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ABSTRACT
Agricultural waste such as Macadamia nutshells are currently receiving more attention
for removal of hexavalent chromium (Cr(VI)). However, they have low adsorption
capabilities when used in their raw form. In this study, the efficiency of using
Macadamia nutshell powder modified with different concentrations of hydrogen
peroxide, grafted with 1,5’-diphenylcarbizide (DPC) for the removal of hexavalent
chromium from aqueous solution was explored. The effects of various parameters
controlling adsorption of Cr(VI) onto Macadamia adsorbents such as initial
concentration, contact time, adsorbent concentration and pH were investigated. The
optimal operating parameters for Macadamia nutshells treated with hydrogen peroxide
(MHP) adsorbents were determined to be 75 mg/L, 3 h, 0.1 g and pH 1. The optimal
operating parameters for Macadamia nutshells treated with hydrogen peroxide and
grafted with 1,5’-diphenylcarbizide (MHPD) were determined to be 150 mg/L, 1 h, 0.1
g and pH 3. Fourier transform infrared (FTIR) spectroscopy of the adsorbents revealed
that treated MHP showed amino groups attached to the adsorbents. Thermogravimetric
analysis (TGA) revealed that the grafted material lowered the thermal stability from
180◦C to 300◦C due to volatile nature of DPC. The surface of the MHPD materials was
rough due to grafting. The results showed that the 1,5’-diphenylcarbazide treatment
improved the removal efficiency of Cr(VI).
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CHAPTER ONE: INTRODUCTION
1.1 Introduction
Chapter one provides the background on the importance of water to the environment.
It also gives a brief introduction about water pollution and further elaborates on Cr(VI)
toxicity. The different methods of heavy metals removal are also summarized. Finally,
it also gives the summary on the adsorbents used for Cr(VI) removal as well as an
outline of the problem statement.

1.2 Background study
Clean water is described as water free from harmful substances (Lyu et al. 2015). Water
which is nontoxic is important for industrial processes and to the health of people.
Water is used in diverse ways including washing, drinking, and recreation by human
beings. Animals, plants and ecological groups also need water for biological function.
Food production, electricity generation and all industrial processes cannot carry on
without quality water. The increase in population, industrial activities and global
growth has resulted in increased volumes of contaminated water being released into
the environment.
Contaminants that are found in wastewater include biological matter, organic
compounds as well as heavy metals. According to Carolin et al., (2017) heavy metals
have an atomic weight between 6.3 g/mol and 200.6 g/mol and they have a gravity less
than 5.0.

Chromium is considered as one of the hazardous substances in the

environment (Chen et al., 2011; Taghizadeh and Hassanpour 2017). Chromium
compounds are generated from a number of industries including the steel production,
1

electroplating, leather tanning, paint manufacturing and manufacture of electric as well
as electronic components (Thanos et al., 2012; Han et al., 2016). In the environment,
chromium exhibits several oxidation states, but hexavalent and trivalent chromium are
the two most stable forms.

Hexavalent chromium [Cr(VI)] is toxic and it causes mutagenic, carcinogenic and
teratogenic effects (Qu et al., 2014). However, trivalent chromium [Cr(III)] is a
micronutrient, generally nontoxic at trace level, and helps with glucose digestion in
mammals but at high concentrations, it can also be toxic (Gueye et al., 2014).

According to the World Health Organization (WHO, 2001), the maximum tolerable
concentration limits for Cr(VI) in drinking water is 0.05 mg/L, in inland surface water
is 0.1 mg/L and 50 mg/L in potable water. South African National Standard (SANS)
241:2015 set a limit of 50 µg/L for total chromium in domestic water. Therefore, to
conform to these concentration limits, before the industries discharge their final
effluents into the municipality they need to treat it (Ghaneain, 2014).

Treatment technologies applied to remove Cr(VI) from aqueous solutions include:
chemical precipitation (Fan et al., 2017), reverse osmosis (Abejon et al., 2015),
membrane filtration (Ahmed and Ahmaruzzaman 2016), ion exchange (Levchuk et al.,
2018) and electrocoagulation (Hamdan et al., 2014). However, these techniques have
many shortcomings including incomplete metal removal, ineffective at lower
concentrations of metal, membrane fouling, high electricity usage, high cost and the

2

generation of secondary toxic substances (Enshirah and Sayari 2012). For these
reasons, adsorption methods have received more attention due to the following
advantages over the above-mentioned techniques: the process of adsorption is a lowcost system; the bio-sorbent can be regenerated; adsorbents are abundantly available
and offers the process of surface modification (Enniya et al., 2018).

Adsorption methods employing agricultural waste materials are currently receiving
more attention due to the abundant availability of such materials. Waste agricultural
materials such as coconut shells (Achaempong et al., 2013), pine cone (Kupeta et al.,
2018), rice husks (Pourfadakari et al., 2017) and Macadamia nutshells (Junior et al.,
2014) can be used as adsorbents.

South Africa and Australia are the world’s largest producers of Macadamia nuts
(Takadi, 2017).

Since 2015, global demands for Macadamia nuts have grown

substantially, due to consumers becoming more health-conscious and demanding
healthier snacks. According to global reports, about 70% of Macadamia are used as
snacks, while 30% is used as an ingredient in the production of other products (Takadi,
2018). It is assumed that higher percentage of Macadamia will be used as an ingredient
in the manufacturing of food and other products in the future. This is an advantage to
adsorption processes as more waste shells will be generated.
Untreated adsorbents which are derived from agricultural waste have the limitation of
low adsorption capacity even though they possess an abundance of functional groups
(Pakade et al., 2017).

3

To address the downfalls, researchers have explored various pre-treatment techniques
such as (i) biological treatment with fungi or bacteria, (ii) chemical methods using acid,
alkaline, oxidation or solvent extraction, (iii) physical methods through sonication,
pyrolysis or mechanical agitation, and (iv) physico-chemical methods e.g., steam
explosion (Putro et al., 2016; Kumar et al., 2017). During pre-treatment, surface
chemical properties of an adsorbent could be altered through masking or elimination
of certain groups or exposure of more adsorption sites (Vieira and Volesky 2000;
Rosales et al., 2016). Greater separation of components is achieved much faster and
conveniently with chemical pre-treatment methods than biological methods (Kumar et
al., 2017). Depending on the intended use of the biomass and the properties desired,
various chemical agents, H2O2 (Rosales et al., 2016), ozone (Kádár et al., 2015), H3PO4
(Zhang et al., 2007), HNO3 (Himmel et al., 1997), NaOH (Pakade et al., 2017b) etc,
have been reconnoitered for either hydrolysis, oxidation or delignification (Kumar et
al., 2017). Oxidative chemical treatment could lead to increased oxygenated
functionalities like COOH, C-O-C, CO and OH which may then increase metal ion
complexation, ion exchange and chelation (Pakshirajan et al., 2013; Kumar et al.,
2017).

To supplement pre-treatment methods for improved performance, further
modifications (grafting, cross-linking or polymerization) could be carried out on the
surface of adsorbents. Acrylic acid monomer units were grafted on the surface of coir
pith and an adsorption capacity increase from 165 to 196 mg/g was reported (Suksabye
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and Thiravetyan 2012). The improved performance was attributed to the increased
density of –COOH adsorption sites on the material surface. Behbahani et al., (2013)
grafted 1,5’-diphenylcarbazide on the surface of multiwalled carbon nanotubes for the
extraction of Cd(II) ions from water samples and food products. Extraction efficiency
greater than 97% with a limit of detection (LOD) of 0.05 ng/mL was achieved. Grafting
or polymerization introduces specific functional groups, NH, SH, OH, COOH, on the
surface of adsorbents. In a recent study it was shown that modification of natural
Populus tremula fibers with amino ligands led to increased adsorption capacity of acid
blue 25 from 22.33 mg/g for unmodified to 48 mg/g for hydrazine-fiber and 67 mg/g
for ethylenediamine-fiber (Tka et al., 2018). Masau stones were chemically modified
with diethylenetriamine through a crosslinking protocol and 87.32 mg/g adsorption
capacity was reported (Albadarin et al., 2017). Presence of protonated amino groups at
acidic conditions was credited to the biosorption-coupled reduction removal
mechanism of Cr(VI). Similarly, Pakade et al. (2016) achieved high adsorption
capacity of 145.5 mg/g following modification of Macadamia nutshell-based carbon
with diethylenetriamine and triethylamine ligands. From the mentioned studies it is
obvious that Cr(VI) has a high affinity for amine functional groups and it is this
narrative that led to the present study where Macadamia nutshells were functionalized,
for the first time, with 1,5’-diphenylcarbazide for the eradication of hexavalent
chromium from aqueous solution.

To ascertain the effect of modification on the surface of the prepared adsorbents,
Fourier transform infrared (FTIR) spectroscopy was used to identify the functional
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groups present on the surface of the adsorbents. Thermogravimetric analysis (TGA)
was utilized to study the thermal stability and decomposition patterns of materials. The
surface area was determined by Brunauer-Emmett-Teller (BET) principle utilizing the
Micromeritics Flow Prep 060 instrument from Tristar. Parameters influencing (initial
Cr(VI) concentration, initial pH, dosage concentration, contact time and co-ions)
adsorption were investigated. The concentration of Cr(VI) before and after adsorption
was measured using an ultraviolet-visible spectrophotometer (UV-Vis) while that of
total chromium was determined by atomic absorption spectroscopy (AAS).

1.3. Justification
The existence of the heavy metals in the environment has steered interest among
researchers to finding alternative methods for their removal owing to their health risks
to human and animals (Chen et al., 2011). Even though some of these trace metals are
important in metabolic system, above their threshold concentrations can be very toxic.
Deleterious health effect of Cr(VI) includes kidney, liver and gastric system damage.
Due to these toxic effects, industrial effluents containing Cr(VI) should be treated
before discharge into aquatic environment (Chin and Chen 2009).

1.4. Problem Statement
Cr(VI) is toxic and is known for cancer-causing and mutagenic effects. Its harmfulness
to humans and biota is attributed to the similar structure and size of the sulphate ion
and chromate ion (SO42- and CrO42-). This similarity in shape, size and charge causes
confusion leading to chromate ions being uptake by plants and animals via the same
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routes used for sulphate ions. Cr(VI) is also a strong oxidizing agent, during its removal
by adsorbents it can easily transform to Cr(III) in the presence of electron donating
groups leading to the incomplete removal of chromium. Although, Cr(III) is less toxic,
under certain conditions it can oxidize to Cr(VI). Therefore, adsorbents that can
remove Cr(VI) efficiently are sought after. Macadamia nutshell powder functionalized
with 1,5’-diphenylcarbizide was employed to investigate the removal of Cr(VI).

7

CHAPTER TWO: LITERATURE REVIEW
2.1 Introduction
Chapter two provides a detailed discussion on the different forms of chromium, sources
of Cr(VI) as well as the toxicity of Cr(VI). In addition, the different methods that are
used to remove heavy metals from aqueous solutions are clearly explained. A detailed
discussion on the different types of adsorbents that are used to adsorb heavy metals is
also provided. The parameters that affect adsorption as well as the instruments used
for the characterization and quantification of the metal ions are also discussed.

2.2 Pollution of water by heavy metals
Water is the heart of life and the shortage of it has a massive impact on our society. All
over the world, preservation of water is crucial. South Africa is a semi-arid country
with water shortages and its increase in population calls for increased fresh water
supply. The greatest pollution of water in South Africa comes from the mining
industries. Industrial power plants handle large volumes of process waters, which are
contaminated with fine chemicals, metal ions, and other materials (Feng et al., 2004).
Heavy metals are elements that have a density above 5 g/cm3. They accumulate in the
soil, air, and water, as reported by (Nazir et al., 2015). In developing countries, heavy
metals are discharged indirectly or directly into the environment (Fu and Wang 2011).
The accumulation of heavy metals in the soil, water, and air may result in a harmful
effect on aquatic life and humans through the consumption of contaminated. Heavy
metals are known to be very toxic and are non-biodegradable. The commonly found
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metals in the environment include zinc, copper, nickel, cadmium and chromium
(Hagner et al., 2018; Schwantes et al., 2017; Guo et al., 2018).

2.3 Chromium
The natural sources of chromium include soil erosion and volcanic dust. According to
Latorre et al., (2018) the highest proposition of this element in the environment is
generated from anthropogenic sources. The industrial applications of chromium
include cooling water to inhibit corrosion, manufacturing of dyes, electroplating, paint
pigments and inks (Seby and Vacchina 2017). Chromium is also used in the industries
such, leather tanning, fertilizers, and metallurgy (Namiesnik and Rabjczyk 2015).

