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Abstract
Persisting challenges associated with remediation of heavy metals from aqueous
media have stirred the need for enhancement of current technologies. Cellulosic agrowaste materials (AWM) as well as ion-imprinted polymers (IIP) have received ardent
attention from researchers. These materials are often employed in the following
industries: water and wastewater treatment, medical, pharmaceutical and packaging.
Applications in water and wastewater treatment have gained significant interest due
to desirable features they possess. In the case of AWM, these features include a
tuneable surface area and poor porosity, basic surface functional groups and
chemical stability. Some desired features in IIP include adsorption sites compatible
for the ion imprint obtained after leaching with suitable reagents, rigidity and
reusability. The efficacy of employing AWM and IIP for the remediation of toxic
chromium from aqueous solution was explored.
The current study is made up of part A and B. In part A, Macadamia nutshell powder
was treated using HNO3, NaOH, as well as Fenton’s reagent. The three materials
underwent a new modification which involved reacting treated adsorbents with
cetyltrimethylammonium chloride (CTAC), followed by immobilization of 1,5'diphenylcarbazide (DPC) ligand. The adsorbents were ultimately washed, dried and
stored for Cr(VI) batch adsorption experiments. Part B involved a synthesis of IIP and
their non-imprinted polymer counterpart (NIP) for Cr(VI) sequestration in aqueous
solution. This was done by precipitation polymerization of functional monomers,
crosslinker and DPC-Cr(VI) complex as a template. Non-imprinted polymers were
fashioned in a manner like that of IIP but with the exclusion of Cr(VI) ion template.
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Characterizations of the adsorbents were done using Fourier transform infrared
spectroscopy (FTIR), thermogravimetric analysis (TGA), scanning electron
microscopy (SEM), X-ray fluorescence (XRF), and carbon, hydrogen, nitrogen and
sulphur (CHNS) analyzer. Batch adsorption experiments were done and parameters
such as solution pH, adsorbent dosage, initial Cr(VI) concentration and contact time
were optimized.
Working solutions were analyzed using ultraviolet-visible (UV-Vis) and atomic
absorption (AA) spectroscopy. Adsorption parameters found to be optimum for DPC
immobilized cellulosic adsorbents were pH 1.4, adsorbent mass of 0.1 g, 100 mg/L
initial concentration and 125 minutes of contact time. The adsorption parameters
determined to be optimum for IIP and NIP were pH 2.6, 0.2 g adsorbent mass, 80
mg/L initial concentration and 240 minutes of contact time. Reusability studies
demonstrated the potential of adsorbents to remove Cr(VI) ions from aqueous media
after successive adsorption-desorption cycles. Selectivity studies indicated that DPC
immobilized adsorbents as well as IIP were able to selectively adsorb Cr(VI) ions
from aqueous media in the presence of Zn(II), Cu(II), Co(II) and NI(II) ions.
Kinetic models revealed that DPC immobilized cellulosic adsorbents and synthetic IIP
were most fitting for pseudo-second order and pseudo first order, respectively. On
the other hand, adsorption isotherm studies demonstrated that DPC immobilized
cellulosic adsorbents and synthetic polymers were best fit for Freundlich and
Langmuir adsorption isotherm, respectively.
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Chapter 1: Introduction and outline

The introductory chapter of this dissertation gives a general overview of hexavalent
chromium in the environment and its speciation. The need for the remediation of
hexavalent chromium is briefly highlighted. The outline, objectives and hypothesis of
this research are mentioned as well. An overview of characterization and analytical
instrumentation used in this research are also stated.
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1.1.

Chromium in the environment

Rapid growth in industrial operations observed in developing countries due to market
expansion and increasing trade relations has raised concerns of remediating the
resultant pollution (Earnhart, 2013). Water contamination by heavy metals from
anthropogenic activities is an international issue, as this has adverse effects on
humans and ecosystems at large (Naser, 2013). The use and discharge of heavy metals
require compliance with standardized policies to curb their adverse effects on biota
and human health (Miro et al, 2004).
Industries that use chromium in their operations include metallurgy (Rachwal et al,
2015), leather tanning (Mella et al, 2015), electroplating (Hackbarth et al, 2016),
cement production (Ogunkunle & Fatoba, 2014), mining (Kossoff et al, 2016), as well
as paint and dye production (Chhowala & Desai, 2015). These industrial operations
often yield a complex matrix of by-products which are generally called effluent. The
emerging by-products are in most cases at concentrations above permissible levels,
thus remediation before discharge into the environment is prioritized (Namecek et al,
2016).
The discharge of untreated effluent poses dangers to aquatic life, vegetation and
population health resulting in a loss of precious resources. Chromium, just as other
metals, tends to bio-accumulate in biotic species and move along the food chain
(Licrusi & Gomez, 2013). Therefore, the likelihood of biota being exposed to chromium
and its deleterious effects becomes escalated (Miretzky & Cirelli, 2010).
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1.2.

Occurrence and speciation

The two main contributors of chromium in natural water bodies are (1) anthropogenic
activities such as; industrialization, agriculture, urbanization and mining with
improper treatment of the discharged effluent; (2) neotectonic events such as;
earthquakes, volcanic eruptions, as well as rock and soil erosion (EconomouEliopoulos et al, 2011). Mafic and ultramafic rock withering induces the mobilization
of trace amounts of metals towards water bodies. Chromium is obtained from
chromite ore and is separated from its ore via reduction with carbon. The
transportation and interaction of chromium with the environment depend on its
valence or oxidation state. The most stable forms are the trivalent [Cr(III)] and
hexavalent chromium [Cr(VI)] having species such as (Cr(OH)+2 and Cr(OH)+) and
(CrO4-2, HCrO4- and Cr2O7-2), respectively.
Chromium finds its way into the body through ingestion, inhalation and dermal
permeation. Cr(III) has limited hydroxide solubility, making it relatively immobile and
less available for biological uptake (Krishnani et al, 2003). Moreover, Cr(III) is an
essential trace metal responsible for the metabolism of lipids and glucose. However, it
is toxic in events of exposure to high concentrations. Cr(VI) is considered a carcinogen
that can modify DNA transcription processes, and thus cause chromosomal alterations
(Gomez et al, 2012). Gastric pain, vomiting, diarrhea and haemorrhage are also known
effects of Cr(VI) exposure (Young et al, 2015).
Guidelines have been set by various countries and organisations which specifies
permissible concentration levels of Cr(VI) in effluent. For instance, the World Health
Organization’s (WHO) limits for Cr(VI) concentration in effluent and in potable water
are 0.1 and 0.05 mg/L, respectively (WHO, 2006).
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1.3.

Dissertation outline, focus, aim, objectives and hypothesis

The focal point of this dissertation was to prepare adsorbents with high adsorption
capacity and selectivity for Cr(VI) in aqueous media. Preparation and synthesis of
adsorbents involved the direct and matrix-coupled immobilization of diphenyl
carbazide (DPC) ligands on Macadamia nutshell powder and in Cr(VI) ion-imprinted
polymers, respectively. Matrix-coupled immobilization refers to the localization of
ligands on functional monomers prior polymerization.
The motive of the study was to evaluate the efficiency of the selected immobilization
methods on natural and synthetic polymeric materials, as well as determine their
efficacy in Cr(VI) sequestration. Both the natural and synthetic polymeric materials
underwent a series of intermediate modification and functionalization steps prior
ligand immobilization, respectively.
Dissertation outline
The dissertation at hand is comprised of 5 chapters. The first chapter contains a
general introduction and motivation as to why Cr(VI) is a concern in natural water
bodies; the outline of the dissertation together with key objectives and hypothesis of
the study; as well as characterization; and analytical techniques used in the study. The
second chapter gives insight on the fate of Cr(VI) on living organisms; conventional
techniques used for Cr(VI) remediation from the aqueous solution; and the use of
mesocaptors, agricultural waste materials and synthetic polymers in Cr(VI) removal
from aqueous solution.
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The third chapter explains various methods employed in the preparation of adsorbents
used in the study, and their applications in the adsorption of Cr(VI) ions. The fourth
chapter presents graphical and tabulated results obtained from characterization and
adsorption analysis. The fifth and concluding chapter deliberates on key trends
observed in the foregoing chapters, particularly chapter four, coupled with
recommendations for the continuity of the work.
1.3.1.

