

Table 6.6 Isotherm parameters for the adsorption of MB onto GAA

Isotherms Parameters Temperature
299 304 309
Langmuir gm(mg.g?) 63.3 67.1 81.3
K. (dm*mg?) 0.09 0.08 0.05
R? 0.9980 0.9950 0.9901
Freundlich  Kg(dm®mg?) 10.1 9.2 7.4
N 2.27 2.08 1.74
R? 0.9588 0.9514 0.9728
Temkin br(J.mol?) 36.24 40.71 49.6
K(L.mg?) 1.26 1.13 1.06
R2 0.9892 0.9836 0.9900

Table 6.7 Isotherm parameters for the adsorption of MB onto PMC

Isotherms Parameters Temperature
299 304 309
Langmuir gm(mg.g?) 60.6 64.5 68.5
K. (dm*mg?) 0.11 0.10 0.09
R? 0.9944 0.9872 0.9650
Freundlich  Kg(dm*mg?) 11.7 10.7 9.8
N 2.47 2.23 2.03
R? 0.8892 0.8760 0.8378
Temkin br(J.mol?) 35.21 39.77 46.12
K(L.mg%) 2.17 1.21 1.10
R? 0.9582 0.9484 0.9108
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6.4.8. Reusability of the biomass nanoadsorbents

Adsorbents obtained from biomass are generally economic because they require minimum
processing and therefore, they reduce production costs by using a cheap raw material and
eliminating energy costs associated with any thermal treatment [57]. Figure 6.14 shows the
feasibility of regeneration and reusability of the pinecone-magnetite composite grafted with
acrylic acid. Adsorption-desorption reaction cycles were repeated four times using 0.01, 0.05
and 0.1 M HCl as the desorbing agents. Approximately 1 g of GAA powder was dispersed in
200 mL of 100 mg.L"! of an MB solution. Results showed a decrease from 42 to 12 mg.g-* for
0.1 M HCI, 23 to 11 for 0.05 M and 19 to 9 mg.g-! for 0.01 M after cycle 4. The results still
demonstrate that the use of 0.1M HCl as a desorbing agent is the most feasible. In addition, in
spite of the loss of adsorption capacity is comparable to that of other plant-derived biochar [58]

and previous works in which pinecone-magnetite was used as an adsorbent [59].
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Figure 6.14 Regeneration characteristics of MB adsorbed
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6.4.9. Mechanisms of adsorption

The removal of (MB) by adsorption on GAA was found to be rapid at the initial period of
contact time and then become slow and stagnate with increase in contact time. It is known that
for a solid/liquid adsorption process, the solute transfer is usually characterized by either
external mass transfer and/or intra-particle diffusion [34]. The mechanism of (MB) removal
from aqueous phase by adsorption is therefore assumed to consist of four steps: (i) migration
of the dye molecules from the bulk solution to the surface of the sorbent, (ii) diffusion through
the boundary layer to the surface of the sorbent, (iii) adsorption at sites and (iv) intra-particle
diffusion into the interior of the adsorbent [54,60]. The overall rate of adsorption is controlled
by the slowest step, which would be either film diffusion or pore diffusion [39]. However, the
controlling step might be distributed between intra-particle and external transport mechanisms

and external diffusion will be involved in the adsorption process.

The adsorption of (MB) onto pinecone particles may be controlled due to film diffusion at
earlier stages, and as the adsorbent particles are loaded with dye ions (as shown is Section 3.9)
the sorption process may be controlled due to intra-particle diffusion. In addition to this, the
adsorption capacity of the adsorbent was determined by the structure and functional behavior
of the adsorbate molecule, surface characteristics of the adsorbent and mass transport process.
The FTIR spectra of NaOH treated pine, PMC and GAA adsorbent showed interaction sites
between the biosorbents and dye molecule. If we compared the FTIR spectrum of GAA, the
characteristic peaks shifted slightly (Figure 6.1). The -OH shifted from 3350 to 3315 cm this
was an attribution of modification of the adsorbent (PMC to GAA) [44]. The C=0 stretching
vibration shifted from 1600 to 1265cm-! for MB and the asymmetric and symmetric stretching
vibration of C-O-C shifted from 1049 to 1020 cm-?. Insertion of the Fe-OH and Fe-O was
illustrated successfully at 1622 and 569 cm-! respectively. C-H stretching vibration shifted from
2856 to 1416 cm™. All these features demonstrate the specific electrostatic and hydrogen
bonding interactions between the functional groups of the MB and the bionanosorbents. The
adsorption capacity of different adsorbents towards methylene blue dye has been compared to

pinecone-magnetite composite reported in the literature presented in Table 6.8.
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Table 6.8 Comparison of adsorption capacities of various adsorbents for removal of MB dye

Composite nanomaterial Adsorbate material Mechanism Reference

(adsorption capacity, qm

(mg.g™)
Pinecone MB (109.89) Intra particle [61]
biomass (Pinus _ diffusion
radiate)
M-MWCNTSs Fe;0, MB (48.06) -1 stacking [62]

interaction

Fig tree Fe;0, MB (61.72) _ [63]
Magnetite-palm  Fe;0, MB (163.3) n-1 electron donor [64]
shell-waste acceptor interaction
activated carbon
Banana peel Fe;0O, MB (862) _ [65]

It is hereby demonstrated that the formation of polyacrylic acid on the surface of the PMC
bionanocomposites does not reduce the adsorption efficiency of GAA. These characteristics
are due to the reduction of the point of zero charge and by providing a multi-layered particle in
which each layer actively adsorbs. This multi-layered adsorption is further promoted by the
fact that each of the materials in the binanocomposites are rich in surface groups, mainly
oxidative groups. The additional effect of polyacrylic acid coating is reduction in particle size
of the magnetite nanoparticles, which translates to a large adsorptive surface area for GAA

bionanocomposites.

6.5. Conclusion

The grafting of acrylic acid onto pinecone-magnetite bionanocomposites has been successfully
carried out and resulted into the encapsulation of the PMC bionanocomposites with polyacrylic
acid. This reduces reduce the particle size of magnetite and the size of the GAA aggregates as
predicted by TEM and SEM respectively. Furthermore, this encapsulation results in the
reduction of the point of zero charge and increased crystallinity of the magnetite. These
features, together with the improved crystallinity of magnetite in the GAA bionanocomposites,
improve the adsorptive capacity towards cationic species such as the MB organic ion in spite
of the smaller surface area and pore diameter and of the GAA bionanocomposites. These results

suggest that the larger pore diameter in GAA, molecular properties of MB and the solution
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properties play a significant role in the adsorption capacity for the bionanocomposites more
than the available surface area. The parameters influencing adsorption such as solution pH,
contact time and adsorbent dose showed significant influence on the graft polymerization
process. The adsorption kinetics and isotherm studies showed that the adsorption process obey
pseudo second order Kinetics and Langmuir isotherm. GAA and MB interaction mechanism
was confirmed by intra particle diffusion. The adsorbent also showed improvement in the
adsorption capacity and reusability promising to be used for removal of dyes in an industrial
scale. This is owing to the polyacrylic acid on GAA and its interaction with water to produce
a net negative surface charge. The adsorption is a factor of the net surface charge of the
bionanocomposites at pH 12. With GAA having a lower pHpzc that PMC, the net charge of the

bionanoparticles has shifted more towards negative than in PMC.
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CHAPTER 7