Extraction of chromium begins with mining of chromite ores (Cr2O3) then the
conversion to metallic compounds in industrial process (Gheju, 2011). About 90% of
total chromite ores are consumed as an alloying agent in the form of ferrochromium to
produce either stainless steel or used in other non-ferrous metallurgical industries. The
remaining 10% of chromite ores are used in leather tanning, refractory, glass, ceramic,
machinery, cement, electroplating, wood perseveration and pigment industries (Dhal
et al., 2013). Chromium mining in South Africa continues to grow and this has led to
large volumes of chromium containing waste being released into the environment. To
mitigate such effects, researchers continue to develop method for the treatment of
chromium containing waste.

9

2.4 Chemistry of chromium
Chromium is the first member of the group in the periodic table under d-block
transitional elements. The ground state electronic configuration of chromium is high
spin [Ar] 4s13d5. It shows varying oxidation state such as -2, -1, 0, +1, +2, +3, +4, +5
and +6 with an associated wide range of chemical and physical properties (Malaviya
and Singh 2016).

Chromium in an aqueous environment is mainly present in it's two most stable
oxidation states, the hexavalent chromium [Cr(VI)] and trivalent chromium [Cr(III)].
These two forms of chromium have distinct toxicity levels, with Cr(VI) being highly
toxic while Cr(III) is a micronutrient at low concentrations (Toral et al., 2009).

In aqueous environment, the most common forms of Cr(VI) species are Cr2O72-, CrO42, H2CrO4 and HCrO4-. Similarly, Cr(III) species in solution are most often Cr3+,
Cr(OH)2+, CrO+, HCrO2 and CrO2- (Barrera-Diaz et al., 2012). Chromium is a hard,
brittle metal with somewhat resistance to tarnishing. Its melting and boiling points are
1907◦ C and 2671◦ C), respectively (Malaviya and Singh 2016).

Trivalent chromium is very stable in an acidic environment and easily oxidized to
Cr(VI) in an alkaline medium (Pradhan et al., 2017). Cr(III) compounds form
octahedral coordination complexes. These Cr(III) complexes show diverse colours due
to different crystals field transitions in presence of coordinating ligands. The solubility
of Cr(III) compounds is less compared to Cr(VI) in aqueous medium (Dhal et al.,
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2013). Cr(III) is a crucial component for creatures and faunas. It plays a key role as the
glucose-tolerance factor (GTF) in insulin metabolism (Langard et al., 1990; Florence
and Batley 1980).

In aqueous solution Cr(III) exhibits the following species, the hydrated trivalent
chromium Cr (H2O)63+ and chromium hydroxide complexes Cr(OH) (H2O)52+, whereas
Cr(VI) can exhibit the following species, chromate CrO42-, hydrogen chromate HCrO4–
and dichromate Cr2O72- (Deng and Bai 2004; Mohan and Pittman 2006; Neagua and
Mikhalosky 2010).

2.5 Chromium toxicity
All compounds of chromium are toxic, absorption of these compounds may cause
epigastric nausea, severe diarrhea, pain and vomiting nausea (Meeyo et al., 1999).
Also, cellular metabolism of Cr(VI) can cause both non-oxidative and oxidative forms
DNA damage. The most abundant and specific type of DNA is Cr-DNA binding
(adducts). These can alter the function of cells leading to cancers in the kidney, liver
and lung. Zhang and Li (1987) reported that in Liaoning province of China there was
an increase in mortality from stomach cancer due to drinking of water contaminated
with Cr(VI). According to Sathwara et al. (2007), the commonly reported chronic
effects of Cr(VI) are, nasal mucosa, irritation, skin ulcers and perforation of the nasal
septum
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2.6 Techniques for Cr(VI) removal
According to Guieysse and Norvill (2014), many industry sectors are challenged by
the removal of pollutants such as Cr(VI). In the pursuit of environmental safety, several
techniques have been developed to remove and/or minimize the concentration of
Cr(VI) discharged waste (Carolin et al., 2017).
The techniques for the removal of Cr(VI) include chemical precipitation, reverse
osmosis, ion exchange and adsorption (Lyu et al., 2015; Ojedokun and Bello 2016;
Nawack and Vanbriesent 2013).

2. 6.1 Chemical precipitation
Chemical precipitation is based on the removal of heavy metal as a precipitate.
Precipitation is accomplished by an accumulation of precipitating agents to an aqueous
solution (Kurniawan et al., 2006). The technique requires an abundant amount of
chemicals to precipitate metals and this leads to the generation of secondary sludge (Fu
and Wang, 2011). In addition to secondary sludge generation, other challenges include
poor settlement, slow metal precipitation, and the extended term environmental
impacts of sludge discarding (Aziz et al., 2008).
2.6.2 Membrane filtration
Membrane filtration is a pressure-driven separation technique applied in wastewater
treatment that uses a porous membrane (Lyu et al., 2015; Patil et al., 2016). This
method includes techniques such as reverse osmosis, nanofiltration, ultrafiltration,
micro-filtration, gas and vapour separation, and electro-dialysis that have now been
developed from the laboratory to industrial scale application. Potable water can be
12

produced from saline water by employing reverse osmosis while the distillery
wastewater could be cleaned with electro-dialysis membrane (Shivajirao, 2012).

The reverse osmosis allows purified fluid to pass the semi-permeable membrane while
rejecting the contaminants (Fu and Wang 2011). The fresh water can be finally mixed
with the treated reverse osmosis effluent and be used again (Satyawali and
Balakrishnan 2008). Anaerobic digestion combined with membrane technique has
resulted in a noteworthy elimination of contaminants.

Reverse osmosis and nanofilration were used in the treatment of heavy metal from the
mining effluent (Andrade et al. 2017). Muthumareeswaran et al. (2017) used
ultrafiltration method for removal of Cr(VI) from portable water. However, the use
these membranes have disadvantages such as fouling of membrane during filtration
which then requires constant cleaning (Apollo et al. 2013).

2.6.3 Ion exchange
Ion exchange involves the exchange of metal ions with another ion in aqueous
solutions with resin ions that are held together by electrostatic forces (Caroline et al.,
2017). The disadvantage of using ion exchange is the increase in operational cost as
well as it cannot be utilized in large scale for the water treatment (Bilal et al., 2013).
The other disadvantage of this method is that it easily gets fouled by organics in
wastewater (Fu and Wang 2011).
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2.6.4 Adsorption
In recent years, the adsorption process has gained popularity among researchers for the
treatment of wastewater at laboratory scale (Burakov et. al., 2017). In adsorption
pollutants migrate from the bulk aqueous solution or gas phase and attach themselves
on the surface of adsorbent through physical or chemical interactions (Kurniawan and
Babel 2003; Ojedokun and Bello 2016; Hanjilar and Shtei 2018; Wang et al., 2015).
The adsorbent is usually a porous material with adsorption sites.
Adsorption is an active and economic method for metal ion removal because it offers
flexibility in design and operation and it also produces high quality of treated effluent
(Gisi et al., 2016). The adsorbent can be regenerated by using a proper desorption
agent. Adsorption is a cost-effective method for wastewater treatment at large scale.
Polyphenols were recovered from wastewater by adsorption using common solvents
and adsorbents (Arimi et al., 2014). Also, adsorption of Cr(VI) by Canadian peat and
Coconut fiber was studied and the maximum removal of Cr(VI) was achieved at 94%
and 91% respectively (Chwastowski et al., 2017). Similarly, Owalude and Tella (2006)
studied the adsorption of Cr(VI) using modified groundnut and unmodified groundnut.
It was observed that modified adsorbent had a higher removal compared to unmodified
adsorbent. This study employed the adsorption technique for the removal of metal
waste.

2.6.4.1. Physical adsorption
The process of physical adsorption occurs with the assistance of van der Waals' forces
(Ersan et al., 2017). This type of adsorption increases with an increase in the surface
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area of the adsorbents. According to Boparai et al. (2011), when the activation energy
lie somewhere between 5 and 40 kJ/mol, that adsorption process could be classified as
physical adsorption. During adsorption of Mg(II), Zn(II), Co(II) and Mn(II) by
polyamide silica composites the activation energies reported were 5.104, 16.04, 14.78,
and 19.792 kJ/mol, respectively. Hence, the process of adsorption was due to
physisorption (Tutu et al., 2013).

2.6.4.2. Chemical adsorption
In contrast to physical adsorption, chemical adsorption involves chemical bonds being
formed between the adsorbate and the adsorbent during chemical adsorption. This is
achieved by the transfer and sharing of electrons which result in the change of the state
or form of the adsorbate. Adsorption through chemical bond formation is not a popular
method due to difficulties associated with reversing such bonds. High temperatures
may be used to break the formed bonds but could sometimes lead to destruction of the
formed adsorption sites. Chemical adsorption is dependent upon the number of
adsorption sites that are present on the surface of the adsorbent where the metal ions
get to bind. A chemisorption process was reported during adsorption of Cr(VI) ions by
Macadamia nutshells modified by NaOH (Pakade et al., 2017b).

2.7 Adsorbents
An adsorbent is a solid substance that is used to collect solute molecules from liquid
or gas (Ghasemi et al. 2014). Various adsorbents including activated carbons, biomass,
synthetic polymers, natural polymers, zeolites and several forms of clay material have
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been used for the removal of inorganic and organic pollutants. The adsorbent is
considered good when it possesses a higher surface area and a porous structure. Each
material has its own characteristics such as pore structure, pore size, pore volume and
the nature of adsorption surfaces. The pore size on the adsorbents is classified into
three categories namely, macropores which contain particles with pore diameter
greater than 50 nm, mesopores having a diameter ranging between 2-50 nm and
micropores with pore diameter less than 2 nm (Zhang et al., 2016).
The use of activated carbon as an adsorbent is widely studied. Activated carbon has
been used for the removal of dyes, metal ions, phenols as well as other organic
compounds (Daoud et al., 2017; Wahid et al., 2017; Liu et al., 2017). However,
commercial activated carbon remains expensive and as such new precursors are sought
after. Researchers continue to find alternative materials for adsorption including lowcost adsorbents originating from plant materials.

2.7.1 Low-cost adsorbents
A large variety of low-cost adsorbents have been examined for their ability to remove
several types of pollutants from wastewater (Gisi et al., 2016). Low-cost adsorbents
are categorized into three i.e. natural materials (Moraes et al., 2017), industrial waste
(Ahmed and Ahmaruzzaman 2016) and agricultural waste (Adegoke and Bello 2015).
Therefore, in comparison with activated carbon, all the above-mentioned materials are
cost-effective.
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2.7.1.1 Natural materials as adsorbents
Different types of naturally occurring materials have been used as adsorbents due to
fact that they are cheap, available in large quantities and can be accessed all over the
world. These include chitin, peat, sawdust, nutshells, wood and biomass.
Chitin is fairly abundant, found in the exoskeleton of shellfish and crustacean
(Bhatngar and Minocha 2006).

Benguella and Benaissa (2002) found that the

adsorption capacity for chitin for Cd(II) ions removal was 14 mg/g. However, when
compared to chitosan it was found to have lower adsorption capabilities (Benquella
and Benaissa 2002).

Peat is one of the most widely used adsorbents in adsorption process by several
scholars [(Brown et al., 2000; Couillard, 1994); (Sharma and Foster 1993)]. The major
constituents of this material consist of lignin and cellulose. Adsorption of telon blue
using peat gave an adsorption capacity of 16.6 mg/g. However, the main disadvantage
of peat was the longer time required to remove pollutants of up to 8 h. Therefore,
researchers continue to search cost-effective alternative adsorbents.

2.7.1.2 Industrial waste adsorbents
In addition to low-cost adsorbents, industrial waste has an added advantage of reducing
the volume of waste material. Low-cost adsorbents from industrial waste include:
● Fly ash: According to Xiyili et al. (2017), fly ash is a finely divided mineral
residue resulting from the combustion of ground powered coal in electricity
generating plant. Fly ash consists of inorganic matter present in the coal that
17

has been fused during coal combustion (Singh et al., 2016). Fly ash has been
used by several researchers for metal removal (Goscianska et al., 2018; Liu et
al., 2018; Singh et al., 2016).
● Blast furnace slag: Yasuf et al., (2014) waste produced as a result of steel
production. Slag was used for the removal of phenols from wastewater and
reported that the slag had good adsorption capabilities.
● Several types of other industrial waste such as tea factory, coffee husk, sugar
bees pulp, waste biogas, sea nodule, olive oil waste, battery industrial waste,
and areca waste have been used for the removal of heavy metals from aqueous
solution.