Background on bioremediation of heavy metals from aqueous media

1.3.1.1.

Biotic biosorbents

Formerly reported techniques for the bioremediation of heavy metals include
bioaccumulation, bio-reduction and biosorption (Sedlak and Chan, 1997). Biotic (such
as bacteria and fungi) and abiotic (such as tree bark, rice husk and nutshells)
biomaterials have been used for heavy metal remediation, with good removal
percentages reported (Shinomol et al, 2016).
Previous studies have demonstrated that bacteria naturally present in soil and in
groundwater have the potential to reduce toxic Cr(VI) to less toxic Cr(III) via electron
transfer during enzymatic processes or during contact with by-products of bacterial
activity (Ballester, et al. 1992). Bio-reduced Cr(III) can combine with solutes in water
bodies to form calcium chromium oxides, chromium fluoride phosphates and organoCr(III) crystals which readily precipitate from aqueous solutions (Zhang, et al. 2016).
Studies of heavy metal remediation in soil using Geotrichum sp. and Bacillus sp. with
the aid of a weak magnetic field have been reported. It was found that magnetism alters
the physical and chemical properties of water by inducing its ionization and changing
the movement trajectories of charged particles. Applying a weak magnetic field also
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resulted in the enhancement of bacterial growth and metabolism by mechanisms such
as transmembrane transportation, genetic expression and cellular enzyme activity (Qu
et al, 2018). It was also determined that aerobic conditions usher a conducive
environment for bacterial cell regeneration compared to anaerobic conditions.
In a comparison of the ability to remediate heavy metal pollution, the use of single
culture bacteria was found more limited than mixed-culture bacteria (Merdy et al,
2009). Mixed-culture refers to two or more population of cells grown with some degree
of contact between them. Bacterial mixtures have previously been used for the study
of cellular interactions at a microbial level (Goers et al, 2014).
1.3.1.2.

Abiotic biosorbents

Agricultural waste material contains lignin, hemicellulose and cellulose, together with
traces of metals such as iron, cobalt and chromium (Saito & Isogai, 2005).
Lignocellulosic materials have functional groups such as hydroxyl, aldehyde, ketone,
carboxyl and phenolic compounds. These functional groups have been reported to be
instrumental in heavy metal sorption from aqueous media (Melo et al, 2011). The
number of functional groups on the surface of a lignocellulosic material can be related
to its removal efficiency of heavy metals from aqueous media (Ali et al, 2016).
Moreover, it has been reported that cellulosic adsorbents subjected to specifically
tailored chemical modification acquire a higher number of functional groups
compared to those not subjected to chemical modification (Chand et al, 2014).
Consequently, chemically treated cellulosic adsorbents have higher adsorption
capacity, pore size and volume compared to untreated adsorbents (Belhalfaoui et al,
2009). Available chemical treatments of cellulosic adsorbents include (a)
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esterification, (b) oxidation and (c) alkaline treatment, which alters surface
characteristics through unique mechanisms (Gurung, et al. 2014).
(a)

Esterification

During the process of esterification, one or more acids of selected concentration are
used to esterify free hydroxyl groups of cellulosic material. It was previously reported
that mercerized cellulose exhibited higher sorption capacities compared to nonmercerized cellulose (Gurgel et al, 2009). For the enhancement of metal-binding
properties, esterified cellulosic adsorbents usually undergo a secondary treatment
stage with a saturated bicarbonate solution to increase the number of carboxylate
functionalities on the adsorbent surface (Hokkanen et al, 2016).
(b)

Oxidation

Cellulose-based adsorbents undergo various surface modifications in oxidizing media
and thus acquire several properties post-treatment. Chemical transformations which
take place at the solid-liquid interface have been proposed; namely (1) the oxidation
of aldehyde end-groups to form carboxyl functional groups, (2) oxidation of glycol
groups yielding ketone, aldehyde or carboxyl functional groups (Xing et al, 2018).
(c) Alkaline treatment
Alkaline treatment has been reported to induce changes on the surface of adsorbents
by increasing surface area, adsorption capacity, pore volume and diameter and
pollutant removal efficiency (Pakade et al, 2016b). Among others, sodium hydroxide
has been reported as a suitable medium for the transformation of esters to carboxyl
and hydroxyl functional groups (Jayalakshmi et al, 2017). Moreover, the amount of
carboxyl and hydroxyl groups were observed to increase with increased concentration
of sodium hydroxide.
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(d)

Immobilization of ligands onto cellulosic adsorbents

Surface modification of cellulosic adsorbents has been a widely used technology for
enhancing their desired properties such as adsorption capacity, pore volume and
surface area (Chand et al, 2014). However, limitations in metal chelating ability and
selectivity for specific pollutants still exist. Considering this, immobilization of ligands
or organic moieties onto cellulosic adsorbents was developed to alleviate these
limitations (Desmet et al, 2011).
Immobilized ligands are in most cases covalently bound to the backbone of cellulosic
materials to form a branched copolymer. Immobilization can be done homogeneously
or heterogeneously (Wonjnarovits et al, 2010). Homogenous immobilization involves
the use of either a water-soluble cellulose derivative or by dissolving cellulose in a
compatible solvent prior immobilization. Heterogenous immobilization is carried out
in aqueous media using an appropriate initiator (Hemvichain et al, 2014).
The two most widely used techniques for immobilization of ligands onto cellulosic
adsorbents

are

radiation-induced

immobilization

and

chemically

initiated

immobilization. In radiation-induced immobilization, the chromophores of molecules
absorb radiation, leading to their excitation and dissociation into free radicals that
initiate the immobilization reaction (Anirudhan et al, 2013). This technique has
advantages of readily available radiation sources (ultraviolet and gamma), selective
reaction pathways, simplicity and is independent of temperature (Zhou et al, 2018).
Common approaches in radiation-induced immobilization are the simultaneous
irradiation and pre-irradiation.
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In simultaneous irradiation, cellulose is irradiated in the presence of ligands. In preirradiation, cellulose is first irradiated in a vacuum to generate radicals, then
subsequently brought into contact with ligands under controlled parameters (Barsbay
et al, 2018). Chemically initiated immobilization is like radiation-induced
immobilization, in that, the idea is to propagate the reaction using radicals
(Jayalakshmi et al, 2017). Common approaches in chemically initiated immobilization
are the free radical and ionic polymerization. Examples of initiators used in free radical
polymerization include Fenton's reagent (Fe(II)-H2O2), ceric ammonium nitrate (CAN),
azobisisobutyronitrile (AIBN) and azobis(cyclohexanecarbonitrile) (ACCN). Examples
of ionic initiators include Lewis bases such as alkylammonium (R3Al) and
borontriflouride (BF3) (Du et al, 2015).
1.3.2. Background on ion-imprinted polymers for remediation of heavy metals
from aqueous media
Ion-imprinted polymers are those which polymer synthesis is done in the presence of
a metal ion template, which has a re-binding ability for the metal after its leaching
(Velempini et al, 2017). The synthesis of imprinted polymers has been explored for
several decades, with their potential applications increasing exponentially. The
applications of imprinted polymers include chemical sensing, solid phase extraction
(SPE), drug delivery, therapeutics and bioanalysis (Tavengwa, 2013).
However, the type of polymerization method used greatly influences the intrinsic
properties of the polymer, as well chemical and mechanical properties. Therefore, the
intended application of the polymer should be considered when selecting a synthesis
method (Branger et al, 2013). Commonly used polymerization methods include; bulk,
emulsion, precipitation and suspension polymerization(Nishide et al, 1976; Haoi &
Kim, 2009; Shamsipur & Besharati-Seidani, 2011).
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1.3.2.1.