PINECONE-BASED ADSORPTIVE BIONANOCOMPOSITES AS MODIFIERS FOR

MONODOPED AND CO-DOPED AMORPHOUS TiO,: TOWARDS GREENER
PHOTOCATALYST SYNTHESIS AND DEGRADATION PROCESSES*

7.1. Introduction

The scourge of water shortage is continuously revealing the need for newer and more efficient
water treatment technologies to be unearthed. This is because the conventional wastewater
treatment methods have been shown to fail to remove a wide range of pollutant molecules,
particularly those from the dye industries [1]. Recent research has also revealed the benefits of
synergizing different water treatment methods for maximum removal of pollutants [2].
Photocatalysis and adsorption are among the most technically feasible techniques to combine
for several because the adsorbent material enhances contact between the pollutant and the
photocatalytic composite [3]. The combination of the photocatalyst and the adsorbent material
typically has the advantage of lowering the process costs as opposed to a hybrid system [4]. In
addition, the combination of a photocatalyst and an adsorbent reduces secondary pollution by
the concentrated waste coming from the adsorptive stage. Most importantly, the combined
photocatalyst and adsorbent eliminates the need for washing the adsorbent and thus cutting on
both the environmental footprint and the running costs of the treatment process. Additionally,
the cost of the process can be reduced through a selection of readily available and cheap
precursors for the catalyst in photocatalysis and other oxidative treatment methods. Waste plant

material offer a good source of readily available, naturally available and hence low-cost
biopolymers for the tailoring of nanophotocatalysts and their composites [5].

Composites formed between various plant-based biopolymers and semiconductor
nanocatalysts have been applied for various purposes including, material strength
enhancement, adsorption and photocatalysis [6]. The lignin, cellulose and hemicellulose are
the major constituents of plant materials and the viable biopolymers to use for the modification
of photocatalytic semiconductors [7]. Lignin has been used as a template in the synthesis of
titania nanoparticles with calcination at 300°C resulting in reduced particle size (8.5 nm),

increased surface area and hence high photocatalytic degradation by the mesoporous TiO2 [8].

4 Chapter has been submitted to Journal of Environmental Chemical Engineering for peer review
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Porous cellulose nanofiber mats have also been coated with CdS and applied for the H2

generation under visible light [9].

Titania deposited ontowood has been shown toimprove the mechanical and thermal properties
of wood [10]. In-situ deposition of the titania through ultrasonication assisted solgel deposition
and subsequent curing of the wood-titania composite in air at 103 °C for 20h. Typically the use
of plant materials and plant biopolymers in the modification of semiconductors has proceeded
through i) precipitation of the semiconductor in a suspension of the plant material powder, ii)
aging the mixture, drying, washing and iii) calcination of the composite [7], [11]. Calcination
of the bionanocomposites in an oxidising atmosphere typically burns off the plant material,
leaving the semiconductor nanoparticles with small amounts of carbon intercalated into the
nanoparticles. Inthis way, the plant material acts as a template. Calcination of the amorphous
bionanocomposite in an inert atmosphere, however, results in formation of car bon nanosheets
with the semiconductor nanoparticles anchored onto the surfaces of these nanosheets. In all the

scenarios, the plant material has demonstrated a profound effect in reducing the particle size
of the semiconductor nanoparticles [12], [13].

Plant biopolymer based photocatalysts have been fabricated in several ways including
supporting ZnO on carbon that has been derived from plant lignin [12], [13]. The ZiO-lignin-
derived carbon composites were shown to have lower energy band gap, low charge
recombination and high BET surface area. These characteristics were suffice to impute the
composite with improved photocatalytic degradation of organic dyes [14]. A similar procedure
was adopted foranchoring Cerium oxide nanoparticles onto the lignin-derived carbon resulting
in a composite with improved optical properties and photocatalytic activity for desulfurization
of water [15]. Most importantly, these results demonstrated that the mechanism by which lignin
keeps the particle size of the semiconductors low is hinged on the surface properties of lignin.
The crystallinity of TiO:2 is influenced by several factors such as, i) drying and calcination
temperature, ii) presence of impurities. Typically, the presence of impurities reduces the

crystallinity.

Amorphous materials are typically characterized by inhomogeneity in the particle size
distribution [16]. Studieson the similarities betweenthe amorphous and crystalline polymorphs
of nanomaterials show that both materials typically have similar crystallite building unit except
that in amorphous materials, these units are not packed in any order [16]. With respect to optical

properties, amorphous semiconductor nanomaterials are characterized by the Urbach energy as
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shown by the Urbach tail at the absorption edge on their absorption spectrum [17]. This
additional energy has been shown to extend the absorption of the semiconductor nanomaterials
into the visible spectrum [17], [18].The preparation of amorphous semiconductors offer an
economic advantage of scaling up their production in that, unlike the crystalline materials, the
amorphous materials are prepared at low temperatures and if any heating, for shorter times
[19]. Amorphous nanomaterials are also renowned for small particle size and hence adsorptive
surface area. In addition, the low calcination temperatures and durations leave a lot of the
surface groups and organic moieties in the semiconductor matrix. The surface groups are
known to impute selectivity in terms of the materials in that if the surface is rich in negatively
charged groups, the material will tend to adsorb positively charged ions. The organic residue
that remains in the nanopowders prepared at low temperatures enable the doping of
semiconductor material with such elements as carbon, sulfur, and nitrogen. In addition, the
intercalated organic residue themselves play a role in influencing the optical properties of the
semiconductor materials. Amorphous TiO2 has shown photocatalytic activity comparable to
that of crystalline TiO2 and ease of recyclability [19]. As such amorphous TiO2 offers a niche
in the exploration of cost effective and efficient methods of water decontamination. The use of
plant material to impute these amorphous characteristics further expands of the economic
feasibility of the use of amorphous TiO2.

The main aim of this work is to investigate the extent to which plant-based biopolymers
influence physicochemical and optical properties of TiO2. TiOz is modified by synthesizing it
through in-situ precipitation of TiO2 froma precursor in the presence of alkali treated pinecone
powder. Another composite is fabricated by depositing of amorphous TiO2 onto polyacrylic
acid-coated magnetite-pinecone composite. Similar composites of amorphous TiO2 are

prepared using a similar method except that a nitrogen dopantis added to the precursor solution.