2.7.1.3 Agricultural waste adsorbents
Agricultural waste materials have the potential to remove toxic metals (Okoro et al.,
2018). The use of agricultural waste as pollutants adsorbents has attracted widespread
attention because of their adsorptive properties and unique chemical composition
(Farrel and Breslin 2004). Agricultural waste materials are available in large quantities,
renewable, eco-friendly, readily available and they are of low cost (Adegoke and Bello
2015).

Agricultural wastes consist of lignocellulosic materials that are mostly composed of
three main polymers namely cellulose, hemicellulose as well as lignin. These plant
components contain a variety of functional groups that facilitate metal ion removal and
complexation (Sud et al., 2008). Lignin and cellulose are the main components in
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agricultural wastes materials. Figure 2.2 shows cellulose (a), hemicelluloses (b) and
lignin (c) structures that can be found in agro-waste materials.
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Figure 2.1: Components of agricultural waste: (a), (b), (c)
According to Hokkane et al. (2016) cellulose is the most abundant polymer in nature
and constitutes the main ingredient responsible for giving plants their rigidity.
Cellulose is highly crosslinked, giving rise to numerous adsorption sites required for
adsorption. The cellulose fibrils bond to each other through hydrogen bonds (Pereez et
al., 2005).

Hemicellulose may hydrolyze in alkali and consists of polymers like hexoses, sugar
acids and pentose (Timell, 1967). In comparison to cellulose, hemicellulose has a lower
molecular weight and short branches with lateral chains. It functions as a connector of
the lignin and the cellulose fibers (Laureano-Pereez et al., 2005), making the structure
firmer.
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The lignin contains aromatic compounds and is a natural polymer which together with
hemicellulose acts as centricity agent matrix of cellulose fibers in the structure of plant
(Adegoke and Bello 2015). It contains free sugar particles (Demirbas, 2000). Lignin is
considered as one of most abundant biopolymers in nature. It is an amorphous
heteropolymer consisting of three different phenylpropane units. Its functions are to
provide sealing of water-conducting systems that link roots with leaves, protect plants
against degradation and give structural strength (Glasser and Sarkanen 1989). The use
of agricultural waste material for metal ion adsorption has been reported as promising
by several researchers (Ghasemi et al., 2014; Pakade et al., 2016; Rangabhashiyam and
Selvaraju 2015). The current study seeks to use Macadamia nutshell adsorbents for
the removal of toxic Cr(VI) from aqueous solution.
2.8 Macadamia
Macadamia nuts are becoming an essential crop in South Africa and are regarded as
the fastest growing tree in the agricultural industry (Mogala, 2016). Macadamia nut
trees grow in three provinces in South Africa, namely, Limpopo, KwaZulu-Natal, and
Mpumalanga (Mogala, 2012). Macadamia nuts are used in making ice cream,
confectionary, snack and other food products (Morokolo, 2011). The health benefits
of consuming Macadamia nuts include lowering heart diseases, improve brain
functionality, lowering cholesterol, preventing Alzheimer’s diseases, strengthens
bones, improves visions, prevent cancer and prevents diabetics (Jose, 2018). Figure 2.3
illustrates estimation of Macadamia nuts per region in 2015.
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53%

Figure 2.2. Macadamia nuts production per region in 2015 (Mogala, 2016).
Table 2.1. shows the production of Macadamia in South Africa from the year 2007 to
2016. It was found that there was an increase in production of Macadamia nuts and
this lead to accumulation of Macadamia nutshells waste (Takadi, 2018).
Table 2.1. Production of Macadamia nuts from South Africa from the year 2007 to the
2016 year.
Year

Production of Macadamia nuts (Tons)

2007

18 232

2008

21 650

2009

23 507

2010

28 429

2011

30 068

2012

34 571

2013

37 500

2014

44 890

2015

46 000

2016

38 000
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Macadamia nutshells are currently receiving attention as an adsorbent for pollutants
removal from aqueous solution (Pakade et al., 2017b). Macadamia nutshells were used
as precursors for the preparation of activated carbon by microwave pyrolysis
employing ZnCl2 as activating agent (Junior et al., 2017). The adsorption properties
were demonstrated using the removal of methylene blue from aqueous solution.
Elsewhere, activated carbon derived from Macadamia nutshells showed effective
phenol removal from aqueous solution (Rodrigues et al., 2013). When comparing
activated carbon produced from Macadamia nutshells with other nutshells it was found
that Macadamia had better adsorption capabilities (Tole et al., 1999).

Literature survey has revealed that Macadamia nutshells had good adsorption
capabilities, however, there's still lack of research in the use of Macadamia as an
adsorbent for heavy metal uptake. Our group has investigated the use of pristine,
NaOH-modified and HCl-modified Macadamia nutshells for the removal of Cr(VI)
(Pakade et al., 2017b). Adsorption capacities ranging from 40 to 45 mg/g were
reported, however, in the same study it was mentioned that further treatment of
Macadamia nutshells was paramount in order to improve the performance. Low
surface area, leaching of small organic molecules leading to high chemical oxygen
demand and poor adsorption capacities are some of the limitations associated with
using untreated biomass materials. Various forms of treatment are known to be
effective in preparing adsorbents with superior performances, e.g., use of bacteria to
open up pore channels and modify the functional groups on adsorbents, use of acidic
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or alkaline solution in chemical treatment as well as physical treatment by spray
pyrolysis (Putro et al., 2016; Kumar et al., 2017).
2.8.1 Treatment of agricultural waste adsorbents
Treatment of adsorbents can be categorized into two methods, physical treatment as
well as chemical treatment (Hokkane et al., 2016). The processes of physical treatment
include; - crushing, grinding, milling, boiling, pyrolysis, and sonication. The chemical
treatment can be categorized into two main routes, direct treatment and grafting or
polymerization. In direct chemical modification, simple organic acids or bases,
inorganic acid, and oxidizing agents are used to remove part of the cellulosic
components (Ngah and Hananah 2008; O’Connell et al., 2008). The extraction of
soluble compounds from lignocellulose materials modifies their surface functional
groups to improve metal ion chelation (Pakade et al., 2017b).
2.8.1.1 Direct chemical modification
The unmodified adsorbents possess low adsorption capacity (Hokkane et al., 2016).
However, a chemical modification of plant adsorbent can be performed to have an
improved adsorption capacity for heavy metal ions and other pollutants as well as to
attain acceptable structural durability (Bezzera et al., 2017). Amongst the main routes
of direct cellulose modification in the preparation of the adsorbent molecules are acid
treatment, base treatment, and oxidation (Hokkane et al., 2016).
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The treatment of the lignocellulosic materials with base or acid forms new functional
groups (Huang et al., 2009). The acid treatment is usually performed at ambient
temperature to improve the anaerobic digestibility. This is performed to solubilize the
hemicellulose and making cellulose to be accessible. Pre-treatment can be done with
strong acid or weak acids. Hydrolysis of hemicellulose is usually the main reaction
during acid treatment (Vallejos et al., 2015).

Base treatment makes changes on the lignocellulosic materials surface by increasing
its average pore diameter and surface area. Sodium hydroxide is an effective treatment
for the conversation of an ester group to carboxylate and alcohol (Hokkane et al.,
2016). After NaOH treatment of cellulose, it was found that the maximum adsorption
capacity increased by three-fold from 0.08 to 0.26 mmol/g (Hokkane et al., 2016). The
adsorption capacities for treated were higher compared to untreated.
In the oxidation process, plant adsorbents attack cellulose by oxidizing agents. The
oxidized cellulose was effectively used in the form of filter sheets to remove metal ions
from aqueous solution (Batmaz et al., 2014).

Oxidizing agents like hydrogen peroxide (H2O2) can also be used as activators.
Kusmierek (2016) studied the removal of chlorophenols removal using activated
carbon modified with H2O2. It was observed that treated carbon was more effective for
chlorophenols removal compared to untreated carbon (Kusmierek, 2016). A similar
observation was found by several scholars [(Xu et al., 2009; Chen et al., 2011)] where
secondary treatment enhanced the performance of an adsorbent. The current study was
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focused on using an oxidizing agent (hydrogen peroxide) for treatment of Macadamia
nutshell, thereafter followed by grafting with 1,5’-diphenylcarbizide.

2.8.1.2 Grafting or polymerization of the adsorbents
Grafting of functional polymers onto the adsorbents has recently gained attention to
improve the adsorption capability (Yuan et al., 2016). Chemical grafting can be done
by ionic polymerization (Bhattacharya and Misra, 2004) or radical polymerization
(Garcia-Valdez et al., 2018). In their study, Albadarin et al. (2017) functionalized
Masau stone using epichlorohydrin and diethylenetriamine to improve the adsorption
capabilities and found the adsorption capacity to be 87.33 mg/g. Banana peels were
also grafted with acrylonitrile and the adsorption capacity was found to be 6.17 mg/g
(Ali et al., 2016). Xu et al., (2009) found that phosphate uptake using wheat residue
grafted with epichlorohydrin and N,N-dimethylformamide ligands was higher than
with the raw wheat residue.

Chen et al., (2011) studied Cr(VI) uptake using modified corn stalk. It was observed
that Brunauer-Emmmet-Teller (BET) surface area of modified corn stalk was lower
than that of the raw corn stalk. This implied that the grafting of the amine-group on the
corn stalk was successful, which enabled better metal removal compared with the raw
corn stalk. Similarly, Sun et al. (2013) studied the adsorption of the hexavalent
chromium by Arundo donax Linn leaves modified with amine crosslinked copolymer.
The BET of the amino-grafted AC was lower compared to the raw Arundo donax. The
decrease in surface area was attributed to the filling of pores as a result of grafting.
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Behbahani et al. (2013) used multiwalled carbon nanotubes modified with 1,5’diphenylcarbizide for the removal of Cd(II) in food and water samples. An adsorption
capacity (86 mg/g) comparable with other similar type adsorbents in literature was
obtained. 1,5’-Diphenylcarbizide was also used previously to modify nonporous silica
for the separation of Cd(II) and Cu(II) (Bangheri et al. 2012). The grafting in the
mentioned studies improved the adsorptive performance of adsorbents.

2.9 Factors affecting adsorption
Adsorption of adsorbates is affected by several factors such as, the solution pH, contact
time, concentration of solution and amount of dosage concentration used. Each factor
will be discussed below.

2.9.1 The effect of pH
Among other factors affecting the efficient removal of toxic elements in wastewater,
the pH has a noteworthy influence on metal ion removal. Solution pH strongly
influences the adsorption of metals ions onto the solid-liquid interface. The pH not
only controls which species of analyte (adsorbate) are present at a certain pH but also
determines the surface charge on the adsorbent. The adsorbent charge and adsorbate
charge have to be synchronized for efficient removal. Several scholars studied the
removal of Cr(VI) and obtained the optimum removal to be at acidic medium (Kan et
al., 2017; Onwalude and Tella 2016; Ali et al., 2016). Ali et al. (2016) investigated the
removal of hexavalent chromium using chemically modified banana peels as an
adsorbent and obtained a higher percent removal at pH=3. In addition, a study done by
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Pakade et al. (2017b) using Macadamia nutshells treated with acid and base for
elimination of hexavalent chromium from an aqueous solution observed an optimal
removal at pH=2. Kam et al. (2017) observed similar trend for hexavalent chromium
removal. In all these studies, the maximum adsorption of Cr(VI) at acidic pH was
attributed to the presence of predominant anionic Cr(VI) species which were
electrostatically attracted to the protonated adsorbent sites.

2.9.2 The effect of time
Time is a parameter which determines the reaction equilibrium. Dehghani et al. (2016)
studied the removal of hexavalent chromium using waste adsorbent derived from
newspaper. It was observed that adsorption rate of hexavalent chromium increased
with time and equilibrium was reached after 60 min. They further elaborated that the
reason of equilibrium reached at 60 min was due to availability of adsorption sites at
the adsorbent. However, after equilibrium the active sites of the adsorbents were
exhausted or saturated resulting in slow sorption at the later stage. Sun et al. (2013)
also did a study on hexavalent chromium using Arudo donax, it was found that the rate
of hexavalent chromium binding with the adsorbent was faster at initial stage.
However, the reaction rate gradually decreased until saturation was reached at 600 min.
The material was also tested with modified material and it was observed that the
modified adsorbent had the elimination of Cr(VI) faster compared to unmodified
material, thus within 7 minutes almost all Cr(VI) ions were removed.