Bulk polymerization

Bulk polymerization is the most classical method used to synthesize imprinted
polymers. This is mainly due to its simple synthesis route (Nishide et al, 1976).
Generally, a pre-polymerization mixture is prepared using functional monomers and a
ligand-metal complex. Subsequently, a crosslinker and initiator is added, followed by
polymerization under heat. The resultant polymer is a solid bulk polymer which
requires grinding and sieving to acquire desirable particle sizes.
Grinding of the bulk polymer produces particles of irregular shapes and sizes, which
can destroy some binding sites within the polymer network (Arbab-Zavar, et al. 2011).
From the information above it can be assumed that this method is labour intensive and
time-consuming. Grinding and sieving of the polymeric particles can lead to their
contamination when insufficient precaution is applied.
1.3.2.2.

Precipitation polymerization

Precipitation polymerization technique is the second frequently used method
following bulk polymerization. In this technique, polymerization components are
homogeneously dispersed in the dispersive solvent, followed by polymerization in the
presence of an initiator and heat (Arshady, 1992). Suitable dispersive solvents are
those in which the functional monomers are soluble, but the resultant polymers are
insoluble. The precipitated polymeric particles are produced in nano, sub-micron and
micrometer sizes, which may be controlled by varying the solvent-monomer ratio
(Shamsipur & Besharati-Seidani, 2011).
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1.3.2.3.

Emulsion polymerization

Emulsion polymerization is a simple heterogeneous polymerization technique
commonly used to synthesize imprinted polymers for SPE. This technique requires a
continuous phase (usually distilled water) and a dispersive phase (organic solvent),
which are immiscible. It is also known as an oil-in-water emulsion (Jiang & Kim, 2011).
Droplets of monomer are emulsified with surfactants in the continuous phase which
contains the initiator.
Water-soluble stabilizers such as polyvinyl alcohol and hydroxyethyl cellulose are
added to inhibit coalescence of monomers, as well as prevent coagulation of emulsified
polymeric beads with progressive polymerization (Hoai et al, 2010). Emulsion
polymerization has been reported to produce a low yield of high molecular weight
polymers.
1.3.2.4.

Suspension polymerization

Suspension polymerization is a simple synthesis method, which is like emulsion
polymerization in that a continuous phase and dispersion phase are required
(Saatcilar et al, 2006). Droplets of monomers are suspended in a continuous phase that
contains the initiator and stabilizer (i.e. polyvinyl alcohol), which helps prevent
agglomeration of preformed polymers (Candan et al, 2009). The size of polymeric
beads produced using this method is usually in the range 0,5-10 µm and can be
controlled by controlling the agitation speed (Haoi & Kim, 2009).
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Focus
The present study is focused on ligand immobilization onto naturally occurring and
synthetic polymers. Macadamia-based sorbents and ion-imprinted polymers with
selective adsorption of Cr(VI) ions were prepared and employed in the removal of
Cr(VI) from aqueous solutions. The incorporation of 1,5-DPC colorimetric ligands
could possibly convert the adsorbents into visual mesocaptors that will generate a
colour signal upon interaction with Cr(VI) ions in solution.
A mesocaptor is a nano-scaled, hydrophobic compartment consisting of chromophore
ligands. The chromophores of the ligands are activated during binding events with
target metal ions in aqueous media. Optimization of parameters such as solution pH,
initial Cr(VI) concentration, sorbent dosage and contact time help to understand the
adsorbent characteristics and to obtain high removal percentages and adsorption
capacities.
Aim
To prepare adsorbents with enhanced selectivity for Cr(VI) ions in aqueous media by
incorporating 1,5’-diphenylcabazide ligands.
Objectives
1. To modify three separate Macadamia nutshell powders with three different
oxidative reagents to uncover more basic (Lewis) surface functional groups on the
biosorbents.
2. To employ the direct and matrix-coupled ligand immobilization techniques on
modified Macadamia nutshell powders and ion-imprinted polymers, respectively.
3. To characterize adsorbents and intermediate products
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4. To conduct batch adsorption experiments using synthetic wastewater, while varying
process-dependent parameters (i.e. solution pH, contact time adsorbent, dosage and
initial Cr(VI) concentration).
5. To apply optimum adsorption parameters determined for all adsorbents on a real
wastewater sample.
Hypothesis
The over-arching hypothesis in this dissertation is that DPC ligand immobilization will
enhance adsorbents’ selectivity towards Cr(VI) ions, as well as their loading capacities.
1.4.

Overview of characterization and analytical instrumentation used

1.4.1.

Fourier transform infrared (FTIR) spectroscopy

The identification of functional groups embedded on adsorbents was done using a 400
FT-IR/FT-NIR PerkinElmer spectrometer (Waltham, MA, USA). The interaction of
infrared radiation with electrons in functional groups causes a disturbance in the
bonds. Types of disturbances include scissoring, rocking, wagging and stretching
vibrations. Spectra of adsorbents were recorded in the solid state, over a frequency
range of 400 to 4400 cm-1.
Figure 1.1 shows a schematic diagram of an FTIR spectrometer and its components.
The infrared source is usually a quartz tungsten halogen (QTH) lamp, which induces
molecular vibrations on samples. The collimator serves to produce a parallel beam of
infrared radiation. The beam splitter reflects the incident beam towards the fixed and
moving mirror in a 1:1 ratio, before sample irradiation. The detector is responsible for
converting a signal into IR spectra, which have either transmittance or absorbance
percent on the y-axis and wavenumber on the x-axis.
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Figure 1.1: Schematic diagram of an FTIR spectrophotometer (Mbonyiryivuze et al,
2015).
1.4.2.

Scanning electron microscopy (SEM)

Scanning electron microscopy is often applied to solid materials (powdered) to
investigate their topography via imaging. Imaging is achieved by raster scanning of the
sample with a beam of high-energy electrons, which interact with atoms at the fringes
of the material. A raster scan is done in a rectangular pattern of image capture and
reconstructed on an output screen. The SEM used in this work was supplied by JEOL
Model JSM 840 (Tokyo, Japan).
1.4.3.

X-ray fluorescence (XRF) spectroscopy

An NEX QC X-ray fluorescence spectrometer (XRF) supplied by Rigaku (Tokyo, Japan)
was applied on adsorbents before and post sorption to approximate the composition
percentage of various heavy metals. XRF is an atomic emission analytical technique,
whose transduction arises from the interaction between transmitted X-rays and atoms
in the sample.
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This causes electron excitation from inner-most orbitals to those on the periphery,
followed by emission of fluorescent X-ray upon return to ground state. Emitted X-rays
have discrete energies characteristic of atoms contained in the sample.
1.4.4.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis was applied on adsorbents by using a PerkinElmer
thermogravimetric analyzer TGA-4000. The heating rate was set to 10ºC per minute
over the temperature range of 30-900ºC, where nitrogen was used as the purge gas
(20 mL/min). A loss in sample weight (%) is an expected observation as the
temperature is ramped, potentially due to dehydration or thermolysis of viscous and
peptic compounds.
1.4.5.

Brunauer-Emmett-Teller analysis

Brunaur-Emmett-Teller (BET) analysis is useful in determining the specific surface
area of solid surfaces. This is done by physical adsorption of an inert gas (i.e. nitrogen)
at low temperature. The amount of adsorbed gas is determined by correspondence to
monolayer adsorption of adsorbates. The specific surface areas of adsorbents used in
the study were analyzed using BET supplied by Micromeritics (Aachen, Germany).
1.4.6.

CHNS elemental analyzer

CHNS analyzer is a qualitative technique used for the determination of carbon,
hydrogen, nitrogen, and sulphur in organics. CHNS analysis undergoes three stages,
namely: (1) purge, (2) combustion and (3) analysis. The sample is placed in the loading
compartment, sealed, and purged of any atmospheric gases. Oxygen is flushed down
the furnace (950°C), where the sample is lowered. The proposed chemistry for the
combustion stage is as follows:
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sample + O2 + heat = CO2 + NOx + SO2 + H2O + ash.
Finally, the homogenous combusted gases are passed through infrared detectors for
determination of percent composition.
1.4.7.