7.2. Materials and methods

7.2.1. Materials

Previously synthesized pinecone-magnetite (PMC) and acrylic acid-grafted pinecone
magnetite (GAA) bionanocomposites. Acetyl acetone (99%), 1-Butanol (99.4%), 1-Propanol
(99.7%) and Ethanol (96%), Titanium (1) butoxide (97%) were supplied by Merck, South
Africa. All the reagents used were of analytical grade and were used without any further pre-

treatment.
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7.2.2. Preparation of bionanocomposites

Approximately 5.0 mg of the bionanocomposite powders (PMC/GAA) (calculated to be
equivalent to 9 wt.% of the mass of Ti in the amount of titanium precursor) was sonicated in
50 mL ethanol (EtOH) at 40 for 30 min. A TiO2 precursor was prepared by dissolving 10 mL
of titanium butoxide (TiOBut) in a 100 mL, butanol: propanol (80:20 v/v) and adding 2 mL
acetylacetone. A hydrolysing solution was made by mixing EtOH and deionized water at 1:1
(v/v). The hydrolysing solution and the precursor solution were simultaneously added dropwise
into the suspension of the bionanocomposite with continued sonication and stirring using a
mechanical stirrer. The preparation of the bionanocompostes with N doped TiO2 was carried
out using a similar procedure except that the hydrolysing solution also functioned as the dopant
carrier in that ethylene diamine was added such that the v/v ratio was 1:1:1. At completion of
mixing the reagents, the resultant sol was stirred for 5 h on a heater/ stirrer plate. Afterwards
the heating mantle was switched on and set at 70 °C to evaporate the solvents. After complete
evaporation of the solvents (about 24 h), the remaining powderwas crushed using a mortar and
pestle and stored for further use.

7.2.3. Characterization

The surface functional groups were determined through Fourier transform spectroscopic
(FTIR) with scans of each sample carried out in in the range 450 - 4000 cm! using diamond
attenuated total reflectance (ATR) using a Frontier Perkin-Elmer spectrophotometer. The
surface elemental composition of the was determined using the X-ray photoelectron
spectroscopic (XPS) technique in a Thermo ESCAIlab 250Xi model. A monochromatic X-ray
beam with a spot size of 900 um, generated from an Al Ka (1486.7eV) shell was blazed onto
a pelletized sample that was held in a pressurized chamber at 10-8 mBar. The morphology of
the powders at bulk scale were determined using a MIRA3 TESCAN high resolution
microscope and images were collected at 5.0kV. The morphology of the photocatalytic
bionanocomposites determined using transmission electron microscope (TEM, FEI TECNAI
G2 SPIRIT) at an accelerating voltage of 150 kV. The absorbance spectra of the photocatalytic

bionanocomposites powders were determined wusing a Perkin Elmer UV-Vis
spectrophotometer.
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7.2.4. Photocatalytic degradation studies.

The photocatalytic performance of the bionanocomposites was studied using a photocatalytic
reactor designed by Lelesil Innovative Systems (Thane, Maharashtra India). An additional
water cooled, double walled borosilicate glass immersion well is inserted into the reaction
chamber and a lamp inserted into the well. Cold water from an external water tank is circulated
in the double walled well to cool the lamp during operation. In this case, 10 mg of each
photocatalytic bionanocomposite was dispersed in a solution consisting of pre-mixed equal
volumes (100 mL) 25 ppm RR 120 and RhB dyes at equal concentration (25 ppm). The
resultant suspension was sonicated in the dark for 1 h to achieve adsorption-desorption
equilibrium. During this time, aliquots (6 mL) were collected at 15 min intervals, starting with
the dye cocktail before introducing the photocatalysts. Afterwards, the dye cocktail-catalyst
suspension was place in the reaction chamber for the photocatalytic reactor, the reactor covered
with the immersion well and a UV-lamp (450 watts) inserted into the immersion well. Aliquots
were collected at 30 min intervals for 180 min using a plastic syringe fitted with a PVDF
membrane filter module for removing the catalyst powder from the filtrate. Each aliquot was
run in a UV-vis spectrophotometer for absorbance in the range 200 — 800 nm. The removal
Kinetics were determined from the absorbance spectra of the aliquots collected at the various

times.

7.3. Results and discussion
7.3.1. Morphological and crystallographic analysis of bionanocomposites

7.3.1.1. High resolution scanning electron microscopy

Generally, both the TiO2 and NTiO2 aggregates are spherical in shape. The main difference is
in that the NTiO2 aggregates are extremely agglomerated and only get dispersed by
incorporation of bionanocomposites (Figure 7.1 and Figure 7.2). PMC disperses NTiO>
nanocomposites the most than GAA. PMC-TiO2 and GAA-TIO2 have two types of structures
with a stark difference in the size. The larger (226-557 nm) structures are attributed to the pine
powder from the PMC while the smaller structures (46 — 155nm) are attributed to TiO2. PMC
Larger globular structures in PMC-TiO2 and GAA-TIO:2 identified as the bionanocomposites
structures. These structures are coated with NTiO2 in PMC-TiO2 and GAA-NTIO2 hence
suggesting NTiO2 binds with ease onto the pine structures. A strong bond and many bonding

sites between TiO2/NTiO2 and the bionanocomposites are essential for the promotion of
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electron transfer between the bionanocomposite and TiO2/NTiOz2. In essence, the presence of
nitrogen in TiO2 promotes the bonding of TiO2 onto the bionanocomposite.
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Figure 7.1 Scanning electron microscopy micrographs for (a) a-C,TiOz, the photocatalytic
bionanocomposites (b) PMC—-a-C,TiO2 and (c) GAA—-a-C,TiOx.
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Figure 7.2 Scanning electron microscopy micrographs for (d) a-C,NTiO2 and the
photocatalytic bionanocomposites () PMC-a-C,TiO2, (f) GAA-a-C,NTiOx.

7.3.1.2. Transmission electron microscopy and X-ray diffraction spectroscopic analysis of
photocatalytic bionanocomposites

The TEM micrographs show that the photocatalytic bionanocomposites consist of aggregated
mass of nanoparticles almost forming a porous matrix (Figure 7.3). The average particle size
is estimated to be at 4 nm. Porous materials are renowned for providing a good surface area for
the adsorption of organic pollutants. a-C,TiO2 of asimilar structure has been shown effectively
degrade Rhodamine B and 4-chlorophenol under UV light [20].
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Figure 7.3 TEM micrographs and XRD spectra for (a) a-C,TiO2, (b) a-C,NTiO2 and the
bionanocomposites (c) PMC-aC,TiO2, (d) PMC-a-C,NTiOz, (e) GAA-a-C,TiOz2and (f) GAA-
a-C,NTiO2

N-doped TiO2 and the bionanocomposites PMC—-a-C,NTiO2 and GAA-a-C,NTiO are better
dispersed compared to their counterparts taking the form of mesoporous materials. Similar

structures have been observed in the synthesis of titania using lignin as a template [8].
7.3.2. Elemental and surface composition analysis of bionanocomposites

7.3.2.1. Fourier transform infrared spectroscopy analysis

All the photocatalytic bionanocomposites have a broad peak in the range 3665 — 2600 indexed
to— OH alcohol stretching (Figure 7.4). This would arise from the stretching of the —OH groups
of the cellulose and cellulose derivatives in the plant material [21]. A corresponding strong

peak at 1640 ¢cm™! indexed to surface adsorbed —OH groups demonstrates that all the

bionanocomposites are rich in surface groups. a-C,NTiO2, PMC-a-C,TiO2 and
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GAA-a-C,NTiO2 have a notable shoulder of the —~OH peak at around 3400 cm~! which is
attributed to the —N—H stretching of surface attached amine groups on the photocatalytic
bionanocomposites. A corresponding shoulder at ~ 3000 cm™! occurs on PMC—-a-C,NTiO>
and GAA-a-C,NTiO2 and the peak is attributed to an amine salt, which in the case of the
bionanocomposites suggest the occurrence of the NH* bonded to an organic molecule. In the

case of this material, this suggests the incorporation N into the bionanocomposites as NH *.
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Figure 7.4 FTIR analysis of bionanocomposites