This

phenomenon is attributed to different adsorption mechanism due to improved
adsorption ability and reduced equilibrium time. Typical mechanisms that influence
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the rate of adsorption are the boundary layer adsorption (mass transfer), internal pore
diffusion and saturation.

2.9.3 The effect of concentration
Chen et al., (2011) used diethylenetriamine as a modifying agent for the elimination of
hexavalent chromium and found that as the concentration was increased the uptake of
hexavalent chromium also increased. This was attributed to faster and more stronger
binding sites where Cr(VI) can be adsorbed. Similarly, Aluyor et al., (2009)
investigated equilibrium sorption for lead with hydrogen peroxide treated rice hulls
and found that the removal rates increased with increased solution concentrations.
Yeddou et al., (2010) explored the removal of cyanide from an aqueous solution by
activated carbon modified with hydrogen peroxide. It was found that cyanide removal
increased as the molar ratio of H2O2/CN was increased.

2.9.4 The effect of mass
Numerous studies conducted for the removal of metal ions showed that, mass plays a
key role in adsorption. Kong et al. (2014) varied different dosages from 0.1 g to 0.5 g
and found that the removal of Cr(VI) was optimal at 0.3 g. Kuppusamy et al., (2016)
studied the hexavalent chromium removal and observed that as the adsorbent increased
from 0.5 to 5 g the uptake increased. The increase of chromium removal with an
increase of adsorbent was attributed to the increase in surface coverage. Similarly, it
was found that adsorption capability increased as adsorbent weight was increased, for
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the removal of Cr(VI) in wastewater (Gueye et al., 2014). This is expected since more
binding sites for ions are available at a higher adsorbent mass.

2.10 Adsorption isotherms and adsorption kinetics
Langmuir and Freundlich isotherms are mostly used for explaining a process of
adsorption and thus will be briefly discussed below.

2.10.1 Adsorption isotherms
2.10.1.1 The Langmuir isotherms model
The Langmuir isotherm model assumes that the adsorption of heavy metals occurs as
a monolayer on a homogeneous surface by equilibrium distribution of metal ions
between the solid and the liquid phases. The nonlinear equation is represented in
equation 2.1 (Sparks 2011);
qe =

𝑞𝑚 𝑘𝐿 𝐶𝑒

(2.1)

1+𝐾𝐿 𝐶𝑒

where

KL = Langmuir constant for adsorption (L/mg),
qm = Maximum adsorption capacity (mg/g),
qe = amount adsorbed at equilibrium (mg/g),
Ce = equilibrium concentration (mg/L)

2.10.1.2 The Freundlich isotherm
It assumes that the presence of sites in the adsorbent can be expressed in the nonlinear
form equation (Dada et al., 2012). It assumes that metal ions are physically adsorbed.
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qe= Kf Ce1/n
Logqe= Log Kf +

where

(2.2)
1

(2.3)

𝑛𝑙𝑜𝑔𝐶𝑒

Kf = Freundlich constant for adsorption (L/mg),
qe = amount adsorbed at equilibrium (mg/g),
Ce = equilibrium concentration (mg/L)

2.10.2 Adsorption kinetics
Kinetic models could be used to deduce whether the uptake of pollutant by adsorbents
is a physisorption or chemisorption process. In this study, the data will be evaluated
using the Pseudo-first order and Pseudo-second order models, Equation (2.4) and (2.5)
respectively,
𝑘1

Log (qe-qt) = Log qe-(2.303)t

(2.4)

where K1 is the pseudo first-order rate constant (1/min) of adsorption;
while qt is the adsorption capacity of Cr(VI) (mg/ g) at time t.
Dqt = k2 (qe-qt)2

(2.5)

Where K2 is the Pseudo-second-order rate constant of adsorption (g/mg min)
2.11 Instrumentation
The process of removal of heavy metals in aqueous solutions requires several
techniques such as Fourier Transform Infrared Spectroscopy (FTIR), Thermal
gravimetric analysis (TGA), Scanning electron microscope, Brunauer-Emmett-Teller
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(BET), Elemental analysis (EA), Ultra-violet visible spectrophotometer (UV-Vis),
Atomic absorption spectrophotometer and inductively coupled plasma.

FTIR is an advanced rapid and non-destructive technique which is often used to
characterize the functional groups that are present on the adsorbent (Sahira and Bhadra
2012). It provides qualitative as well as quantitative data. The qualitative analysis
identifies known substances referencing them with standard spectra (Xo et al., 2018).
It can also identify the chemical structure of a known substance. For the quantitative
analysis, firstly the absorption band must be the characteristic absorption band of the
material (Xo et al., 2018). Secondly, the absorption intensity must have a linear
relationship with the concentration of the measured substances which can be described
by obeying the Lamberd-Beer-Law (Sun et al., 2011). According to Subramanian et al.
(2015) this technique had provided accurate measurement on the investigation of
biochemical changes in plant material.

TGA analysis was used to study the thermal stability of all adsorbents. Thermal
analysis is a measure of the changes in the physical properties of a sample induced by
heating (Bada et al., 2014). A particular mass of the sample is inserted in the instrument
under a controlled environment and the changes in the physical and chemical properties
of a sample are recorded as a function of temperature.
The CHNS analyzer performs analyses of different elements such as carbon, hydrogen,
nitrogen and sulfur present on the adsorbents. This instrument applies the principle of
a redox reaction; the sample is made to be at a higher temperature about 1000◦ C. It is
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done under oxygen which is based on the Pregl-Dumas method. The hydrogen is
converted into the water while the process of carbon undergoes oxidation.

SEM is one of the simplest techniques to work with. It allows zooming on the area of
interest, this is done without the adjustment of magnification. Another advantage of
SEM includes the availability of a large range of magnification requiring little or no
refocusing for large alteration, alternatives as the choice of information retrieval arising
at the surface under the action of electron bombardment, rapid and simple specimen
preparation, access to the study of large surface area intermediate levels of resolution
with respect to light.

BET instrument is used in the determination of surface area. All the surface sites have
similar adsorption energy for adsorbents. The pores found can be classified into three
categories namely, micropores, mesopores as well as macropores.

Plasma is used in the ICP to ionize components. The sample is acidified and put into
the plasma at higher temperatures. Then the plasma atomizes and ionizes all forms of
elements so that the response does not vary within species (Malik et al., 2015). This
instrument is useful for higher concentration.

The AAS technique specializes in measuring chemical elements by measuring
radiation of chemical elements of interest. This is done by reading the spectra produced
when the sample is excited by radiation. The concentration usually determined from a
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calibration curve is obtained using a standard of known concentration (Garcia and Baez
2012).

UV-Vis is widely used for the identification and determination of many different
inorganic and organic species. It is useful for detecting chromophore groups. The
identity of absorption groups can be determined by comparing the spectrum of an
analyte with those of simple molecules containing various chromophoric groups
(Skoog et al., 2006). 1,5’-Diphenylcarbizide coloring agents will be used for
hexavalent chromium determination.
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CHAPTER THREE: AIM AND OBJECTIVES
3.1 Introduction
Chapter three outlines the aim, objectives and research questions.
3.2 Aim and objectives
3.2.1 Aim
Assessing the efficacy of Macadamia nutshells (MNS) grafted with 1.5’diphenylcarbizide for the removal of Cr(VI) from an aqueous solution.
3.2.2 Objectives
The objectives of the study were to:
(i)

Treat Macadamia nutshells with three different concentrations of hydrogen
peroxide (20%H2O2, 35%H2O2 and 50 %H2O2 v/v)

(ii)

Modify the H2O2-treated Macadamia nutshells with 1,5’-diphenylcarbizide
(DPC)

(iii)

Characterize all prepared adsorbents with Fourier transform infrared (FTIR)
spectroscopy,

thermogravimetric

analysis

(TGA),

scanning

electron

microscope (SEM), Brunauer-Emmmet-Teller (BET), point of zero charge (pzc)
and elemental analysis (CHNO)
(iv)

Investigate the influence of parameters such as the pH, time, concentration, and
dosage concentration on adsorption of Cr(VI)

using ultraviolet-visible

spectrophotometer
(v)

Study the effect of co-existing ions such as phosphates (PO43-), nitrates (NO3-)
and sulphates SO42-.
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(vi)

Apply optimum conditions for removal of Cr(VI) in real samples

(vii)

Evaluate the data using adsorption isotherms and kinetic models.

3.3 Research questions
(i)

How will the chemical modification affect the physical and chemical
properties of the Macadamia nutshells?

(ii)

How effective will the modified material be on Cr(VI) removal?

(iii)

How will it be known that the modifications have taken place?

(iv)

How long will it take to remove Cr(VI) from the aqueous solution?

(v)

What will be the dosage concentration needed to remove Cr(VI)?

(vi)

Will the adsorbent be able to select Cr(VI) if other metals exist in water?

3.4 Hypothesis
When Macadamia nutshells powder is functionalized with 1,5’-diphenylcarbizide, the
overall surface charge of material will remain positively charged in the entire pH range.
That is, the attraction between a positively charged adsorbent and the negatively
charged Cr(VI) ions will not be affected by the pH change but it will have an effect on
dosage, concentration and time. When the dosage is increased, the percentage removal
is expected to increase due to the presence of more binding sites.
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CHAPTER FOUR: REASEARCH METHODOLOGY
4.1. Introduction
Chapter four lists the chemicals used in the study and outlines the experimental
methods and instruments utilized. Preparation of working and standard solution is also
described.
4.2 Material and chemicals
4.2.1 Chemicals
Hydrogen peroxide, 1,5’-diphenylcarbazide, dimethylformamide, sodium hydroxide,
hydrochloric acid, sulphuric acid, acetone, ammonium nitrate, sodium sulphate,
sodium hydrogen phosphate and potassium dichromate were purchased SigmaAldrich, Glassworld and Labchem (Johannesburg, South Africa). All chemicals were
of reagent grade and used without any purification.

4.3 Preparations of working solutions and stock solutions
Working solutions and a stock solution of Cr(VI) were prepared by dissolving
2.8287 g of pre-dried potassium dichromate in 1000 mL deionized water. A stock
solution of co-existing anions was prepared by dissolving 1.29 g of ammonium nitrate
(NH4NO3), 1.478 g of sodium sulphate (Na2SO4) and 1.874 g sodium hydrogen
phosphate (Na2HPO4) in 1000 mL distilled water. The working solutions and
calibration standards were prepared by appropriate dilutions of the stock solutions.
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4.4 Experimental
4.4.1 Sample preparation
Macadamia nutshells (MNS) were collected from a local farm in Tzaneen (South
Africa). MNS were washed with tap water, brushed to eliminate any attached dirt /
contaminates. It was then washed with ultra-pure water and dried in an oven at 105°C
for 24 h. The clean, dried MNS were crushed and sieved to a desirable particle size
(250 µm). The material was placed in a closed container until it was used.

4.4.2 H2O2 treatment of Macadamia
A method adapted from Shen et al. (2011) was used to treat the Macadamia nutshell
powder with hydrogen peroxide. Briefly, 1.5 g of powered MNS was stirred for 24 h
at room temperature in 150 mL of hydrogen peroxide (20% v/v) in a 250 mL
Erlenmeyer flask. The product was separated from the liquid by filtration then dried at
60°C for 24 h and cooled to room temperature. The product obtained were labelled
20MHP to denote Macadamia nutshells bleached with 20% (v/v) hydrogen peroxide.
The same procedure was followed but used 35% (v/v) and 50% (v/v) H2O2 instead and
the resultant products were labelled 35MHP and 50MHP signifying the different
concentrations of H2O2 used, respectively. The schematic diagram showing the
preparation procedure is provided in Figure 4.1.
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Figure 4.1. Grafting of Macadamia nutshells with 1.5 diphenylcarbizide ligand.

4.4.3 Functionalizing Macadamia with diphenylcarbazide
A method reported by Behbahani et al. (2013) was used with modifications in the
preparation of 1.5 diphenylcarbizide grafted adsorbents. Briefly, 1.0 g of 20MHP was
suspended in 100 mL of dry ethyl chloride (CH3CH2Cl2) under nitrogen (N2)
atmosphere in a 250 mL round-neck flask equipped with magnetic stirrer and a
condenser. About 1 g of stannous chloride was added slowly from a dropping funnel.
After 24 h, CH3CH2Cl2 was removed under pressure, and the resulting solids were
suspended in toluene and an excess amount of 1,5 diphenylcarbazide (DPC) (5 g) was
added. After 24 h of reflux at 80°C, then the solid was filtered, washed with toluene
and methanol and dried at room temperature. The resultant product was named
20MHPD. Similarly, 35MHP and 50MHP were grafted using the same procedure and
the products were designated 35MHPD and 50MHPD, respectively.