Ultraviolet and visible spectroscopy

A T80+ UV-VIS Spectrometer supplied by PG Instruments Ltd. was used to
calorimetrically quantify Cr(VI). UV-Vis is a useful technique for identifying quantities
and qualities of compounds, as well as kinetic reactions. The analytical response is
stimulated via the absorption of electromagnetic radiation (EMR) by chromophores in
the specimen. Each chromophore has a characteristic absorption frequency, which
makes this analytical technique selective and reproducible.
1.4.8.

Atomic absorption spectroscopy

Atomic absorption spectroscopy (AAS) is a quantitative, single element, analytical
technique. Dissolved analytes are converted to an aerosol by a nebulizer, which gets
sprayed into the flame. The flame functions to atomize analytes and destroy matrix
interferences. Hereafter, a light of a characteristic wavelength to that of the analyte is
irradiated on the cloud of atoms. Excitation of electrons takes place, then a
monochromator is used to selectively capture EMR characteristic of the analyte. A
photomultiplier detector is then used to measure the amount of absorbed light.
A schematic diagram of an AAS spectrometer is presented in Figure 1.2. The light
source also referred to as a hollow cathode lamp is coated with the same element being
analyzed. It is responsible for the excitation of analytes. The flame serves to atomize
the sample, which is introduced as an aerosol from the nebulizer and spray chamber.
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Atomization of the sample places analytes in the pathlength of the light source, which
causes excitation of analytes. Upon return to ground state, analytes emit radiation
which is filtered by the monochromator. Ultimately, the detector quantifies the
concentration of analytes present in the sample.

Figure 1.2: Schematic representation of an AAS spectrometer (Henry & Laird, 2014).
1.4.9. Inductively coupled plasma optical emission spectroscopy.
Inductively coupled plasma optical emission spectroscopy (ICP-OES) serves relatively
similar purposes as AAS. However, the main differences being: the excitation
temperature (two-to-three times more) of the plasma, which reduces chemical
interferences; wide linear range; high sensitivity (≤15 ppb); and its ability to perform
a multi-element analysis. The exposure of atoms to plasma energy leads to excitation
followed by a return to ground state with simultaneous emission of rays. Each element
has characteristic emission rays, which are measured based on photon rays’ position
and the emission rays’ intensity. An ICP-OES supplied by Thermo scientific (iCAP 7000
Series) was used in this study.
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Figure 1.3: Schematic diagram of ICP-OES (http://www.chemiasoft.com/ accessed on
2 February 2018).
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Chapter 2: Literature review

This chapter entails the chemistry around chromium and its fate in biota. Technologies
previously used for the remediation of hexavalent chromium in aqueous media are also
briefly discussed. Adequate emphasis was made on adsorptive methods of hexavalent
chromium removal with attention focused more on mesocaptors, ion-imprinted
polymers and cellulosic adsorbents.
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2.1.

Fate of chromium on the environment

Chromium is classified as an oxyanion with an octahedral geometry. Chromium has an
atomic mass of 51.996 g/mol, electronegativity of 1.6 and a total of six isotopes
(Sillerova et al, 2014). Chromium is mined as chromite ore. Increased reserves are
found in countries such as South Africa, Zimbabwe, India and the Philippines. The two
most environmentally stable forms of chromium are hexavalent chromium (Cr(VI))
and trivalent chromium (Cr(III)) with the latter being more stable. Cr(VI) is mostly
found in nature as lead chromite (water-insoluble) and potassium dichromate (watersoluble). The reduction of Cr(VI) to Cr(III) in nature is often made possible by the
presence of reducing agents (i.e. Fe2+/3+) or any oxidable organic matter.
Health hazards coupled with exposure to chromium are dependent on its oxidation
state. The hexavalent form of chromium has been reported to be of greatest concern
(Sillerova et al, 2014). Dermal contact has been reported to cause allergic skin
reactions. Inhalation has been associated with ulceration and perforation of mucous
membranes of the nasal septum. Ingestion is often related to gastric pain and nausea
(IARC, 1990).
According to the International Agency for Research on Cancer (1990), Cr(VI)
compounds are categorized as group 3 carcinogens. This implies that chromium is not
classifiable as to its carcinogenicity to humans. However, experimental exposure of
Cr(VI) to rats showed that Cr(VI) exposure to rodents lead to biochemical symptoms
of cancer (Thompson et al, 2017).
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While Cr(VI) is highly toxic and unwanted in human diet (Hamilton et al, 2018), the
deficiency of Cr(III) in the human body can result in increased risks of diabetes and
cholesterol (Zafra-Stone, 2007). Medical patients found to have chromium levels lower
than what is required are often prescribed chromium picolinate tablets. Moreover, the
Health and Medical Research Council of Australia has recommended a monthly
administration of 1,02 and 0,725 mg/L for men and women, respectively.
2.2.

Conventional remediation techniques of Cr(VI)

Endeavours to meet standards set by regulatory bodies have been made by industries,
hence conventional wastewater treatment methods such as filtration (Saleh & Gupta,
2016), electro-coagulation/flotation (Rincon & La Motta, 2014), reduction (Kolwalski,
1994), ion-exchange (Zewail & Yousef, 2015) and adsorption (Chen et al, 2015) have
been employed to remediate heavy metal pollution. The above-mentioned treatment
methods are all capable of remediating Cr(VI), but they differ in efficiency, cost and
labour demand, the simplicity of design, environmental friendliness, stability, as well
as robustness (Mohan & Pittman, 2006). It is, therefore, necessary to develop a method
which enables effective and efficient removal of chromium (VI).
2.2.1.

Composite ultrafiltration membranes

Ultrafiltration involves removal of pollutants by size exclusion and/or affinity type
interactions between pollutants and packed material (Goldharber & Vogt, 1989).
Significant work has been done to identify unique structural, mechanical, electrical,
electromechanical and chemical properties of membranes (Arribas et al, 2014), (Liu et
al, 2016); as well as their ability to quantitatively remove heavy metals from water
(Efligenir et al, 2014).
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A study conducted by Yao et al, (2015) demonstrated that typical polysulfone UF
membranes have limited Cr(VI) removal. This limitation was countered by reducing
the average pore size of the membranes and increasing its’ surface charge.
Electrically conducting carbon nanotubes (CNT)/polymer composites and other
conductive membranes have been shown to be effective in various membrane
separation processes, including nanofiltration (NF) and reverse osmosis (RO)
(Dudchenko et al, 2014). Duan et al, (2017) investigated the electrochemical and
reductive removal of hexavalent chromium from wastewater by composite carbon
nanotubes (CNT)/polyvinyl alcohol (PVA) ultrafiltration membranes. The study
revealed that CNT provides the electrical conductivity of the UF membranes, while a
crosslinking polymer (i.e. PVA) allows the control of pore size between the CNT
strands. Optimum conditions for Cr(VI) removal was determined to be an applied
potential of 7 V, solution pH 7, the membrane thickness of 6 µm and 6 h of contact time.
Disadvantages of this remediation technique include; the excessive cost of
membranes, optimization of polymer blend ratios and manipulation of pore size,
membrane fouling, required sample preconditioning and generation of toxic
secondary waste (Wang et al, 2016).
2.2.2.