Sharp peaks occurring at 2960, 2934 and 2874 ¢m™! which are due to -C-H2, R-CHO and
—C—CHas stretching [22]. in the case of the materials, these would be peaks arising from the
stretching of the —C—H groups attached onto the carbon skeleton of the cellulose chains of the
plant material. These peaks are stronger even in TiOz although there was no plant material
incorporated. This would, therefore, suggest that the solvents and preparation chemicals leave
a lot of the carbon residue and hence the carbon residue playing arole in tailoring the properties
of the TiO2 and NTiO2. Ther are weak peak in the range 2190 — 1900 cm™! occur in all

bionanocomposites and these are indexed to C=C=0 [21]. A strong broad peak centered at
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1430 occurs in the photocatalytic bionanocomposites PMC—a-C,NTiO2, GAA-a-C,NTiO2 and
a-C,NTiOz2. The peak is due to —C—N bond [23]. This confirms the incorporation of nitrogen
into these nanohybrids and suggests that the nitrogen occurs in organic form, bonded either to
the plant carbon matrix. A sharp peak at 1462 in a-C,TiO2, PMC-a-C,TiO2, GAA-a-C,TiO,
also occurs as a shoulder peak in GAA—a-C,NTiO2 due to the stretching movements of the
—C=C- bond. Peak in 1400 — 1348 cm™1 occurs on all bionanocomposites and is indexed to
— OH bending, which is indicative of the presence of synthesis chemicals residue in all the
photocatalytic nanohybrids [21]. There are peaks in the range 1177 — 987 indexed to the
—C-0 and —C-O-C- stretching movements in various chemical groups such as the alcohol,

ester and ether functional groups [21], [24].

Amorphous TiO2 has strong affinity for the chemical moieties from the process chemicals as
shown by the strong peaks of carbon-based groups in FTIR and the high wt.% in EDS. The
carbon mostly occurs as carbon based surface groups such as the carboxylic acid group [25].
The implication of this on the material performance is that the occurrence of carbon as organic
groups may not have a significant effect on the electronic properties of TiO2 and hence no
significant promotion of the photocatalytic activity of the TiO2. A comparison of the FTIR
spectra of TiO2 and NTiO2 also shows a decrease in the peak intensity of the -CH2, -CH3s and
—CHO groups with incorporation of nitrogen. The intensity of these peaks only increases with
the incorporation of GAA into TiO2 and PMC into NTiO2.

7.3.2.2. EDS analysis

Photocatalytic bionanocomposites confirmed to consist of O, Ti, C, and trace amounts of sulfur
(Figure 7.5). High carbon content for TiO2 than the bionanocomposites. Carbon in TiO2 would
come from the process reagents. This would suggest a high affinity for the solvents for the TiO>
crystals.
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Figure 7.5 EDS analysis of the photocatalytic bionanocomposites
7.3.3. X-ray photoelectron spectroscopy analysis

All elements (C, Ti, O) were confirmed present in all the photocatalytic bionancomposites,
hence corroborating the EDS analysis in preceding sections (Figure 7.6(a) and Table 7.1). The
occurrence of N in the NTiO2 based bionanocomposites (GAA-a-C,NTiO2 and PMC-a-
C,TiOz2) confirmed and hence doping of TiO2 successful. GAA—a-C, NTiO2 has a higher N,
content than PMC-a-C,TiO2 and a higher O and Ti content than all the nanohybrids. C1s peaks
also higher in the PMC based composites (PMC-a-C, TiO2 and PMC-a-C, NTiO2 than the
GAA counterparts. C1s and Ti2p peaks shifted to higher binding energy for GAA-a-C, NTiO2
and PMC-a-C,NTiO2. This greater shift compared to the other nanohybrids suggests the
presence of C—N and Ti-N bonds. The GAA based nanocomposites (GAA-a-C,TiO2 and
GAA-a-C,NTiO2) have organic fluorine, suggesting that the fluorine comes with the GAA.
Table 7.2 An analysis of the bonding configurations for the photocatalytic bionanocomposites
shows the bonding configurations for each of the photocatalytic bionanocomposites. The O1s

(C-0O) bonding configuration is due to carbon skeleton chain, which would be the plant material
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and the polymer material. The O1s peak at 533 eV for PMC-TIO2 and
GAA-aTIOz is for adsorbed oxygen in the form of -OH and —COOH groups [26]. This peak is
slightly shifted to a higher binding energy of 533.2 for the N-doped photocatalytic
bionanocomposites (Figure 7.6 (d)). Typically, a shift to a higher wave number indicates a
bond with a more electronegative element and in the case of these nanocomposites, F is the
only element with a higher electronegativity than O. Peaks corresponding to the Fe2Oz were
not detected for all the nanohybrids. This is due to small amounts of Fe2O3 in the primary

adsorptive bionanocompoisites as indicated in the previous Chapter.

(a) P ——PMC-a-C,TIO, (b) [—— PMC-aC,NTIO,
o ——GAA-0-C,TiO, —— GAA-a-C,NTiO,
——PMC-a-C,NTiO,
- ——GAA-a-C,NTIO, )
© 3
"'llu..‘ m
]
c A
: ()
o
2
> 410 408 406 404 402 400 398 396 394
E Binding energy
g ——PMCa-CTi0,
< (C) GAA-a-C.TiO,
—— PMC-a-CNTIO,
_ ——cAa-acNTiQ
3
k.-
e —————————————
1400 1200 1000 800 600 400 200 0
Binding energy (eV)
(e) —— PMC-a-C,TiO, ( d) ——Pmcacrio, 470 465 460 455
Binding E V|
—— GAA-a-C,TiO, - Gaa-a-C.TiO, nding Energy (eV)
PMC-a-C,NTiO, —— PMC-a-C,NTiO,
—— GAA-a-CNTiO, —— GAA-a-C,NTiO,

a.u.
a.u.

290 288 286 284 82 i G =0 25
Binding energy (eV) Binding energy (eV)
Figure 7.6 XPS summary of results showing (a) the broad scan, (b) N1sfor PMC-NTiO2 and
GAA-NTIOz, (c) Ti2p, (d) Olsand (e) the C1S spectra for the photocatalytic

bionanocomposites

N1s peak is at 400.7 for PMC—a-C,NTiO2 and at 399.5 for GAA-a-C,NTiOz. This is the
binding energy region in which nitrogen bonded to carbon hence suggesting that in both
nanocomposites, the N exists in —N—C bonding configuration [27]. The N1s peaks have a high
FWHM with the peak bases spanning from around 398 eV and tailing towards the higher BE
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(Table 7.2). The tailing towards the higher binding energies suggests presence of the N-O and

the O—N-O bonding configurations. The lack of peaks in the lower binding energies in the

range 398 — 395.5 suggests that the N does not bond directly to Ti centers since the binding

energy forthe Ti—-N bonding configuration typically occurs in this region.