39

4.4.4 Techniques used for adsorbent characterization and analysis of metal ions
The chemical and physical properties of Macadamia nutshells before and after
adsorption, as well as the determination of heavy metal ion concentration in solution,
were completed using diverse techniques described below.

4.4.4.1 Fourier – transform infrared (FTIR) spectroscopy
PerkinElmer Spectrum 400 FT-IR/FT-NIR spectrometer (Waltham, USA) was used
for the determination of organic functional groups present on the surface of the
adsorbents that appear in the frequency range of 500 – 4000 cm1. The principle of FTIR
identifies the molecular structure based on the atom vibration and rotation.
When a bundle of IR (Infrared Radiations) beam with a continuous wavelength passes
through the sample, the light of a wavenumber is absorbed. The equivalent of light
energy and the differences between two energy levels are an indispensable condition
of absorption, thus determined the position absorption in the spectrum (Xo et al., 2018).

Various kinds of vibrations in this technique are called vibration modes. The amount
of the atoms in the molecule determines the degrees of vibration modes. When the
molecule complexity increases it results in an increase in the degree of vibration. This
technique was used to validate the occurrence of various functional groups that are
attached to the surface of Macadamia nutshells.
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4.4.4.2 Thermal gravimetric (TGA) and differential thermal (DTA) analyses
The differential thermal analysis (DTA) and thermal gravimetric analysis (TGA)
curves were obtained from a Perkin-Elmer Thermogravimetric analyzer TGA 400
instrument. The heating profile was from 0 to 900°C at 10°C/min heating rate, under a
nitrogen atmosphere, 3.2 bar pressure and 20 mL/min flow rate. Thermal analysis is a
measure of the changes in the physical properties of a sample induced by heating (Bada
et al., 2014). A certain mass of the sample is inserted in the instrument under a
controlled heating environment and the changes in the physical and chemical
properties of a sample are recorded as a function of temperature. The changes in mass
losses are related to loss or decomposition of some components in the sample and the
percent change can give an indication as to which part of the sample or compound was
lost.

4.4.4.3 Scanning electron microscopy
Scanning electron microscopy (SEM) was used for surface morphological descriptions
of the treated Macadamia adsorbents. In SEM the sample is studied by using a beam
of electrons. In principle, SEM magnifies electron beam that is produced by a source
into a probe which scans across the surface of a sample in raster fashion (Suga et al.,
2014). The interaction between the sample and the electron probe produces diverse
types of emissions which are captured by different electrons placed in an appropriate
position.
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4.4.4.4 Ultraviolet-visible (UV–Vis) spectroscopy
The concentration of Cr(VI) was acquired on a UV–Vis spectrometer (T80+,
Instruments) at a wavelength of 540 nm (Pakade et al., 2016). For the determination of
concentration via the UV-Vis spectrophotometer, Beer-Lambert law is assumed to
follow the zero – order spectrum implicating that the correlation between concentration
and absorbance is linear. This relationship is principally expounded by the succeeding
equation, Equation. 4.1
A = ɛbc

(4.1)

where A is the absorbance, ɛ is the extinction coefficient and c is the concentration of
the sample (Owen, 2000).
A typical experimental procedure followed: The concentration of the residual Cr(VI)
in each sample was measured by taking 2 mL sample solutions before/after adsorption,
to this 0.2 µm of concentration. sulphuric acid and 2 mL of 1,5’-diphenylcarbazide
(DCP) were added (Pakade et al., 2016). It was then filled up to 10 mL with ultrapure
water and the purple-violet solution was analyzed by UV-Vis at 540 nm.

4.4.4.5 Atomic absorption (AA) spectroscopy
The atomic absorption spectrophotometer AA–7000 from from Shimadzu (Kyoto,
Japan) was used to quantify heavy metal ions concentration from solutions. The AA
spectroscopy is a technique that uses a comparable principle as the UV–Vis
spectroscopy in terms of concentration determinations. The concentration is calculated
by the procedure of the Beer-Lambert law which can be described by the direct
proportionality of absorbance and concentration. This is achieved by first nebulizing
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the sample with air and nitrous oxide as oxidant gas and fuel gas, respectively.
Thereafter, dissociation takes place and the sample is atomized at the same time
ionization takes place because of extra energy from the flame (Garcia and Baez 2012).

Atomic absorption spectroscopy (AAS) is based on the atomization or ionization of
given element at high temperature. AAS presents three variants namely, Graphite
Furnace (GFAAS), Electro Thermal Furnace (ETFAAS) and Flame AAS (FAAS).
AAS is user-friendly, and low in cost (Galvao et al., 2018). The flame technique was
used in our study.

4.4.4.6 Inductively Coupled Plasma Spectrometry (ICP-OES)
Inductively coupled plasma spectrometry (ICP-OES) was employed to quantify the
concentration of metals ions in a multi-element mixture used to study the effect of coexisting ions. ICP is based on the ionization of a sample under intense argon plasma
gas. In principle high temperatures induced by the plasma excite electrons above
steady state. In ICP-OES, when those electrons return to the steady state, a photon of
light is emitted and analyzed by interaction with electromagnetic reduction (Galvo et
al., 2018). Then the plasma atomizes and ionizes all forms of elements so that the
response does not vary within species (Malik et al., 2015). This technique is widely
used in analytical application due to its higher selectivity (Creda et al., 2018). ICPOES is a fast-multi-elemental technique with high precision, high sensitivity and low
detection limits than FAAS but FAAS remains the more suitable technique for uni-ion
analysis.
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4.4.5 Determination of the point of zero charge (pHPZC)
The determination of point of zero charge (pHPZC) was done by employing the solid
addition method modified from Mall et al., (2006). Briefly, 50 mL of 0.01 M KNO3
solution was introduced to a series of 100 mL titration flask with varying pH from pH
1 to pH 12. The pH adjustment was achieved by employing 0.1 M HCl and 0.1 M
NaOH solutions. The initial pH (pHi) was recorded and 0.1 g of Macadamia nutshell
adsorbents (MHP and MHPD) were introduced to each flask containing 0.01 M KNO3
at different pHi. The flasks were then sealed with a rubber stopper and the mixtures
were agitated for 48 h before determining the final pH (pHf). The change in pH (ΔpH)
was given by the difference between the pHi and pHf values. The pHPZC was given by
a graphical plot of ΔpH as a function of pHi for all pHPZC determinations.

4.5 Adsorption studies
Adsorption

studies

involving

H2O2

treated

adsorbents

(MHP)

and

1,5’-diphenylcarbizide (MHPD) modified adsorbents were conducted in duplicate on
an end-over-end Labcon 3100U electrical shaker (Maraisburg, South Africa). The pH
of the solutions was adjusted using diluted solutions of NaOH and HCl employing the
H1 2210 from Hanna instruments (Johannesburg South Africa).

4.5.1 Effect of pH on Cr(VI) adsorption
The influence of pH on the removal of Cr(VI) by 20MHP, 35MHP, 50MHP, 20MHPD,
35MHPD and 50MHPD adsorbents was examined in the pH range of 1-12. That is,
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0.05 g of adsorbent was agitated in a solution containing 20 mL of 75 mg/L of Cr(VI).
The agitation speed was set at 200 rpm for 120 min at room temperature. After 120
minutes, the solution was equilibrated for 10 min followed by filtration and the
chromium content was then determined by UV-Vis.

4.5.2 Effect of contact time on Cr(VI) adsorption
The effect of time on the removal of Cr(VI) was explored by contacting 0.05 g of
Macadamia adsorbents with a solution containing 20 mL of 75 mg/L of Cr(VI) at a
fixed pH. The time intervals investigated were 20, 40, 60, 120 and 180 min. An
agitation speed of 200 rpm was maintained at room temperature. The amount of Cr(VI)
was determined after stirring time.

4.5.3 Effect of concentration
The effect of concentration on the adsorption of hexavalent chromium was explored
by contacting 0.05 g of Macadamia adsorbents with a solution of 20 mL of different
concentrations of Cr(VI) (25, 50, 75, 100, 125, and 150 mg/L). A shaking speed of 200
rpm was maintained for 3 h at room temperature.

4.5.4 Effect of adsorbent dose
The mass effect of mass on the removal of Cr(VI) was explored by different mass
ranging from (0.0125 to 0.2 g) while all other parameters were kept constant. The rest
of the experiment was carried out as outlined above.
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4.6 Effect of co-ions
About 2.82 g, 1.29 g, 1.48 g and 1.87 g of Cr2O72-, NO3-, SO42- and PO43-, respectively
were dissolved in 1000 mL distilled water. About 0.1 g of MHP or MHPD was made
to react with prepared solutions of co-ions for 3 h. Due to unavailability of ion
chromatography, on Cr(VI) was measured from the solutions following completing of
the reaction. The Cr(VI) before and after adsorption were compared to ascertain if the
was any decreased as a result of added ions in solution.

4.7 Application to real water samples
A synthetic wastewater sample with the following chemical qualities, Cr3+ (4 mg/L),
Zn2+ (1 mg/L), Fe3+ (6 mg/L), Ni2+ (2 mg/L) and Cu2+ (31 mg/L) was used to
investigate the performance of the developed adsorbents in a real sample. The sample
was spiked with 30 mg/L Cr(VI). About 0.1 g of MHP or MHPD sample were made
to react with the prepared water sample for 3 h. Sample was filtered and the
concentration of the cations of interest was measured with ICP-OES while Cr(VI)
concentration was measured using the UV-Vis calorimetric method.
4.8 Percentage removal (%R) calculation
The percent adsorbed of analyte was calculated as stipulated in Equation 4.2.
𝑅(%) =

(Co − Ce )
Co

(4.2)

× 100

Where, Co is the initial concentration of adsorbate in (mg/L)
Ce is the concentration of an adsorbate in solution after adsorption (mg/L).
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CHAPTER FIVE: RESULTS AND DISCUSSION
5.1 Introduction
Chapter five focuses on the results and discussion on adsorbents characterization,
adsorption studies as well as isotherms and kinetic models. Untreated Macadamia
nutshell powder were dark brown in colour, but upon treatment with peroxide the
colour changed to white.

5.2 Characterization of materials
5.2.1. Fourier Transform infrared spectroscopy
The spectra of RMN, MHP and MHPD are displayed in Figure 5.1 (a, b). Figure 5.1a
shows MHP spectra, the broad peak which appears around 3330 cm-1 is attributed to
the OH functional groups of cellulose. Absorption bands at 1234 and 1228 cm-1 are
attributed to C-O groups of secondary alcohols. A broad peak at 1728 cm-1 is attributed
to carboxyl functional groups (C=O) corroborating the existence of esters as formed
by oxidation of hydrogen peroxide (H2O2). The treatment of Macadamia nutshells with
H2O2 did not have much of difference with RMN as there were no new peaks formed
but the shifts observed signified different environments of the functional groups as a
result of treatment. The notable change observed is that the treated Macadamia have
more of C=O bonds compared to untreated material which is due to the addition of
oxygen due to H2O2. Elsewhere, no new peaks were observed following treatment of
grape peelings with H2O2 (Rosales et al., 2016) and lightweight expanded clay
aggregates with H2O2 (Kalhori et al., 2013).
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Figure 5.1b shows the FTIR of three adsorbents namely, 20MHPD, 35MHPD and
50MHPD. The MHPD materials showed similar FTIR spectral features for all three
adsorbents. The peak at 3361 cm-1 which happens to appear in all adsorbents represents
the existence of amino group bond due the DPC attached ligand on the surface of the
adsorbents. However, for MHP it has a different broad peak around 3330 cm-1 which
represents OH hydroxyl groups. The medium peak at 1486 cm-1 corresponds to C=C
bonds because of two benzene ring from the DPC structure. The peak around 1710 cm1