Electrocoagulation

Electro-coagulation is based on passing an electrical current between two electrodes
(iron and aluminum) immersed in an electrolyte reactor that generates in situ (Fe2+,
Fe3+, Al3+) ions by electrooxidation (Verma et al, 2013). Upon applying a current, the
anode (Fe) is oxidized to Fe2+ while Cr(VI) is reduced to Cr(III) under alkaline
conditions. This process does not require additional chemical products due to redox
reactions that take place (Cheballah et al, 2015).
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It roughly takes an hour for contaminants to destabilize, followed by the suspension of
particles and break down of emulsions. Increasing the pH to ~10 and addition of lime
induces the precipitation of Cr(III) complexed with OH- ligands (Mollah et al, 2004).
The efficiency of electrocoagulation is highly dependent on the pH of the electrolytic
solution, the charge density (A/m2) and the number of electrodes (n). Cheballah et al,
(2015) determined the energy consumption of Fe electrodes to be 22,07 KWh/Kg of
Cr(VI), and that of Al was determined to be 59,34 KWh/Kg of Cr(VI).
The dependency of this technique on electrical supply can be a challenge for industries
which aim to narrow their expenditure. Furthermore, the sludge generated needs to
either be refined for re-use (i.e. in tannery industry) or disposed of (Drouiche et al,
2011). Refining introduces cost implications which most enterprises seek to avoid
while disposing of the sludge is an act of gradually toxifying the environment (Golbaz
et al, 2014).
2.2.3.

Reduction

The heavy metal reduction is a process in which electron-donating groups donate
electrons to vacant orbitals of metal ions (Feng et al, 2016). Hydrogen sulphide (H2S),
sulphur dioxide (SO2) and hydrogen peroxide (H2O2) have been reported in the
literature to be effective reductants of Cr(VI) to Cr(III) (Romo-Rodriguez et al, 2015).
However, the use of the mentioned reductants poses threat to the environment if the
emerging effluent is not pre-treated (Xiang-Rong et al, 2004). Magnetite, granular zerovalent iron, and ferrous iron are among other materials which have demonstrated good
conversions of Cr(VI) to Cr(III). However, these materials may get lost in effluent when
they are unsupported.
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Montmorillonite has been reported to be a viable solid support for Cr(VI) reductants.
Montmorillonite is a 2:1 layered clay mineral with a high surface area and cation
exchange capacity. Its surface charge is negative and electrostatic equilibrium is
brought about by anions such as calcium (Ca2+), sodium (Na+) and potassium (K+).
Vinuth et al, (2015) employed Fe(II) modified montmorillonite for the reductive
remediation of Cr(VI). It was established that Cr(VI) reduction is two staged, wherein
the first reduction is rapid and spontaneous.
Post-reduction, Cr(III) adheres to the mineral clays' ion exchange resin. EDX was
employed to confirm the adhesion of Cr(III) on the montmorillonite surface. Optimum
parameters were; pH 3, contact time of 30 min and the solution temperature of 40°C,
obtaining 100% reduction. Limitations of this method are the inconsistent
composition of montmorillonite, recovery and regeneration of immobilized Cr(III) and
spent mineral clay, respectively (Miretzky & Fernendez Cirelli, 2010).
2.2.4.

Ion exchange

Ion exchange is a process where target ions in solution are passed through a solid ion
exchange resin, which subsequently releases a different ion of a similar charge (AboFarah et al, 2009). Ion exchange resins can capture monovalent and divalent target ions
based on affinity with resin functional groups. Strong-base anion exchange (SBA) has
been demonstrated to be an effective technique for Cr(VI) remediation. SBA
fundamentally operates on the bases of inert polymeric resins activated with
exchangeable functional groups (Korak et al, 2017). Process parameters of ion
exchange technique depend on the target pollutant. A common approach is a lead-lag
configuration.
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Upon exhaustion of the lead contactor, the lag contactor connected in series captures
pollutants in the effluent of the former. Within the process, exchanged ions are not
chemically altered and are recoverable (Kononova et al, 2015).
Exhausted ion exchange resins for Cr(VI) can be regenerated by using a concentrated
salt, i.e. sodium carbonate (Na2CO3) (Lee et al, 2007). Treatment facilities currently use
two types of regeneration methods. (1) constant reagent concentration, and (2)
ramped reagent concentration. The latter involves regeneration of the exchange resin
by increasing reagent concentration with subsequent cycles while improving
separation of ions eluted from the column (Kononova et al, 2015).
Challenges encountered when employing this removal technique include; pollutant
selectivity, as well as removal and regeneration efficiency (Cavaco et al, 2007). The
amount of reagent salts required to regenerate the exchange resins increases the cost
and labour intensities. Drawbacks in ion exchange include lime softening, pretreatment and regeneration of ion-exchange resins which generates toxic brine
(Maurya et al, 2014).
2.2.5.

Adsorption

Adsorption is the adhesion of atoms, ions, or molecules to a surface which has available
binding sites (Padmavathy et al, 2016). Adsorption is a preferred method due to its
high efficiency, flexibility, the simplicity of design and operation. Moreover, it does not
generate secondary pollutant during industrial operations (Rengrag et al, 2002).
Adsorption uses weak interactions (weak Van der Waals forces) between the
adsorbent and adsorbate to remove contaminants from solution (Lui et al, 2015).The
success of adsorption is dependent on the adsorbent’s surface chemistry, as well as
physicochemical properties of the solution containing targeted pollutant(s).
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Removal percentage and adsorption capacity are often determined using equations
(2.1) and (2.2) respectively.
𝑅𝑒𝑚𝑜𝑣𝑎𝑙 % =

𝐶𝑜 −𝐶𝑒
𝐶𝑜

× 100%

(2.1)

𝑞𝑒 = (𝑚/𝑉) × (𝐶𝑜 − 𝐶𝑒 )
2.3.

(2.2)

Adsorption methods

Adsorption is a process in which the concentration of a chemical component decreases
in the supernatant solution/gas and increases on the adsorbent surface (Dong et al,
2016). Adsorption of heavy metals can occur through physical (physisorption) or
chemical (chemisorption) interactions. The physisorption process is characterized by
the removal of metal ions by weak Van der Waals forces, where the valent orbitals
undergo no significant transformation (Matouq et al, 2015). By the equilibrium being
between the liquid and solid phase, a multi-layer adsorption is favourable.
Chemisorption refers to adsorption occurring due to chemical bonds formed between
pollutants and adsorbents, where the electronic structure of the adsorbate is
perturbed (Gautam et al, 2014). Chemisorption increases with system temperature,
which may suggest that the removal mechanism is endothermic in nature.
Chemisorbed metal ions may be leached form adsorbents by washing with basic
solutions (i.e. NaOH), which yields concentrates of the metal ions and regenerates
adsorptive sites (Ashour et al, 2016). It could be possible that both physisorption and
chemisorption take place concurrently, where a fraction of metal ions is physisorbed
on a film of chemisorbed metal ions (Shaker, 2015).
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The adsorptive removal of heavy metals from aqueous media is relatively dynamic,
thus isotherm models by Langmuir and Freundlich are used to describe the process.
The Langmuir adsorption isotherm describes a monolayer adsorption of pollutants on
a homogenous surface. Moreover, it suggests that adsorbatse do not interact with each
other (Yu & Sepehrnoori, 2018). Meanwhile, Freundlich's isotherm suggests a multilayer adsorption of pollutants on a heterogenous surface. Interaction among
adsorbates has been reported (Shafqat & Pierzynski, 2014).
Drawbacks of this method are that commercially available adsorbents are costly and
some ineffective, which can be remitted by developing low-cost adsorbents suited for
this application. Some of the adsorbents used for Cr(VI) remediation include activated
carbon (Mohan & Pittman, 2006), zeolites (Mthombeni et al, 2015), mesocaptors
(Mahmood et al, 2015), synthetic polymers (Wang et al, 2015) and cellulosic agrowaste materials (AWM) (Khare et al, 2016). This study was focused on the conversion
of synthetic polymers and cellulosic AWM into selective adsorbents for Cr(VI) ions, via
chemical immobilization of DPC ligands.
2.3.1.