Table 7.1 Elemental composition of the bionanocomposites.

Photocatalytic Peak Binding energy (eV) FWHM (eV) At.%
bionanocomposite

Cils O1s Ti2p  Nls Cls Ols Ti2p N1s | Cls Ols Ti2p Nils
PMC-TiO2 284.3 530.7 458 - 3 46 26 - 69.3 249 6 -
GAA-TIO. 284.2 530.2 458 - 3 26 28 - 584 312 99 -
PMC-NTIO2 284.8 530 4583 4004|131 25 28 36 |585 317 94 04
GAA-NTIO2 284.7 530.7 4583 4001 (31 35 28 32 |487 369 129 07
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Table 7.2 An analysis of the bonding configurations for the photocatalytic bionanocomposites

Bonding PMC-TiO2 GAA-TIO; PMC-NTIO2 GAA-NTIO;
configuration

Peak BE FWHM (eV)  Atomic % PeakBE FWHM (eV) Atomic % PeakBE  FWHM (eV) Atomic % PeakBE FWHM eV  Atomic %
Cls(C-C) 284.4 14 58.4 284.4 14 50 284.5 13 46.8 284.5 14 39.8
Cls (C-0) 286.1 1.3 4.8 286.1 14 34 286.1 1.3 5.3 286.1 14 4.9
C1s (0-C=0) 288.3 13 5.2 288.4 14 3.9 288.5 13 4.6 288.6 14 4.1
F1s (Organic F) - - - 688.1 0.6 0.3 - - - 689.8 0.6 0.5
N1s (Organic N) - - - - - - 400.7 19 04 399.5 3.2 0.6
0O1s (C-0) 531.5 1.7 10 531.3 1.8 114 531.5 1.9 124 531.6 1.7 11
O1s (C=0) 533 13 4 533 13 24 533.2 12 2.3 533.2 14 2.3
Ols (Metal Oxide) 529.7 1.3 11.2 529.7 1.3 18.1 529.9 1.3 17.8 530 1.3 23.7
Ti2p3 (TiO2) 458.2 1.2 6.4 458.2 1.2 10.5 458.3 1.2 104 458.4 1.2 13
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7.3.4. Brunauer-Emmett-Teller surface area analysis of the photocatalytic

bionanocomposites

Isotherms for all the photocatalytic bionanocomposites are characterized by a low concave
curvature of the isotherms at completion of multilayer adsorption than the convex curvature of
the same isotherms at high P/P,. The bionanocomposites with N-dopant have a more
pronounced concave curvature of the isotherms in the region A than the bionanocomposites
without N-doping. Secondly, all the bionanocomposites exhibit the type Il isotherm and
therefore suggesting both mono and multilayer adsorption on a microporous surface.
Additionally, the N-doped bionanocomposites have closed type H3 hysteresis loops as per the
IUPAC system [28], [29].
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Figure 7.7 Brunauer-Emmet-Teller isotherms for photocatalytic bionanocomposites (a)
combined isotherms (b) isotherms for doped photocatalysts without bionanocomposites, (c)
isotherms for a-C, TiO2 (vertical axis panned out), (d) photocatalysts without N-doping and (e)
photocatalysts with N-doping.

Most importantly, the bionanocomposites without the N-dopant (a-C, TiO2, PMC-a-C, TiO2 and
GAA-aC,-TiO2) exhibit This indicates that these composites are microporous and likely
consist of 2-D nanoplate materials. Assuch the adsorption on these materials is multilayer and
the less concave curvature at the onset of the linear portion of the curve suggests a simultaneous
occurrence of multilayer and monolayer adsorption. Incorporation of N into a-C, TiO2 increases
the BET surface area (by up to 130%), pore volume (3.04 —8.55 (x 10~tcm3.g 1) and pore

diameter (5.77 — 6.87 nm). A similar pattern is observed with the incorporation of N into
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PMC- a-CTiO2 and GAA- a-C,TiO2. An exception is observed for the decrease in pore
diameter from 0.28 nm to 0.27 nm with incorporation of N into GAA-aC,TiOx.

Most notable is the occurrence of open hysteresis loops for the photocatalysts a-C, TiO2-loops
that become widerwith the incorporation of PMC and GAA. Open loops are rare but have been
observed for the adsorption of benzene onto biochar [30] and recently in BET surface area
analysis of wood pyrochar using N2 as a probe gas [31], [32]. Such loops have been associated
with physical entrapment of the probe molecules in the porous matrix of the material, possible
deformation of the pores due to the entrapment. This phenomenon is likely linked to pores that
have a constricted opening but wide lumen or pores that are interconnected [33]. As such,
materials with these loops are seen as good materials for gas storage [30]. In the case of the use
of these materials for adsorption, such a behavior would be useful for the removal of the

pollutant.

Most notable also is the disappearance of the open loops with the incorporation of nitrogen as
a dopant. Since N-doping was carried out through a one-pot in situ doping process, it is
suggested that the N-dopant (ethylene diamine) interacts more with the organic material
(cellulose, hemicellulose) resulting in the modification of the surface and a chemical
modification — a phenomenon corroborated by the occurrence of N in its organic form as
depicted by the XPS spectra (Figure 7.6, Table 7.1, Table 7.2).

The incorporation of the adsorptive bionanocomposites into a-C,TiO2 also results in an increase
in the BET surface area and the pore volume. The average pore diameter is, however, reduced.
This suggests that the bionanocomposites impute the photocatalytic bionanocomposites with
deep but narrow pores that ultimately offer a large surface area for adsorption. Such a surface
area is favorable for the adsorption molecules that have a smaller diameter but not for large

molecules.

In the case of the incorporation of GAA and PMC into a-C,NTiO2, however, there is generally
a drastic decrease of the surface area by up to 43%, pore volume up to 49% and average pore
diameter by an even higher magnitude. Additionally, the results demonstrate that the N-doped
photocatalysts modified with the adsorptive bionanocomposites have a higher surface area and
pore volume but narrow pores. This is to suggest that the synergistic effect of N, doping and

bionancomposite modification produces a surface area with narrow but deep pores, a scenario
that is suited for the adsorption of molecules whose diameter is ~1 nm or less.

199



The nanocomposites a-C,TiO2 and PMC-a-C, TiO2 do not show a hysteresis loops and their
adsorption isotherms best fit the type Il adsorption isotherm except that the point of inflection
of the has relatively lower curvature than the curves for the N-doped photocatalysts. This

suggests a more simultaneous multilayer adsorption

GAA — a-C,TiO2 adsorption best fits the type H4 hysteresis loop and the low curvature at the
onset of the linear part of the curve indicates that the adsorption isotherm best fits the Type |
(@) isotherm [28]. Assuch the photocatalytic bionanocomposite is microporous with the pores

being narrow and therefore limiting the adsorptive surface area.