represents the existence of C=O functional groups due to ketone group on the

diphenylcarbizide. The FTIR showed new peaks at 3333 and 1657 cm-1 attributed to
NH and amide C=O, respectively, from the DPC ligand. The attachment of DPC on
the MHP adsorbent occurred via the acidic proton of the DPC ligand (Figure 4.1).
Appearance of new absorption peaks attributed to the –NH stretch of DPC at 3361
cm−1, –C=O of the amide at 1657 cm−1, –CN stretch at 1233 cm−1, –CH stretch of the
aromatic ring at 3036 cm−1, –C=C vibrations of the benzene ring at 1591 and 1486
cm−1 and –CH bending at 743 cm−1 were notable. In addition, the carboxyl –C=O at
1710 cm−1 and primary alcohol –C–O stretch at 1100 cm−1 attributed to the parent
material were still present, signifying successful modification (Maremeni et al., 2018;
Tka et al., 2018). The physical mixture of MHP and DPC showed different peaks to
the chemically bonded MHPD adsorbents, a further proof that indeed grafting took
place. The absence of C=O band at about 1800 cm-1 in Figure 5.1b spectra of DPC
grafted materials proved that C(O)Cl group of the acid chloride reacted completely or
successful grafting.
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Figure 5.1a FTIR spectra of RMN, 20MHP, 35MHP, 50MHP (a) and Figure 5.1b
MHP-MHPD, 20MHPD, 35MHPD,50MHPD and a physical mixture of MHP and
DPC (b).
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5.2.2 Thermogravimetric analysis (TGA) and differential thermal analysis (DTA)
Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) curves of
RMN, 20MHP, 35MHP, 50MHP, 20MHPD, 35MHPD and 50MHPD are shown in
Figure 5.2 (a-d) and Figure 5.3 (a-c), respectively. Thermal degradation of plant-based
materials can be characterized into four steps which are moisture evolution,
decomposition of hemicelluloses, decomposition of cellulose and finally lignin
degradation (Paduraru et al., 2015). Similarly, in our materials the initial weight
occurring between 30 to 100˚C was credited to loss of moisture content and adsorbed
water. The degradation of lignocellulosic materials had maximum mass loss rates at
318°C, 303°C, 326°C and 317°C for RMN, 20MHP, 35MHP and 50MHP,
respectively, while cellulose degradation was observed at 385°C RMN, 392°C
(20MHP), 374°C (35MHP) and 382°C (50MHP). Finally, the lignin degradation too
place beyond 400°C (Apaydin-Varol et al., 2006). In addition, the RMN, 20MHP and
35MHP displayed loss of volatile components probably CH4, H2, CO2 or CO at about
250°C and this was absent in 50MHP adsorbent probably because the 50% (v/v) H2O2
treatment was too harsh and eliminated all the volatile components Yang et al., (2007)
also observed evolution of volatile compounds (CH4, H2, CO2 and CO) at temperatures
below 300°C during pyrolysis of hemicellulose. The exact degradation temperatures
of cellulose and hemicellulose were different in all materials indicating the treatment
influenced the structure and surface properties of these materials.
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Figure 5.2: TGA of RMN (a), 20MHP (b), 35MHP (c), 50MHP (d).

52

Figure 5.3 shows the decomposition stages for 20MHPD, 35MHPD and 50MHPD. The
first decomposition occurred at 74˚C, 78˚C, and 100˚C, respectively. The second
weight loss for 20MHPD, 35MHPD and 50MHPD which occurred at 199.59˚C, 197˚C
and 200.56˚C, respectively, was attributed to the decomposition of the
diphenylcarbazide ligand. Around 270°C was another notable peak associated to the
decomposition of cellulosic structures. The lignin degradation can be appreciated at
temperatures beyond 350°C.

It can be concluded that RMN was more stable compared to grafted adsorbents. This
is due to the grafted adsorbents had more volatile compounds such as H2, CO2, CO and
CH4 present as a result of surface modification. When comparing 20MHPD, 50MHPD
and 35MHPD, 50MHPD was more stable. Lastly, the difference in decomposition
temperatures and peak shapes further emphasized that chemical modiﬁcation affected
the chemical makeup of sorbents (Dhakal et al., 2005).
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Figure 5.3: TGA of 20MHPD (a), 35MHPD (b), and 50MHPD (c).
5.2.3 Scanning electron microscope results
Figure 5.4 shows the scanning electron microscope (SEM) images for RMN, 20MHP,
35MHP and 50MHP adsorbents. The surface morphology of RMN adsorbents as
depicted in Figure 5.4. was typical of a plant material with scales and surfaces
roughness. Treatment of RMN with H2O2 yielded a material with pores and surface
smoothness (Figure 5.4 b,c,d). The pores were much visible and more pronounced in
the 50MHP adsorbent, probably due to the higher concentration of H2O2 used. The
pores looked more widened as a result of the escaping of the liquid that was trapped
within the material. It is assumed that some of the plant components were extracted
during those burst up phases in the modification of RMN by H2O2.
Grafting MHP with DPC yielded materials with much rougher texture but pores
disappeared. The differences in surface topographies between MHP and MHPD
adsorbents proved that functionalization did occur. The disappearance of open pores

55

due to grafting was observed elsewhere (Ali et al., 2017) while Albadarin et al. (2017)
also noted differences in surface topographies of amine-modified masau stones
incurred by chemical treatment. Similarly, Liu et al. (2012) observed more pronounced
pores when pine bark was treated nitric acid and some parts of the plants were
destroyed.

56

d

b
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Figure 5.4: SEM images for RMN (a), 20MHP (b), 35MHP (c) 50MHP (d).
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a
Figure 5.5: SEM images for 20MHPD (a), 35MHPD (b) and 50MHPD (c)
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b

5.2.4. BET analysis
The BET surface analysis was carried out to assess the pore volume, surface area and
pore size of the adsorbents. Table 5.1 lists the BET, pore volume and pore diameter
results for MHP and MHPD adsorbents. Typical of biomass the surface area values
were relatively small ranging from 0.0063 to 0.5093 m2/g. It seems grafting of DPC on
MHP decreased the surface areas as in the case of 35MHP (1.0019 m2/g) and 35MHPD
(0.2034 m2/g) as a result of surface coverage. On contrary, the surface area for 20MHP
increased to 0.5093 m2/g after DPC grafting. Surface areas in the range of 2.8 to 6.3
m2/g for palm branches (Shouman et al., 2013) and from 3.1477 to 3.6672 m2/g peat
and coconut fibers (Chwastowski et al., 2017) have been reported.

Table 5.1: BET surface area, pore size and pore volume for RMN, MHP and MHPD
Surface characterization

Adsorbents

BET Surface area

Pore size

m2/g

(nm)

Pore volume (cm3/g)

RMN

-

0.018

-

20MHP

-

0.0063

-

35MHP

0.002717

1.0019

10.85013

50MHP

-

0.5093

-

20MHPD

-

0.1047

-

35MHPD

-

0.2034

-

50MHPD

-

0.0647

-

- undetected
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5.2.5 Element analysis
The elemental analysis of the adsorbents was carried out according to the procedure
reported in Maremeni et al. (2018). Table 5.2 presents CHNS analysis for RMN, MHP
and MHPD adsorbents. Treatment of RMN with H2O2 decreased the %C content from
50.6% to ca. 44% while the %H slightly increased. This is proof that H2O2 removed
some extractives in the backbone structure of RMN. Following grafting of DPC onto
MHP adsorbents, the %C content increased from 44.8 to 50.6%. The 20MHPD sample
had the highest %C of 50.6% (similar to RMN) followed by 50MHPD at 46.1% and
35MHPD at 45.1%. Also, the %N increased substantially to 13.3% (20MHPD), 12.4%
(35MHPD) and 12.5% (50MHPD).

Table 5.2: Elemental analysis

Adsorbents

Carbon

Hydrogen

Nitrogen

Oxygen

RMN

50.6

5.9

0.5

43.0

20MHP

44.6

7.5

0.3

47.6

35MHP

44.8

7.1

0.3

47.8

50MHP

44.4

7.1

0.4

48.1

20MHPD

50.6

6.5

13.3

30.1

35MHPD

45.1

5.7

12.4

36.8

50MHPD

46.3

6.0

12.5

35.2

61

The increase in %C and %N in MHPD adsorbents was a proof that grafting of DPC
onto MHP did occur. The 20MHPD adsorbents processed highest %C and %N. It can
then be concluded that grafting was more efficient when 20% (v/v) H2O2 was used.
The oxygen content for MHP adsorbents ranging from 47.6 to 48.1% were higher
compared to the RMN (43%) and MHPD (30.1 to 36.8%) adsorbents. This observation
was due to the oxidative pretreatment with H2O2.

5.3 Adsorption studies
5.3.1 Effect of solution pH on adsorption of Cr(VI) by MHP and MHPD
The effect of solution pH on the removal of Cr(VI) by 20MHP, 35MHP, 50MHP,
20MHPD, 35MHPD and 50MHPD was carried in batch adsorption experiments by
varying the pH from pH 1 to12 while the initial concentration of Cr(VI) of 150 mg/L
and the adsorbent dose of 2.5 g/L were maintained constant. The results are displayed
as %R versus initial pH in Fig. 5.6 (a,b), it can be seen that all materials followed a
similar trend of decreasing %R as the pH was increased from pH 1 to pH 12. Only the
20MHPD sample showed a slight deviation where it increased from pH 1 to pH 2 but
afterwards the percentage removal decreased with increasing pH. The slight increase
from pH 1 to 2 could be described by non- equilibrium conditions. Therefore, it can be
inferred that all adsorbents displayed a strong dependency on the pH of solution and
maximum adsorption was realized at acidic conditions (Fathy et al., 2015; Pakade et
al., 2017b). Comparing Figure 5.6a and b, it could be seen that the removal efficiency
of MHPD adsorbents was higher than those of MHP adsorbents. This higher removal
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efficacy was attributed to the presence of 1,5’-diphenylcarbizide on the surface of
MHPD.
The 1,5’-diphenylcarbizide has N atoms which are more receptive to protons at lower
pH values resulting in formation of NH+ species. The positive charged N-atoms (NH+)
have a high affinity for negatively charged Cr(VI) molecules. With both types of
adsorbents, the highest removal efficiency was achieved at pH 1. At pH 1, the %R of
Cr(VI) by MHP ranged from 45% to 50% while that of MHPD ranged from 50% to
90%. There was a drastic decrease in %R by MHP from pH 1 to pH 2 from about 50%
to 30%. The higher removal of Cr(VI) by MHP adsorbents at low pH could be ascribed
to the presence of protonated sites such as COOH2+ and OH2+. The presence of electron
donors in both MHP and MHPD adsorbents could facilitate the reduction of Cr(VI) to
Cr(III) during its adsorption resulting in Cr(III) being left in solution or re-adsorbed.
Our group has in the past carried out detailed studies on the adsorption-coupledreduction mechanism for the uptake of Cr(VI) by Macadamia nutshell-based
adsorbents (Hlungwane et al., 2017; Pakade et al., 2017b).
Besides, it is well-known that at low pH, the functional groups on the surface of the
adsorbents are protonated and restrict the approach of cationic species as the results of
repulsive forces. As the pH increases, the degree of protonation decreases resulting in
negatively charged adsorption sites that could repel the anionic chromate ions while
favouring the adsorption of cationic molecules. In aqueous solution Cr(VI) may exists
as CrO42-, HCrO4-, and/or Cr2O72- species depending on the pH. At solution pH values
between 2.0 and 6.0, Cr(VI) ions in solution are probably CrO42- and Cr2O72- while at
lower pH (pH < 2.0) HCrO4- is known to be the dominant species. These ionic species
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are adsorbed to the protonated active sites of adsorbents. Numerous studies have
reported the highest %R of Cr(VI) being achieved at low pH values (Yusoff et al.,
2014; Sun et al., 2016; Pakade et al., 2016).
The following equilibria may be written for the Cr(VI) anions present in aqueous
solution
H2CrO4

HCrO4- + H+

2Cr2O72- + H 2O
HCrO4-

2HCrO4-

CrO42- + H+

K1= 1.2
K2 = 35.5
K3= 3x10-7
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(5.1)
(5.2)
(5.3)

Figure 5.6a,b: Effect of pH on the removal of Cr(VI) by MHP and MHPD
adsorbents (Conditions (a-d) concentration of the adsorbate100 ppm, amount of
adsorbent 0.05 g, solution volume 20 mL, time 2 h).

5.3.2 Point zero charge
The point zero charge (pHpzc) determines the point of pH at which the adsorbent
surface has a net electrical neutrality. Figure 5.6c and d show plots of ΔpH versus
initial pH for 20MHP, 35MHP, 50MHP, 20MHPD, 35MHPD and 50MHPD. The point
of zero charge was determined using Equation (5.4)
Δp = Pf-Pi

(5.4)

Where: - ΔpH is the change
Pi= Initial pH
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Pf= final pH
The pHpzc values for 20MHP, 35MHP, 50MHP, 20MHPD, 35MHPD and 50MHPD
were 6.5, 5.01, 5.0, 5.01, 5.03, and 5.90, respectively. The points below 6.5, 5.01, 5.0,
5.01, 5.03, and 5.90 for 20MHP, 35MHP, 50MHP, 20MHP, 35MHP, and 50MHP,
respectively, indicated that at pH above the given values the surface of the adsorbent
was positively charged while at the pH values below given pHpzc values the surface
of the material was negatively charged. This could explain the higher removal of Cr(V)
observed at acidic conditions in Figures 5.6a and b.
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Figure 5.6c,d: Effect of pH on the removal of Cr(VI) by MHP and MHPD adsorbents
(Conditions (a-d) concentration of the adsorbate100 ppm, amount of adsorbent 0.05 g,
solution volume 20 mL, time 2 hrs).