Mesocaptors

A mesocaptor is a nano-scaled hydrophobic compartment, whose constituents are
immobilized chromophore ligands (i.e. diphenylcarbazide (DPC) and dithiozone
(DTZ)) (El-Safty & Shenashen, 2013). Chromophore ligand immobilization may be
done physically or chemically, with chemical methods being ideal due to a stronger
affinity between ligands and solid supports (Chaniotakis & Buickulescu, 2014).
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Chemical immobilization is advantageous as it imparts more chemical (i.e. bond
strength) and mechanical (i.e. bond order) stability to mesocaptors. Physical
immobilization limits the lifespan of the mesocaptors as continuous leaching of
adsorbed metals may change their structural qualities (Plaschke et al, 1995).
Mesocaptors can selectively and quantitatively sequestrate Cr(VI) ions in the presence
of competing ions, which makes them ideal for Cr(VI) removal from complex mixtures
(Shenashen et al, 2013). Mesocaptors have been proven to be suitable for heavy metal
remediation, as metal ions in solution are attracted towards specific cavities under
ideal parameters (Shahat et al, 2013). An outstanding feature of mesocaptors is that
upon interaction with Cr(VI) ions in solution, a colorimetric metallic complex of
hexavalent chromium with DPC is formed within the mesocaptor. The strong oxidizing
character of Cr(VI) transforms DPC to diphenylcarbazone (DPCn). As a result, the
mesocaptor attains a pink/indigo colour which is an analytical parameter
characteristic of the Cr(VI)-DPCn complex (Mahmood et al, 2015).
Surface functionalization chemistry can be employed in the development of ligandbased nanocoatings on substrates. This transforms substrates into high-capacity and
target-specific adsorbents, capable of selective and quantitative sequestration of
heavy metals in aqueous solution. El-Safty & Shenashen (2013) synthesized a pHdependent mesocaptor for the optical and selective removal of Fe(III) and Hg(II) ions
from wastewater. Aluminosilica monoliths were coated with a cationic surfactant,
which were instrumental in the immobilization of the DPC chelating agent. The
mesocaptors' response was triggered by its binding interaction with target ions in
solution, and optical signals are transduced under synergistic pH conditions.
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The detection and adsorption of target ions were achieved at ultra-trace levels
(Shenashen et al, 2013).
Shahat et al, (2015) synthesized sensors for simple, rapid, sensitive and selective
removal of toxic metals such as Cu(II), Hg(II), Pb(II) and Cd(II). This was achieved by
anchoring dithizone onto mesoporous titanium oxide particles. A self-contained
analytical device that can provide qualitative information about its environment was
produced. The sensor was applied in naked-eye detection of the above-mentioned
metals in water, as well as biological matrices. The sequestration of toxic metals was
highly pH dependent and increased with increasing dosage.
El-Safty et al, (2012) synthesized optical mesocaptors/adsorbents for the recognition
and recovery of various metal ions. The synthesis involved coating the monolith
surface with a cationic surfactant and served as a precursor for ligand immobilization.
Various ligands such as ethanolic 1,5-diphenylthiocarbazone dicarboxylate, 2-nitroso1-naphthol, and 6-hydroxy-5-(4-sulfonatophenylazo)-2-naphthalenesulfonic acid
disodium salt were immobilized on the monoliths and served to chelate Pd(II), Co(II)
and Au(III) ions, respectively. The prepared sensors were determined to be stable as
ligands remained immobilized and binding sites were recovered after leaching. High
removal efficiencies were achieved to up to five cycles.
Exploiting the benefits of organic synthesis is a promising avenue in the field of water
purification, as observed from work done by the above-mentioned authors. The scope
of my work involves the synthesis of mesocaptors using AWM and IIP. Techniques to
be applied are direct immobilization of DPC and matrix-coupled immobilization of a
Cr(VI)-DPCn complex onto functional monomers. Self-assembly of polymerization
reagents is expected, followed by cross-linking and polymerization, respectively.
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2.3.2. Cellulosic adsorbents
Cellulosic adsorbents are mainly derived from AWM like bagasse, nutshells, peat
stones, kernels and rice husk; which are inappropriately disposed, adding to the
landfill problem. Beneficiation of AWM provide avenues of utilizing the naturally
occurring material to remit heavy metal pollution (Bhatti et al, 2016). Cellulose is a
linear polysaccharide with long chains consisting of β-glucopyranose units joined by
glycosidic linkages. Glycosidic linkages are covalent bonds which combine
carbohydrate molecules to either similar or different molecules (Martin-Lara et al,
2016). The required process to convert agricultural waste to adsorbents is usually
cost-effective and simple in design.
The efficiency of cellulosic adsorbents in heavy metal remediation is highly dependent
on their modification methods as well as adsorption parameters (Ali et al, 2016).
Chemically modified cellulosic adsorbents exhibit higher metal loading capacity due to
surface oxidation by mild acids (i.e. H2SO4) and bases (i.e. NaOH). In oxidizing media,
aldehyde end-groups, primary alcohols, and glycol groups are oxidized to carboxylic,
aldehyde and ketone functional groups respectively (Odoemelam et al, 2011).
Samson and Tella, (2016) employed groundnut hull for hexavalent chromium sorption
in aqueous solutions. Pyromellitic dianhydride (PMDA) was used as the modifying
agent due to its ability to undergo ring-opening reactions. PMDA ring-opening
introduced more carboxylic functional groups to the adsorbent surface which
enhanced Cr(VI) adsorption. FTIR spectra revealed that unmodified groundnut hull
(UGS) had hydroxyl, methyl, carboxylic and ether functional groups on its surface.
Post-modification of groundnut hull added functional groups such as carbonyl and
cyclic aromatic compounds on its surface.
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Batch adsorption experiments were conducted through varying process parameters,
one at a time. These included contact time, initial Cr(VI) concentration, solution pH,
temperature and sorbent dosage. The optimum contact time was determined to be 120
min for both sorbents. Adsorption capacity was observed to increase with initial Cr(VI)
concentration, where modified groundnut hull (MGS) and UGS attained 18 mg/g and
12 mg/g respectively.
Solution pH that gave higher removal percent was pH 2, where MGS and UGS obtained
98% and 82% respectively. Cr(VI) sorption was observed to increase with dosage for
MGS and UGS between the range of 5-40 mg/L, from 72-98% and 52-88%,
respectively. The optimum temperature was determined to be 30°C for both sorbents,
and increased temperature resulted in decreased removal efficiency.
Pakade et al, (2017) used Macadamia nutshell powder for biosorption of hexavalent
chromium from aqueous solution. The nutshells were washed and dried, the ground
and sieved to a particle size fraction between 90 and 150 µm. Part of the fraction was
treated with 0.1 M HCl and the other with 0.1 M NaOH, both stirred for 3 h. These were
thoroughly washed with distilled water and dried overnight at 105°C. Macadamia
nutshell powder had a bulk density of 0.612 g/mL, a point zero charge of 6.25 and an
adsorption capacity of 45.23 mg/g. Optimum adsorption parameters were determined
to be pH 2, initial Cr(VI) concentration of 200 mg/L, 600 min contact time and 0.2 g of
the sorbent. A pseudo-second order mechanism was followed in the adsorptive
removal of Cr(VI).
Sillerova et al, (2014) described the mechanism of Cr(VI) biosorption by three
hypotheses: (1) Cr(VI) is adsorbed, followed by complete subsequent reduction to
Cr(III), (2) Cr(VI) is adsorbed, then a fraction is reduced to Cr(II), (3) Cr(VI) is
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adsorbed and undergoes no reduction. The main aim of their research was to verify
the viability of using isotope fractionation analysis to quantify the extent of Cr(VI)
reduction during biosorption. The selected adsorbents for the study were brewers
draff, grape waste and humic acid.
SEM of biomass after sorption revealed that topographical mapping of the surface had
several changes. These included increased pore size, which indicated surface oxidation
by Cr(VI). Reduction of Cr(VI) by biomass results in endogenous decay as it plays a
significant role in Cr(VI) reduction by donating electrons. Typical Cr2p peaks were
analyzed on XPS, giving binding energies of Cr(VI) (CrO3) and Cr(III) (Cr2O3)
respectively. Data revealed that the reduction potential of Cr(VI) in highly acidic media
compared to neutral media, with values of 1.3 V and 0.36 V, respectively. Isotope
fractionation analysis confirmed that Cr(VI) reduction to Cr(III) is a fundamental
mechanism during biosorption. However, most AWM adsorbents lack selectivity when
applied to complex samples and this can be addressed by use of ion-imprinted
polymers.
2.3.3.