Table 7.3 Brunauer-Emmett-Teller surface area, pore volume and pore radius for

photocatalytic bionanocomposites

Composite Surface area (m%.g~1) Pore volume Average pore
(x107tem3.g™ 1) diameter (nm)

a-C,TiO2 211.2 3.04 5.77

a-C,NTiO2 498.3 8.55 6.87

PMC-a-C,TiO> 282.0 4.33 0.307

GAA-a-C,TiO2 3439 4.82 0.280

PMC-a-C,NTiO2 302.7 6.78 8.96

GAA-a- 471.3 6.36 0.27

C,NTiO2

7.3.5. Optical properties of photocatalytic bionanocomposites

The energy band gap (E,) was determined from the reflectance spectra of the nanohybrids

using the equation:
[F(R)v]™ = k(hv — E,)

Where F(R) is the reflectance coeficiant and an equivalent of the absorption coeficient a, hv
is the photon energy, k is the characteristic constant for the material, £, is the energy band gap
and "is the order of the electronic transitions between the band staes within the semiconductor.

a-C,TiO2 was treated as a direct semiconductor and hence ™ was taken to be 1 /2
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Therefore a plot of [F(R)hv] Y2 vs h gives the Tauc plots for each of the photocatalytic
bionanocomposites. The E; is the photon energy at which an extrapolation of the Tauc plots

intervept the x-axis (Figure 7.8 (b)).

The absorbance spectra for the nanohybrids consist of two main regions: the first one
corresponding to the band edge typical of a-TiO2 and the second bein the region where the
plant material and the magnetite absorb (Figure 7.8(a)). It is observed that there is
photosensitization of the photocatalytic bionanocomposites by the carbon doping and the plant
material, resulting in the broad absorption band in the region 380 — 680 nm. All the
photocatalysts show this band in varying degrees, with GAA—a-C, TiO2 showing the strongest
intensity of this band. The increased absorbance due to this band is expected to enhance the
photocatalytic activity of the bionanocomposites.
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Figure 7.8 (a) UV-vis spectra and (b) Tauc plots for the photocatalytic bionanocomposites

With respect to the band edge and E_, the photocatalytic bionanocomposites are arranged in
order of decreasing energy band gap a-C,NTiO2; PMC-a-C,TiO2; GAA-a-C,NTiO2;a-C,TiOz;
GAA-a-C,TiO2 and PMC—-a-C,NTiO2 whose band gaps are 3.62, 3.57, 3.55, 3.46, 3.40 and
3.33 eV respectively. The results suggest that doping of amorphous TiO2 with N doesincreases
the energy band gap (E,). The reduction in the energy band gap below that of TiOz2 is only
observed for GAA-TiO2 and PMC-a-C,TiO2. We attribute the increase in the energy band gap
to the extremely small size of the TiO2 and NTiO2 nanoparticles; more so the even further
decreased particle size with addition of ethylene diamine as an N-dopant. The generally high
E, for the bionanocomposites is most likely due to their amorphous nature of which the
incorporation of N and the bionanocomposites further reduces the crystallinity. The quantum

confinement effects on the optical properties become more pronounced as the particle size
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decreases [34]. It has been previously demonstrated that lower post-calcination temperatures
generally result in higher energy band gaps and hence poor visible light absorption [35]. Similar
observations were made with nano amorphous Co3O4 co-catalyst increasing the photocurrent
density of WO3, accompanied by a high hydrogen evolution of the Co304—WO3 composite
[36]. It also seems that the presence of elemental and surface molecular carbon on the a-C,
TiO2 and a-C, NTiO: affects the energy band gap. This is shown by the a-C, TiO2 (with high

residual carbon content from the precursors) has a lower energy band gap thana-C, NTiO2 and
GAA-a-C,NTiO2.

7.3.6. Photocatalytic degradation of a dye cocktail

Absorbance spectra for the 25 ppm dyes RhB, RR 120 and the basic dye cocktail was
determined using the UV-Vis spectrophotometer. The results indicate that RhB has a broader
absorption peak; a peak that upon mixing RhB with RR 120 the peak takes the shape of that
RR120. As such the main peak at lambdamax=554 nm. As such this peak was used as the
reference peak for the calculation of the concentration of the dye cocktail. In addition, the
absorbance for the dye cocktail was treated as representative of 25 ppm of the dye cocktail.
Figure 7.9 (b) shows the absorbance curves for the dye cocktail made of a mixture of RhB and
RR120at 10, 16, 20 and 25 ppm and Figure 7.9(c) shows the calibration curve.
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Figure 7.9 Dye degradation calibration data: (a) absorbance spectra for the dyes and dye
cocktail, (b) absorbance curves for dye at specified concentration and, (c) calibration curve

for calculating the concentration.

Dye removal by adsorption was evaluated at t = 0 which is after 60 min of sonicating the
catalyst, dye suspension in the dark and the results are shown in Figure 7.10. Generally, the
removal of the dye molecules by adsorption is extremely low (less than 10%). The best
performing bionanocomposite in terms of the dye removal by adsorption is PMC-a-C,TiO2
with 9.90% removal and the least performing is PMC-a-C,NTiO2 with 1.96% removal. The
bionanocomposite PMC-a-C,TiO2, has the highest ada-C,TiO2 shows highest adsorption in
first 15 min with 8.20% adsorbed then subsequent desorption. A closer look in the patterns
followed by the bionanocomposites in the removal of the dye shows that the photcatalysts
achieve adsorption-desorption equilibrium at different times. a-C,TiO2 has the highest dye
removal by adsorption, with up to 8.8% dye removed in the first 15 min. However, at t = 0 a-
C, TiOz2 has low dyeremoval by adsorption. Worth noting is the fact that the bionanocomposite
GAA — a-C,TiO2 is the least adsorbing yet second highest in terms of dye removal hence

demonstrating its catalytic efficiency. This observed low adsorption by the nanocomposites
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demonstrate that the subsequent dye removal will proceed mostly through photocatalytic

degradation, as opposed to previously observed cases where the dye is removed mainly by

adsorbing onto the catalyst.
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Figure 7.10 Dyes removal efficiency and kinetics: (a) % dye removal, (b) zero-order kinetics

rate curves and (c) first-order Kinetics rate curves
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Table 7.4 A summary of the dye removal efficiency and kinetics for the photocatalytic

bionanocomposites

Composite Dye Dye Ko app (X R? Kiapp R? Kinetic  Energy
removal  removal 1073) sorder band
att=0 t=180 (x descrip gap

0 in (@ 1073) .
(%) min (%) tion (eV)

a-C,TiOz 3.09 94.1 4.76 0.939 14.0 0934 O 3.46

a-C,NTiO2 3.7 216 0.97 0.805 11 0.815 1st 3.62

PMC-a-C,TiOz 9.90 64.3 3.30 0.993 4.96 0966 O 3.57

GAA-a-C,TiO2 0.228 96.3 5.46 0.974 18.0 0938 O 3.40

PMC-a-C,NTiO,  1.96 23.0 1.23 0.980 1.39 0.990 1%t 3.33

GAA-a-CNTiO2  2.79 97.6 5.17 0.830 215 0990 1%t 3.55

With respect to the overall dye removal, the GAA-based photocatalytic bionanocomposites
have the best performance with GAA—-a-C,NTiO2 being the first and GAA—a-C, TiO2 being the
second best performing (Table 7.3). Most notably, the PMC based bionanocomposites and a-
C,NTiOz2 have extremely low dye removal than a-C,TiO2. The influence of grafted acrylic acid
in enhancing the photocatalytic activity of both C-doped TiO2 and C, N co-doped TiO2 is
revealed. We attribute this to the hydrophilic nature of polyacrylic acid aiding the attachment
of the TiO2 onto the adsorptive bionanocomposite.