5.3.3 Effect of initial concentration by MHP and MHPD adsorbents
Effect of concentration on the adsorption of Cr(VI) by 20MHP, 35MHP and 50MHP
is portrayed in Figure 5.7(a, b). The initial concentration was varied from 25 mg/L to
150 mg/L while other adsorption parameters were kept constant. All the three
adsorbents (20MHP, 35MHP and 50MHP) showed a similar trend. Thus, removal of
Cr(VI) ions decreased as the concentration was increased as portrayed in Figure 5.7a.
The decrease in percent removal of Cr(VI) can be attributed to ions having to fully
occupy the number of available adsorption sites on the surface of the adsorbent.

Attial et al., (2010) studied the removal of Cr(VI) by acid carbon and it was reported
that at lower concentration more uptake of Cr(VI) compared to the higher
concentration of Cr(VI) was achieved. The lower removal at higher concentration of
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Cr(VI) ions was attributed to saturation of adsorption, thus, no more sites were
available for the uptake of ions (Basal et al., 2007). At lower adsorbate concentrations
there were sufficiently higher active sites on the adsorbent that can be occupied by
adsorbate molecules (Mekonnen et al., 2015). Hence, higher removal was observed at
a lower concentration for all three adsorbents having the removal efficiency of 57%,
69% and 88%, at 25 mg/L corresponding to 20MHP, 35MHP and 50MHP,
respectively. As the concentration of Cr(VI) was increased from 25 to 150 mg/L a
slight decline was observed. For 50MHP, this decline ranged from 88% to 43%, for
35MHP it ranged from 69% to 37% and for 20MHP the decline was from 57% to 24%.
The 50MHP was the best performing adsorbent and 20MHP the least performing
adsorbent.
The adsorption capacities for 20MHP, 35MHP and 50MHP are depicted in Figure 5.7b.
The adsorption capacities increased as the concentration of Cr(VI) was increased. This
can be attributed to the increasing number of Cr(VI) ions for a limited number of
binding sites on the adsorbents.
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Figure 5.7: Effect of concentration for the removal of Cr(VI) by 20MHP, 35MHP and
50MHP (Conditions (a,b): pH 1, adsorbent mass 0.05 g, solution volume 20 mL, time
2 h).
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The effect of initial solution concentration on the removal of Cr(VI) by 20MHPD,
35MHPD and 50MHPD adsorbents is depicted in Figure 5.8(a,b). The initial
concentration of Cr(VI) was varied from 25 to 150 mg/L while all other adsorption
parameters were kept constant. It can be observed that in Figure 5.8a, as the
concentration of Cr(VI) was increased from 25 mg/L to 150 mg/L the uptake of Cr(VI)
increased. This indicated that energetically less favourable sites become involved with
increasing ion concentrations in aqueous solution (Amuda et al., 2007). Also, grafting
of DPC on MHP adsorbents introduced hydrophobicity to the surface which reduces
the uptake of Cr(VI) in low concentration for MHPD adsorbents. Figure 5.8b indicates
that the capacity of Cr(VI) increased with an increase of concentration due to increased
mass transfer.
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Figure 5.8: Effect of concentration for the removal of Cr(VI) by 20MHPD, 35MHPD
and 50MHPD (Conditions (a,b): pH 3, adsorbent mass 0.05 g, solution volume 20 mL,
time 2 h).

5.3.4 Effect of contact time on the adsorption of Cr(VI) by MHP and MHPD
adsorbents
The relationship between the amount of Cr(VI) adsorbed by three adsorbents (20MHP,
35MHP and 50MHP) as a function of contact time is shown in Figures 5.9. To
determine the optimum adsorption time the contact time was varied from 20 – 180 min.
Time is an important parameter to predict the efficiency and the feasibility of an
adsorbent when it is used for water pollution (Sharma, 2003). The percent removal of
Cr(VI) increased as the contact time was increased for all the adsorbents (20MHP,
35MHP and 50MHP). The %R for MHP adsorbents increased from 12 to 70% as time
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was varied from 20 to 180 min and seemed to not have reached equilibrium even after
180 min of contact time. This could mean that the process of adsorption by MHP
adsorbents was quite slow as there were adsorption sites not accessible even after 180
min

of

reaction

time.

The

order

of

adsorption

efficiency

was

50MHP>35MHP>20MHP. Elsewhere, Attita et al., (2010) used carbon treated with
sulphuric acid for Cr(VI) removal and observed a similar trend, that as time was
increased the rate of reactions was faster. The adsorption rate was said to be faster
before the reaction reached equilibrium and slower as the reaction attained equilibrium.

Figure 5.9: Effect of time by adsorption of Cr(VI) by MHP adsorbents (Condition pH
1, mass 0.05 g, solution volume 20 mL, concentration 150 mg/L).

The adsorption of Cr(VI) ion by 20MHPD, 35MHPD and 50MHPD, adsorbents is
represented in Figure 5.10. The removal of Cr(VI) by all three grafted adsorbents
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increased sharply as the time was increased in the first 60 min and attained equilibrium
there afterwards. It can be observed that for 20MHPD, 35MHPD and 50MHPD within
40 minutes about 94%, 88% and 87 %, respectively, of Cr(VI) was removed from the
solution. However, after 50 min the reaction was slow and a further increase in time
had no effect on the adsorption of Cr(VI). Less time for MHPD was required to remove
Cr(VI) ions as compared to MHP adsorbents. The initially higher rate was probably
due to the high affinity of the interactive groups on the surface of the adsorbent (Chen
et al., 2010), that is, the saturation of the boundary layer followed by diffusion into
internal pores.

The third phase observed beyond 40 min was the equilibrium phase. The availability
of adsorption sites contributed to the faster adsorption rate for the first 40 min. The
slow adsorption rate after 120 min was due to the limited number of adsorption sites
coupled with the electrostatic hindrance due to the presence of Cr(VI) on the adsorbent
surface leading to the slow diffusion Cr(VI) ions to the inner adsorption sites
(Goswami

and

Ghosh,

2005).

The

order

of

efficiency

was

20MHPD>50MHPD>35MHPD at 120 min and this time was used in succeeding
experiments.
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Figure 5.10: Effect of time by adsorption of Cr(VI) by MHPD (Conditions: pH 3, mass
0.05 g, solution volume 20 mL, concentration 150 ppm).

5.3.5 Effect of mass on Cr(VI) removal by MHP and MHPD adsorbents
The adsorbent dose concentration is an important parameter because it determines the
capacity of the adsorbent for a given initial concentration of the adsorbate. The effect
of adsorbent mass is shown in Figure 5.11a for MHP adsorbents and Figure 5.11b for
MHPD adsorbents. The mass of the adsorbent was varied between 0.0125 to 0.2 g. The
stirring speed and solution volume were maintained at 200 rpm and 20 mL,
respectively for all adsorbents.

The removal efficiency of Cr(VI) ions by 20MHP, 35MHP and 50MHP increased
significantly from 51%, 52% and 53% to 86%, 88% and 93%, respectively. There was
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also an increase in Cr(VI) uptake for the 20MHPD, 35MHPD and 50MHPD adsorbents
from 76%, 70% and 67% to 94%, 96% and 87%, respectively, when the adsorption
mass was increased from 0.0125 to 0.05 g. The increased removal at higher doses could
be due to the presence of more adsorption sites leading to high ion exchange capacity
and surface area (Jain et al., 2010; Fathy et al., 2015; Kumar et al., 2017).

As illustrated in Figure 5.11a the adsorption capacity for 20MHP, 35MHP and 50MHP
adsorbents decreased from 60, 63 and 61 mg/g to 6.9, 2.0, and 6.4 mg/g, respectively.
A similar trend was also observed for 20MHPD, 35MHPD and 50MHPD adsorbents
where there was a decrease in capacity from 162, 168 and 109 mg/g to 13, 14 and 13
mg/g, respectively as the adsorbent mass increased from 0.0125 to 0.2 g. The decrease
in Cr(VI) uptake at higher adsorbent may be attributed to overlapping resulting from
over-crowding of adsorption sites (Namasivayam et al., 1998).
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Figure 5.11: Effect of mass on adsorption of Cr(VI) by MHP (a) and MHPD (b)
(Conditions for (a) pH 1 concentration 150 mg/L, solution volume 20 mL, time 3 h and
conditions for (b) pH 3 concentration 150 mg/L, solution volume 20 mL, time 1 h).
5.3.6. Adsorption capacity comparison
The performance of the prepared adsorbents was demonstrated by comparing their
adsorption capacities to that of other biosorbents found in the literature (Table 5.3).
The results illustrated in Table 5.3 revealed that adsorption capacities of adsorbents
may vary widely making it difficult to compare because of different experimental
conditions (dosage, pH, adsorbate concentration, stirring rate, shaking versus stirring,
and column versus batch) used. Nonetheless, the present result was comparable to other
adsorbents but lower than others.
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Table 5.3: Comparison of adsorption capacities.

-

2.5
3

qm
(mg/g
)
3.28
26.3

-

3

41.6

Fathy et al., 2015

Acrylonitrile grafted

3

6.17

Ali et al., 2016

Palm branches
Palm branches
Palm branches

HCl/NaOH/H2O2
H2SO4
Acetic acid
H2SO4

Chitosan
Cationic surfactant

2
6
6

25
55
41.7

Shouman et al., 2013
Shouman et al., 2013
Shouman et al., 2013

Grape peelings
Banana peels
Orange peel

H2O2
-

-

5.5
5
3

39.06
3
9

Rosales et al., 2016
Pakshirajan et al. (2013)
Pakshirajan et al. (2013)
Suksabye and Thiravetyan
2012

Adsorbents

pre-treatment

Potato peels
Raw rutin

HCl
Extraction/isolation
Formaldehyde/HNO

Rutin resin
Banana peels

Coir pith
Masau stones
Coir pith
Macadamia
nutshell
Macadamia
nutshell

3

NaOH
H2O2
H2O2

Functionalization

Acrylic acid
Epichlorohydrin/diethylenetriamin
e

pH

2
3.5
2

Acrylic acid
-

1

1,5’-diphenylcarbazide

1
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165
87.33
196
37.74
72.12

References
Mutongo et al., 2014
Fathy et al., 2015

Albadarin et al., 2017
Suksabye and Thiravetyan
2012
This study
This study

5.3.7 Selectivity of Cr(VI) ion
Figure 5.12 depicts the results obtained from the investigation of competing anions.
Investigation of the effect of competing ions is paramount in adsorption studies as
normally the pollutant of interest exists in complex matrices with a host of other ions
like organic and inorganic compounds. It has been shown that the presence of
sulphates and nitrates impacted the removal of Cr(VI) negatively (Neagu and
Mikhalovsky 2010, Pakshirajan et al., 2013). In this study, a mixture of a solution
containing 150 mg/L of each of Cr(VI), SO42-, Cl- and NO3- was prepared from their
respective salts and used to investigate the effect of co-ions on adsorption of Cr(VI).
Another solution containing only Cr(VI) was used as a control. The results depicting
the %R of Cr(VI) in the presence and absence of co-ions are presented in Figure 5.12.