Ion-imprinted polymers

Ion imprinting can be defined as the synthesis of a polymer in the presence of metal
ion template that is responsible for imparting cavities of identical size, shape and
functionality of the imprint after leaching (Lofgreen et al, 2011). After the adsorption
of Cr(VI) ions, adsorbed Cr(VI) may be leached and adsorption sites become available
(Kang et al, 2016). IIP may be reused over numerous cycles, which is advantageous for
saving material, time and cost (Anirudhan et al, 2015).
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IIPs require high stability to withstand conditions that prompt surface oxidation or
reduction during their applications. Several factors and reagents influence
polymerization as well as intrinsic properties of the polymers. These include
polymerization time and temperature, the nature of template, monomer, crosslinker,
porogen and initiator employed (Krupadam et al, 2009).
Templates have a general function of pre-determining the size, shape and functionality
of the cavity within the imprinted polymer. An appropriate amount should be added
during pre-polymerization, as excess would reduce pore volume and lead to the
formation of inaccessible adsorptive sites (Tavengwa, 2013).

Commonly used

functional monomers include acrylic acid, methacrylic acid, methacrylamide and 4vinylpyridine.
Bayramoglu and Arirca, (2011) synthesized Cr(VI)-imprinted poly(4-vinyl-pyridineco-hydroxyl methacrylate) particles and evaluated their adsorption capacity for Cr(VI)
ions. Bulk polymerization method was employed, using 4-vinylpyridine as a functional
monomer and EGDMA as a crosslinker. The polymeric adsorbents were applied in
batch experiments to determine their efficiency in Cr(VI) removal. Adsorption
parameters that yielded high percentage removals were found to be pH 3, and 40 min
equilibration time at ambient temperature. In selectivity studies, binary solutions of
Cr(VI)/Ni(II) and Cr(VI)/Cr(III) were prepared and used to determine the selectivity
of Cr(VI)-imprinted polymers towards Cr(VI) ions. The Cr(VI) imprinted polymers
were determined to be selective towards Cr(VI).
Crosslinkers are employed to give polymers qualities of rigidity, hydrophobicity and
macroporosity (Quddos et al, 2003). The choice of crosslinker and crosslinker density
affects polymer properties and their potential application. Crosslinkers generally
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function to join polymeric chains together by either covalent or ionic interactions, the
former being stronger.
Cross-linked polymers often have good mechanical strength, resistance to heat, wear
and attack by solvents, and may be crystalline when the excess crosslinker is added. In
addition, excessive crosslinking may lead to restrictions in the mobility of functional
monomers, which in turn affects the polymer network formation during binding
(Chung & Park, 2009). However, an appropriate amount of crosslinker (65-80 mol%)
allows a relatively even distribution of copolymers prior gelation/solidification of the
polymer matrix (Mairta & Shukla, 2014).
Crosslinking greatly enhances the robustness of polymers, as well as facilitates mass
transfer of analytes towards customized cavities. In applications of adsorptive
remediation of heavy metals from aqueous solution, hydrophobic crosslinkers are
desirable opposed to hydrophilic crosslinkers due to higher affinity for metal ions
(Mane et al, 2015). Examples of crosslinkers are divinylbenzene (DVB) ethylene glycol
dimethacrylate

(EGDMA),

trimethylolpropane

trimethacrylate

(TRIM)

and

glutaraldehyde, which are presented in Figure 2.1.

Figure 2.1: Examples of commonly used crosslinking agents
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Porogenic (or dispersive) solvents are often introduced into the pre-polymerization
mixture to enhance the surface porosity of polymers in terms of pore size and volume
(Mane et al, 2015). Porogenic solvents employed in the synthesis of porous ion
imprinted polymeric beads can be polar or nonpolar, as well as solvating or nonsolvating. It has been reported that polarity is an important characteristic of porogens
as it influences monomer-template interactions (Donahue & Bartell, 1952).
Low polarity solvents are mostly preferred because the monomer-template
interaction is not hindered, compared to those of high polarity due to competition for
binding (Mirsky & Yatsimirsky, 2011). Moreover, high polarity solvents create
conditions where template-monomer interactions are limited, which in turn reduces
the imprinting factor of IIP. On the other hand, low polarity solvents have low
solubility in the aqueous phase, and a low rapid precipitation of IIP (Mohamed et al,
2012). Apart from the above-mentioned aspects, the volume of porogen used also
affects the porosity of IIP. The addition of low volume has been associated with
premature precipitation of IIP, leading to exclusion of some polymeric constituents.
However, the addition of a large volume could result in dilution of the prepolymerization mixture (Mane, 2016). Examples of porogenic solvents used for
polymer synthesis can be observed on Table 2.1, as well as their boiling points (BP)
and dielectric constants (Ɛ).
Initiators are used to facilitate polymer growth. Initiators first break up into free
radicals, which then attaches to monomers to form monomeric radicals (Vojkovsky et
al, 2016). Chain propagation occurs with the formation of more radicals, which is
inhibited upon depletion of radicals. Azo initiators usually have tertiary R (R-N=N-R)
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groups that can stabilize the incipient radicals once polymerization is complete (Yang
et al, 2010).
Table 2.1: Porogenic solvents employed in polymer synthesis.
Solvent

BP (°C)

(Ɛ)

Water

100

80

Methanol

68

33

Ethanol

78

24.3

Acetic acid

118

6.15

1-Propanol

97

20.1

1-Butanol

118

17.8

Acetone

56

20.7

N-N-dimethylformamide

153

38.3

Dimethyl sulfoxide

189

47.3

Tetrahydrofuran

66

7.52

1,2-Dichlorobenzene

179

9.6

1,1,2,2-Tetrachloroethane

147

8.4

2.3.3.1.

Approaches in ion imprinted polymer synthesis

(a)

Chemical immobilization

This approach has been defined as the preparation of binary complexes between metal
ions and ligands (or monomers) with vinylated groups, followed by isolation then
polymerization with matrix-forming monomers and crosslinkers (Rao et al, 2006).
Complex isolation prior copolymerization is, however, becoming less popular, where
most synthesis is done by the subsequent addition of components in the reaction
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vessel (Birlik et al, 2007). Vinylated ligands are preferred as they contain a polarizable
functional group which is good for polymer chain propagation.
The binary complex is assembled by chelation of metal ions by electron donor groups
(i.e. N and O) on the ligand via their unfilled valent orbitals. Monomers with no vinyl
groups can be functionalized with intrinsic specificity by hydrolysis followed by
vinylation.
(b)

Trapping

The technique of trapping involves the formation of ternary complexes before
copolymerization is initiated. Compared chemical immobilization, trapping first forms
a binary complex between a non-vinylated ligand and metal ion. A ternary complex
formation is achieved by introducing bifunctional monomers (Biju et al, 2003).
Vinylated bifunctional monomers are mostly preferred due to their ability to bind to
the polymer network, as well as chelate the metal ion imprint (Romani et al, 2009).
Therefore, in this case, the ligand is not chemically bound to the polymer chain, but its
trapped inside the polymer matrix.
(c)

Linear chain approach

In the linear chain approach, the idea is to form a linear polymer chain consisting of a
bifunctional ligand (Shawky, 2009). The role of the bifunctional ligand is to serve as
both the monomer and crosslinker, as its functional groups will serve to propagate the
polymer chain while its electron donating groups will chelate the metal ion. However,
polymers of this approach have been reported to have limited chemical and
mechanical stability, which can be improved by introducing more crosslinking (Wang,
et al. 2009).
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(d)

Surface imprinting

Surface imprinting is often accomplished by the modification of small particles with an
organic layer bound to metal ions. This approach is identical to the formation of coreshell materials (Dan & Kim, 2009). The shell is in all cases an organic layer with metal
ions, while the core can be organic (i.e. polypropylene) or inorganic (i.e. attapulgite) in
nature (Li, et al. 2009). Silica gel activated with silanol groups is also an example of an
inorganic core used for surface imprinting, which has gained attention due to its
desirable properties of chemical and mechanical stability.
Amphiphilic functional monomers are often desired for metal complexation at the
interface of an emulsion. A different approach is when a metal ion is complexed with a
crosslinker, followed by the addition of a vinylated monomer and initiator. Unlike in
techniques such as chemical immobilization and trapping, template removal is
relatively less challenging when surface imprinting is employed. In the first two
techniques, mass-transfer is limited due to possible template entrapment, leading to
incomplete removal.
2.4.