In studying the kinetics for the removal of the dye molecules, the datawas fitted for zero-order,
first order and second order kinetic. It was shown that none of the photocatalytic
bionanocomposites followed the second order in the removal of the dye. Secondly, the N-doped
photocatalysts a-NTiO2, PMC-a-NTiO2 and GAA-a-TiO2 followed the pseudo first order
Kinetics as determined by the correlation coefficients (Table 7.4). The Incorporation of the N
as a dopant imputes catalyst with 15t order degradation kinetics since a-NTiO2, PMC-a-NTiO>
and GAA-a-TiOz all fit pseudo first order kinetics for the removal of the dye. This implies that
the is initiated by multilayer adsorption of the dye molecules onto the surface of the catalyst.
As such, the adsorption is the rate-determining step. The pattern in the photocatalytic

efficiencies of the photocatalytic bionancomposites can be linked to their morphology as shown

205



bt the TEM micrographs. GAA—-a-C,NTiO2 and PMC-a-C,NTiO2 were shown to have a better

dispersion by the TEM microhtaphs and small nanoparticle aggregates by the HRSEM and
hence likely to have the advantage of a high surface area. It

a-TiO2, PMC-a-TiO2 and GAA- a-TiO: all follow the pseudo zero order kinetics for the
removal of the dyes implying that the degradation is independent of the concentration. While
it is common that heterogenous photocatalysis follows pseudo first order, there have been cases
where the degradation follows pseudo first order at the onset of the degradation and as the
concentration decreases the reaction rate follows the pseudo first order [37]. The pseudo zero
order kinetics could imply that the degradation mainly proceeds through the release of the
reactive oxidative species (typically OH or COOH). These radicals then permeate the dye
solution and on interacting with the dye molecules, degrade the molecules. In retrospect, this
work has demonstrated that in-situ modification of amorphous TiO2 with plant based
adsorptive photocatalytic bionanocomposites significantly affects the physicochemical
properties and the chemical properties and that these effects are seen in the photocatalytic
performance of the bionanocomposites. In addition, the modification with the plant-based
bionanocomposites enables multiple elements doping of the TiO2 as shown in Table 7.5. It has
hereby been demonstrated that such modified amorphous TiO2 has photocatalytic performance
that is comparable to previous accounts of amorphous TiO2 and that the performance is closely

matched to that of crystalline TiO2

Table 7.5 A comparison of the current work with previous work on the photodegradation using

photocatalytic bionanocomposites.

Photocatalytic material Target pollutant and degradation Results Ref

composition conditions

Amorphous TiO2

a-Tio 2-propanoldegradation under UV light -2-propanolunder UV- [38]
light

-2-propanolconversion

lowest for a-TiO2

C-doped a-TiOz 500 ppm c-doped a-TiOz in 5 ppm RhB Rhodamine Band 4- [20]

solution chlorophenol with
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C-doped TiO2

micropheres

TiOz2—microfibrilated
cellulose—polyamide
amine epichlorohydrin
(PAE)

TiO2—carbon fiber —
cellulose fibers
(Na2SiOs, Al(SOs)s and
PAE asbinders

TiO2/Ag — cellulose

fibers

Spherical a-TiO;

a-C,TiO2
a-C,NTiO2
PMC-a-C,TiO2
GAA-a-C-TiO2
PMC-a-C,NTiO2
GAA-a-C,NTiO;

500 ppm c-doped a-TiO2 in 5 ppm
Chlorophenol

1000 ppm catalystin 10 ppm RhB under

solar simulation

k_lapp=4.6x10-2for4-

Chlorophenol removal

RhB decolorization
under simulated solar
light.

kygpp = 5.1 x 107 for

a-TiO2 and 3.7 for P25

Photocatalytic TiO2 bionanocomposites

Methyl orange (MO) (5 ppm)under UV
light

MO (20 ppm)under UV light

MO and methylene blue (MB) 20 ppm
under UV light

Rhodamine B
Current work

10 ppm of catalystsdispersed in a mixture
of RhB and RR 120 each 25 ppm before
mixing. Degradation carried under UV
light

95% removalof MO in
150 min

~99% MO removalafter
7 h and recyclability of
the compositedueto
strengthening effect of
PAE

~ 95% removalof MO
in 4 hours and second

run

97% dye decolorization
in 180 min for the best
performing
photocatalytic
bionanocomposite
GAA-a-C,NTiO2

[39]

[40]

[41]

[42]

Current

work
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7.4. Conclusions

Pinecone powder based bionanocomposite adsorbents were successfully employed as
modifiers and additives to form amorphous TiO2 and amorphous NTiO2 composites. The
bionanocomposites  promoted the amorphosity of the ultimate photocatalytic
bionanocomposites and enabled carbon doping of all the photocatalysts. Add itional doping of
the photocatalytic bionanocomposites with N resulted in the reduction in particle size and the
sizes of the particle aggregates. Co-doping TiO2 with N and C resulted in decreased
photocatalytic efficiency of the nanohybrid. Similarly, the incorporation of pine-magnetite
bionanocomposite into C, TiO2 did not improve the photocatalytic efficiency past that of a-
C,TiO2. Significant improvement in photocatalytic efficiency was realized when acrylic acid
grafted pine-magnetite composite was used for the modification of a-C, TiO> resulting in GAA
—a-C,TiO2 bionanocomposites removing 97% of the dye molecules. Additional doping of this
bionanocomposite with N further improved the photocatalytic performance of the resultant
GAA —a-C,TiO2 bionanocomposites. This work has therefore, successfully demonstrated that
pinecone based magnetite composites can be successfully applied in the tailoring of a-TiO2 for
improved photocatalytic efficiency without calcining the resultant bionancomposites at high
temperatures. In addition, monodoped and co-doped amorphous TiO2 has been demonstrated

to be an effective catalyst for the degradation of organic pollutants.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

8.1. Conclusions

The main purpose of this study was to produce novel, effective and cheap bio-nanocomposite
adsorbents and subsequently photocatalysts from pinecone (the plant material) for the removal
of dyes from aqueous solutions. This thesis revealed that pinecone-based bionanocomposites
are not only suitable for adsorptive removal of dyes but also as potential modifiers for existing
semiconductor photocatalysts to form photocatalytic bionanocomposites. It was shown that
plant-based photocatalytic bionanocomposites have the potential to significantly lower the cost

of manufacturing photocatalysts.