The percent removal of Cr(VI) decreased from 80% to 79% for 20MHP, 87% to 80%
for 50MHP, 95% to 93% for 20MHPD and from 85% to 82% for 50MHPD while the
%R was exactly the same for 35MHPD but the removal was higher in the presence of
co-ions when 35MHP was used. The 50MHP(D) adsorbents showed superior
selectivity than 20MHP(D) and 35MHP(D). The latter was negatively affected by the
presence of competing ions but still the %R were still greater than 80%. The prepared
adsorbents demonstrated good recognition of Cr(VI) in the presence of competing ions
and can thus be recommended as alternative low-cost adsorbents for the mitigation of
Cr(VI).
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Figure 5.12: The effect of co-ions on the removal of Cr(VI) by MHP (a) and MHPD
(b) adsorbents.
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5.3.8 Application to real water samples
Figure 5.13 shows the results of %R of Cr(VI) from the spiked solution by MHP(D)
adsorbents. The efficiency in the removal Cr(VI) by MHP adsorbents decreased in this
order 20MHP>35MHP>50MHP from 82%, 75% and 53% removal, respectively. In
contrast, the removal increased in the order 80%, 85% and 88% for 20MHPD,
35MHPD and 50MHPD, respectively. The decrease in %R as the percent of H2O2
increased (20MHP, 35MHP, 50MHP) was probably due to the high density of
oxygenated groups on the surface imparted by high concentration of H2O2 leading to
high affinity for cations. On the other hand, the removal increased with increasing
H2O2 concentration for MHPD because of higher concentration of DPC which favored
removal of Cr(VI) at low pH due to protonation. The results revealed that the prepared
adsorbents are suitable to be used for the remediation of water contaminated with metal
ions as the %R were greater than 70% except the 50MHP adsorbents.

Figure 5.13. Cr(VI) removal efficiency from real sample by MHP and MHPD
adsorbents performed at optimized conditions.
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5.4 Experimental data modeling
5.4.1 Adsorption isotherms
Adsorption isotherms indicate how adsorption molecules distribute between the liquid
phase and the solid phase when the adsorption reaches equilibrium. Two isotherms,
Langmuir and Freundlich, were used in the present study. Langmuir assumes a
monolayer adsorption onto a surface containing a homogeneous adsorption sites. The
Freundlich model assumes the multilayer adsorption mechanism over heterogeneous
sites.
The equilibrium parameter RL or separation factor is one of the important parameters
used to express the Langmuir isotherm (Weber and Chakravorti, 1974). It is a
dimensionless constant, where 0<RL<1 represents a favorable adsorption and the
reaction is regarded as unfavorable. If RL is greater than 1 then the reaction is linear
and if RL is equaled to zero, the reaction is irreversible. The value of RL can be
obtained by using equation 5.5.
𝑅𝐿 =

1
(1 + 𝐾𝐿 𝐶𝑜 )

5.5

where Co is the initial concentration (mg/L) and KL is as described previously.

Table 5.4 depicts the Langmuir and Freundlich isotherms equilibrium parameters for
the adsorption of Cr(VI) ions by 20MHP, 35MHP and 50MHP. Comparing the MHP
adsorbents using the coefficient of determination (R2) and the variance, it can be seen
that the Freundlich model exhibited higher R2 values and lower variance. In addition,
the qe and Langmuir qm values were not closer together. Therefore, it was concluded
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that the data for MHP was best described by the Freundlich model, implicating that the
mechanism of removal was a multilayer process on heterogeneous adsorption sites.
The Freundlich 1/nF values were less than unity indicating a feasible and favorable
adsorption of Cr(VI) on MHP surface.
Table 5.4: Equilibrium isotherm parameters for the adsorption of Cr(VI) ions by
MHP.
Models

Parameters

20 MHP

35 MHP

50 MHP

qe (mg/g)

14.60

22.24

37.74

Langmuir

qm (mg/g)

21.77

27.76

60.59

qe = qmax · b · Ce / (1+bCe)

b (L/mg)

0.0173

0.0391

0.0189

R2

0.873

0.935

0.961

Var*

2.72

2.81

6.67

Freundlich

KF (mg1-1nL1/n/g) 1.33

3.27

3.39

qe = KF · Ce1/nf

nF

1.96

2.33

1.84

R2

0.906

0.947

0.974

Var*

2.02

2.29

4.39

*Var- sum of square error divided by degrees of freedom
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5.4.2 Adsorption kinetics
The effect of contact time data was utilized for the investigation of the adsorption
kinetics. Pseudo-first order (Lagergren, 1889) and pseudo-second order (Ho and
McKay 1999) kinetic models were employed to study the kinetic parameters governing
the adsorption of Cr(VI) to MHP and MHPD adsorbents. The time dependency data
was fitted into non-linear pseudo-first order (PFO) and pseudo-second order (PSO)
equations (Eqs 8 and 9).

The results as illustrated in Table 5.5 revealed that all the adsorbents, except 20MHP
and 35MHPD, followed the PSO rate model as judged by the higher coefficient of
correlation (R2), lower X2 and closeness of qt to qe values in PSO in comparison to PFO
model. It could then be inferred that PSO represented the adsorption of Cr(VI) by all
MHP and MHPD adsorbents barring the 20MHP and 35MHPD which obeyed PFO.
The adsorbents obeying PSO were predicted to favor chemisorption (Ali et al., 2016;
Chwastowski et al., 2017) while those described by PFO favored physisorption (Tka
et al., 2018). It has been argued by Albadarin et al. (2017) that the PFO and PSO kinetic
model are empirical equations and therefore not fully account for the chemical and
physical interactions of adsorbates. The complex nature of Cr(VI) interaction with
adsorbents (i.e., adsorption/reduction) makes it difficult to explain the mechanism with
only one model as is the case with 20MHP. The k values were relatively small,
implying that the sorption process required more time to approach saturation
(Albadarin et al., 2017).
qt = qe(1-exp-k1t)

(5.6)
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𝑡𝑘22 . 𝑞𝑒2
𝑞𝑡 =
(1 + 𝑘2 𝑡𝑞t 𝑒 )

(5.7)

where k1 (1/min) is the PFO rate constant, qt (mg/g) is the amount of mg Cr(VI)
adsorbed by g adsorbent at time t, and k2 (g/mg min) is the PSO rate constant.
h= 𝑘2 𝑞𝑒2

5.8

Table 5.5. Equilibrium kinetics parameters for the adsorption of Cr(VI)
ions by MHP and MHPD adsorbents.
20MH
Parameters

20MHP

35MHP

50MHP

D

D

D

35MHP 50MHP
P

qt (mg/g)

18.11

18.96

22.5

58.77

56.89

56.81

qe (mg/g)

21.26

17.05

21.77

57.96

55.80

53.58

k1 (1/min)

0.0107

0.0224

0.0325

0.1286

0.0644

0.151

R2

0.939

0.615

0.940

0.799

0.967

0.637

X2

41.71

14.04

11.24

0.40

5.93

0.780

qe (mg/g)

31.09

20.82

25.73

59.52

60.25

56.78

0.0011

0.0014
0.0085

0.00198

0.00863

k2

(g/mg
0.0025

min)

7

7

R2

0.942

0.725

0.936

0.896

0.881

0.887

X2

89.12

26.83

22.1

0.95

11.72

2.19
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5.4.3 Intra-particle and liquid film diffusion
Intra-particle and/or film diffusion (external mass transfer) represent possible
mechanisms by which adsorption of adsorbates onto porous materials could take place
(Tseng and Tseng 2005). The intra-particle diffusion model proposed by Weber and
Morris (1963) represented here by Eq (5.9) was used to determine the rate controlling
steps and mechanism of adsorption of Cr(VI). In addition, liquid film diffusion was
evaluated by fitting the data into Eq 5.10.
qt = kdt0.5 + C

(5.9)

Ln(1 – qt/qe) = -kfdt

(5.10)

where, kd (mg/(g min0.5)) is the rate constant for intra-particle diffusion, kfd is the film
diffusion rate constant and the boundary layer thickness is represented by the intercept
C (mg/g). According to literature (Poots 1976; Saha 2010; Doke and Khan 2017), intraparticle diffusion is deemed the only rate controlling step when the plots of qt vs t0.5
yield a straight line passing through the origin. It can be seen in Fig. 5.14a,c that the
adsorbents exhibited different mechanisms, i.e., linear line over the entire time interval
(20MHP, 35MHP, 20MHPD, 50MHPD) as well as multi-linearity (50MHP,
35MHPD). Even those that were straight lines, none passed through the origin but
implied the dominance of intra-particle diffusion mechanism and insignificant mass
transfer resistance. The curves with multi-linearity showed the existence of film
diffusion (first steep curve) and intra-particle diffusion (second flat curve). Assessment
of the liquid thin film diffusion model (Fig. 5.14b,d) shows great linearity with R2
>0.98 but lines did not pass through the origin point suggesting that film diffusion was
also not the only rate limiting step.
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Figure 5.14. Intraparticle and liquid film diffusion of MHP (a,b) and MHPD (c,d)
adsorbents.
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CHAPTER SIX: CONCLUSION AND RECOMMENDATIONS
6.1. Conclusion
The Macadamia nutshell powder was treated with three different concentrations of
hydrogen peroxide (20, 35 and 50% v/v) to produce 20MHP, 35MHP and 50MHP
adsorbents. This pre-treatment imparted some oxygenated functional groups (C=O,
OH, C-O-C) on the surface of nutshell powder (MHP) as was confirmed by FTIR and
elemental analysis. A shift in the C=O of the RMN from 1712 to 1728 cm-1 was
observed following treatment of RMN with H2O2. Also, the C-O peak shifted from
1031 cm-1 (RMN) to 1029 cm-1 (MHP). Grafting of MHP adsorbents with 1,5’diphenylcarbazide ligands was confirmed by FTIR, TGA, SEM and elemental analysis.
The FTIR showed new peaks at 3333 and 1657 cm-1 attributed to NH and amide C=O,
respectively, from the DPC ligand. TGA curves of MHPD showed less stability and
the presence of volatile compounds due to the incorporated DPC compared to MHP.
SEM micrographs of MHPD exhibited much rougher surface than the MHP and this
was associated with grafting. The BET surface area ranged from 0.0063 to 0.5093 m2/g
and these were typical of biomass materials. Furthermore, the elemental analysis
proved that indeed grafting took place as %C and %N increased in MHPD adsorbents
compared to MHP adsorbents.

The optimum conditions for the all three adsorbents 20MHP, 35MHP and 50MHP
were, pH 1, 120 min contact time, 75 mg/L initial concentration and 0.1 g adsorbent
mass, respectively. The presence of competing ions did not influence the adsorption of
Cr(VI) negatively. The optimum conditions for 20MHPD, 35MHPD and 50MHPD
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were, pH 3, 60 min, 150 mg/L initial concentration and 0.1 g/mL adsorbent mass. The
adsorption efficiency of MHP treated with 50% H2O2 improved from 37.74 to 72.12
mg/g for the grafted materials. The improvement in adsorption capacity validated the
efficiency of grafting. The adsorption process was best described by Langmuir and
PSO. In addition, it was shown that intra-particle diffusion was not the only rate
controlling step. The adsorption of Cr(VI) by MHP(D) was less affected by the
presence of competing ions as it was shown in selectivity studies and application to
real-world sample.

6.2 Recommendations
● There’s a need to study other heavy metals other than Cr(VI) to investigate how
the prepared adsorbents will effectively remove them.
● To characterize the adsorbents after adsorption with X-ray photoelectron
spectroscopy (XPS) to determine the oxidation state of chromium on the
adsorbent in order to ascertain if reduced Cr(III) was adsorbed
● To conduct the reusability studies in order to check the performance of the
adsorbents after multiple re-use cycles.
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APPENDIX
Determination of capacity and %removal
Initial

Final

Conc

Conc

%

Capacit

Sample mg/L

mg/L

Remo

y (mg/g)

20A

103.5

15.8334

84.7020

35.0666

20B

103.5

15.8342

84.7020

35.0663

30A

103.5

7.8639

92.4019

38.2544

30B

103.5

7.8639

92.4019

38.2544

40A

103.5

6.2699

93.9421

38.8920

40B

103.5

11.0520

89.3217

36.9792

60A

103.5

7.3326

92.9154

38.4670

60B

103.5

6.2699

93.9421

39.1046

120A

103.5

5.7385

94.4555

41.0174

120B

103.5

0.9564

99.0759

41.0174

180A

103.5

0.9564

99.0759

41.0174

180B

103.5

5.20722

94.9687

39.3171

𝑞𝑒 =
𝑞𝑒=

𝑉(𝐶𝑜 − 𝐶𝑒 )
𝑚

(1)

𝑚𝑔
𝑚𝑔
−15.8 )
𝐿
𝐿

0.02𝑚𝑙 ( 103.5

0.05 𝑔

= 35.0666 mg/g
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𝑅(%) =
%𝑅 =

(Co − Ce )
Co

(2)

× 100

(103.3−15.84)
0.05

× (100)

= 84.7020%

where, Co is the initial concentration of adsorbate in (mg/L) and Ce is the concentration
of an adsorbate in solution after adsorption (mg/L), qe is the amount of adsorbed metal
ion (mg/g adsorbent) on the sorbent, m is the weight of sorbent (g) and V is the volume
of metal solutions.
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