The first part of the thesis showed the successful production of magnetic pine-magnetite
bionanocomposite (PMC) using an enhanced co-precipitation method. The observations also
showed that the optimization of the pine-magnetite composite was dependent on the chosen
parameters XRF analysis confirmed the optimization conditions by showing the highest % of
FeO present on the parameters selected. XRD analysis confirmed the spherical structure of
FesOsand the binding of FesO4onto pinecone while FTIR confirmed the functional groups on
the NaOH treated pinecone and the PMC. Removal of dye was found to have a capacity of 195
mg.g-! using pine-magnetite composite compared to treated pinecone which gave 90 mg.g?
highest capacity. The adsorbent shows a promising adsorption capacity for the removal of
methylene blue dye. PMC also exhibit excellent magnetic separation after adsorption process

due to the large surface area and magnetic property.

The adsorption kinetics studies showed the adsorption processes increase with increase in time.
The adsorption data was adequately interpreted by Langmuir and Freundlich isotherm models
respectively. R? values for the Langmuir showed to be higher than those of the Freundlich
isotherm model, which suggests the Langmuir isotherm gave suitable reason for defining the
adsorption equilibrium of MB onto PMC. This implies that the adsorption process occurs in a
homogeneous surface thus giving homogeneous distribution of active sites on the PMC. The
value of KL showed a decrease with increase in temperature, which implies that low

temperatures favored the adsorption process. The adsorption is evidently favorable as
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Freundlich constant n is 2.47, 2.23 and 2.02 for PMC. Therefore, it can be concluded that
Langmuir isotherm model gave the best equilibrium fit. Temkin constants K, br together with
R? values also concluded that the heat of adsorption of all the molecules in the layer showed
decrease linearly with coverage due to adsorbate/adsorbent interactions. K, decreased as the
experimental temperature increased from 299 to 309 K, which implies that the adsorption
process is exothermic and favored at higher temperatures. The PMC showed improvement in
adsorption capacity and reusability which further demonstrates that it is a promising adsorbent

in the wastewater treatment at a larger scale.

The second part of the study described the incorporation of grafting with acrylic acid or
acrylamide monomers prepared composite via a free radical initiated grafting. The study of
grafting with acrylamide showed that it was successfully incorporated onto pine-magnetite
composite. FTIR, BET, SEM, TEM and XRD characterization gave sufficient evidence to
demonstrate the incorporation and distribution of the iron oxide nanoparticles within the
polymer matrix. GACA nanocomposites were shown to be effective in the adsorption of
methylene blue at a pH of 12. The adsorbent dose and contact time demonstrated excellent
results in the adsorption of methylene blue due to the increased surface area and high rate of
the adsorption. At mass dosage of 0.5 g, the highest percentage removal of 99.8% was obtained.
When it comes to contact time, the adsorption rate of the grafted composite on the removal of
MB showed to be faster at the beginning which might have been influenced by the grafted
composite with higher specific gravity and that made them better in dispersity and more
efficient contact with MB. The kinetics studies showed that GACA behaved similarly to PMC
in the adsorption of MB.

The grafting of acrylic acid onto pine-magnetite bionanocomposites was also successfully
carried out in this work. The results obtained demonstrated that there was a reduction on the
particle size of magnetite and reduction on the point zero charge due to grafting. These features,
together with the improved crystallinity of magnetite, improved the adsorptive capacity
towards cationic species such as the MB organic ion. The parameters influencing adsorption
such as solution pH, contact time and adsorbent dose showed significant influence on the graft
polymerization process. The results also showed that grafting PMC with acrylic acid leads to
reduced crystalline and particle sizes of the iron oxide resulting in higher surface area for GAA

bionanocomposites, thus leading to excellent adsorption performance. The polyacrylic acid
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formed from the condensation reaction of acrylic acid resulted to surface coating of the grafted
acrylic acid bionanocomposites. GAA and MB interaction mechanism was confirmed by intra
particle diffusion. The adsorbent also showed improvement in the adsorption capacity and
reusability promising to be used for removal of dyes in an industrial scale. This is owing to the
polyacrylic acid on GAA and its interaction with water to produce a net negative surface
charge. The adsorption is a factor of the net surface charge of the bionanocomposites at pH 12.
With GAA having a lower pHpzc than PMC, the net charge of the bio-nanoparticles has shifted
more towards negative than in PMC.

The last part of the study demonstrated that pinecone-based bionanocomposites make a good
starting material for the fabrication of TiO2-based photocatalytic bionanocomposites. Firstly,
the synthesis method employed allowed for the formation of amorphous titania and, because
of the low drying temperatures (200 °C), the photocatalytic bionanocomposites retain large
amounts of carbon. In this way, carbon-doped amorphous titania was synthesized. Additional
doping of the amorphous titania with N, was achieved. Subsequently, pine-magnetite
composites and grafted acrylic acid composites were used to form modified forms of the a-
C,TiO2 and a-C,NTiO2. FTIR and EDS demonstrated that all the photocatalysts were rich in
carbon to the point of suggesting that most of the carbon doping was due to the carbon residue
from the process chemicals. The influence of incorporating GAA and PMC as modifiers for a-
CTiO2 and a-C,NTiO2 was seen in that the N-doped photocatalysts all had small aggregates of
the titania and the nanoparticles were relatively well dispersed. However, with respect to
speeding up the photocatalytic efficiency, only the composites of GAA had a better
photocatalytic activity than the baseline photocatalyst (a-C,TiO2). This is suggested to be due
to the polyacrylic acid facilitating the bonding of the a-C,TiO2 and a-C,NTiO2 onto the
adsorptive bio-nanocomposite during the formation of the a-C,TiO2 nanoparticles. Ultimately,
the synergy of co-doping a-TiO2 with C and N and further modifying with GAA was shown to
be the most efficient in terms of improving the photocatalytic efficiency of GAA—a-C,NTiO2

bionanocomposites.

This work has demonstrated that adsorptive and photocatalytic bionanocomposites can be
prepared from plant material and synthesis processes that use lesser energy. As such a step in
improving the economic feasibility of the adsorption and photocatalysis processes has been

achieved.
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8.2. Recommendations

Based on the aims, objectives, scope, and limitations of this study the following

recommendations can be made:

Vi.

The adsorption capacity of the following bionanocomposites, PMC, PMC_GAA,PMC-
GACA, PMCTIO- a-C,TiO2 , PMC-a-C,NTiO2 , GAA-a-C,TiO2 and
GAA-a-C,NTiO2 be explored in other binary mixtures of pollutants and crude
wastewater.

Additional kinetic models and isotherms of these bionanocomposites should be studied
for better understanding in the removal of undesirable pollutants such as
micropollutants.

Studies on the role of plant biopolymers as templates for crystalline, carbon doped
amorphous TiO2 and crystalline TiO2 should be carried out. Inthis sense, understanding
the effect of doping a-C, TiO2 with a metallic ions and co-doping with non-metallic ions
will be determined.

Other effective means by which the visible light absorption of a-C,TiO2 can be
improved should be explored.

Reusability studies for amorphous titania that has been modified using plant-based
biopolymers should be carried out.

The cost of synthesizing these bionanomaterials, their toxicity and environmental

sustainability should be explored.
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