Adsorption isotherms and kinetics

An adsorption isotherm is a curve that is derived from plotting actual uptake against
initial concentration of the adsorbate (Hameed et al, 2008). The Langmuir and
Freundlich isotherms are the most used to determine and describe equilibrium
adsorption isotherms (Kaynar et al, 2015). The Langmuir equation, which describes a
monolayer adsorption onto a surface with a limited number of identical sites, can be
expressed as:
1
𝑞𝑒

=

𝑞𝑚 ×𝑏×𝐶𝑒
(1+𝑏×𝐶𝑒 )

(2.1)
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where, b is the Langmuir isotherm constant (L/mg), qm represents maximum Cr(VI)
uptake (mg/g), qe is the actual Cr(VI) uptake (mg/g) and Ce is the equilibrium Cr(VI)
concentration (mg/L) (Dada et al, 2012).
In contrast to Langmuir, the Freundlich model pertains to a multilayer uptake of an
adsorbate on a heterogeneous surface. Equilibrium uptake for this model is calculated
using the equation:
1
𝑛𝐹

𝑞𝑒 = 𝐾𝑓 × 𝐶𝑒

(2.2)

where, KF is the Freundlich constant (L/g) and n is the Freundlich exponent. The
Freundlich constant KF is related to adsorption capacity and the exponent 1/n is a
measure of the sorption intensity (Chang et al, 2015).
Kinetic studies are often used to determine the rate and order of adsorption, who’s
mechanism is described by pseudo-first order (PFO) and pseudo-second-order (PSO),
Where qt (mg/g) is the metal ion sorption capacity at time t, k1 (1/min) is the PFO
constant of biosorption and k2 (g/mg min) is the PSO constant of biosorption (Ghasemi
et al, 2013).
The representation of the PFO equation is in equation 2.3:
𝑞𝑡 = 𝑞𝑒 (1 − 𝑒𝑥𝑝−𝐾1 ×𝑡 )

(2.3)

where qe and qt are the amounts (mg/g) of solutes adsorbed at equilibrium and time t,
respectively. The quantities of qe and k1 (PFO rate constant) are determined from the
intercept and slope of the graph t/qt Vs. Time, respectively. The non-linear form of the
pseudo-second-order equation is presented in equation 2.4.
𝑡×𝐾2 ×𝑞𝑒

𝑞𝑡 = (1+𝐾

2 ×𝑡×𝑞𝑒 )

(2.4)

K2 is the PSO rate constant of biosorption (g/mg.min) while qe, qt and t have been
explained above.
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Therefore, in the present study, adsorbents for selective removal of Cr(VI) ions from
aqueous solutions will be developed following two methods. Firstly, the chromogenic
agent (DPC) will be chemically immobilized on modified Macadamia nutshell
adsorbents using a cationic surfactant. Secondly, ion-imprinted polymers
incorporating a chromogenic agent will be prepared using 4-vinylpyridine functional
monomer and β-cyclodextrin. The monomers will be crosslinked using ethylene glycol
dimethacrylate (EGDMA). Hereafter the prepared adsorbents will be evaluated for
efficiency, selectivity and reusability in the removal of Cr(VI) ions.
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Chapter 3: Materials and methods

This chapter outlines the reagents, methodologies and equipment employed in the
study. The applications of prepared adsorbents in hexavalent chromium removal and
mathematical handling of adsorption data are also presented.
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3.1.

Chemicals and reagents

Reagents utilized for the preparation of cellulosic sorbents included: iron sulphate
hexahydrate (Fe2SO4·6H2O), diphenylcarbazide (DPC), cetyltrimethylammonium
chloride (CTAC) and nitric acid (HNO3) which were all procured from Sigma-Aldrich
(Johannesburg, South Africa). Sodium hydroxide (NaOH) and hydrogen peroxide
(H2O2) were supplied by CJ chemicals (Johannesburg, South Africa).
For the synthesis of the polymer-based mesocaptors, the following chemicals were
used: ethylene glycol dimethacrylate (EGDMA), 1,1`- azobis(cyclohexanecarbonitrile)
(ACCN), distilled 4-vinylpyridine (4-VP), γ- methacryloxypropyltrimethoxysilane (γMPS), potassium dichromate (K2CrO7), 1,5-diphenylcarbazide (DPC), β-cyclodextrin
(β-CD), sodium borohydride (NaBrH4) and dimethyl sulfoxide (DMSO); which were
bought from Sigma-Aldrich (Johannesburg, South Africa). Dimethylformamide (DMF)
was supplied by Acros Organics (Geel, Belgium). Methanol was supplied by Labchem
(Johannesburg, South Africa).
The stock solution of 1000 mg/L of hexavalent chromium (Cr(VI)) was prepared using
potassium dichromate (K2Cr2O7) supplied by Sigma-Aldrich (Johannesburg, South
Africa). Working solutions were prepared by making appropriate serial dilutions of
the stock. The adjustments of solution pH were done using diluted solutions of
hydrochloric acid and sodium hydroxide (1 M).
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3.2.

Equipment

The adjustment of solution pH to desired levels along several batch adsorption studies
was done on a pH meter supplied by HANNA instruments (HI2210 pH meter)
(Germiston, South Africa). Synthesis and surface modification was achieved using a
multi-hotplate/stirrer supplied by Radleys (Shire Hill, Saffron Walden CB11 3AZ, UK),
equipped with reflux setups and temperature probe. Weighing of chemical reagents
and adsorbents was accomplished using an electronic balance supplied by RADWAG
(AS 220/C2) (Radom, Poland). A multi-stirrer obtained from Labcon (Krugersdorp,
South Africa) was used to agitate mixtures of synthetic wastewater and adsorbents
during batch adsorption studies. Centrifugation was done on a Thermo Scientific CL10
Centrifuge for phase separation.
3.3.

Methodology

3.3.1.

Preparation of agro-based adsorbents

3.3.1.1.

Handling

Macadamia nutshells were couriered from a nearby farm in Mpumalanga, South Africa.
The nutshells were thoroughly washed with distilled water to eliminate accumulated
soil particles. The nutshells were dried over-night, then pulverized to a fine powder.
The powder was collected and underwent further sequences of washing with distilled
water until no elution of brown colour was evident. A size fraction between 250-350
µm was harvested from the bulk powder using sieves.
Untreated Macadamia (MACU) nutshells were divided into three segments, each been
subjected to separate chemical treatment. Chemical modifications were carried out
using nitric acid, sodium hydroxide, as well as Fenton's reagent.
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Following each treatment, the resultant material was further treated with 24,2 mmol
solution of cetyltrimethylammonium chloride (CTAC) cationic surfactant prior 1,5’diphenylcarbazide immobilization.
3.3.1.2.

Fenton oxidation treatment

Fenton’s reagent preparation was achieved by the dissolution of 3.494 g of FeSO4·7H2O
in 250 mL distilled water. Twenty grams of MACU was weighed and transferred into a
250 mL 3-neck round-bottomed flask, followed by the addition of 100 mL Fe2+ solution
with heating, stirring and reflux at 60°C for 30 minutes. Once the period had elapsed,
100 mL 30% (v/v) H2O2 was subsequently added to the mixture with continuous
heating, stirring and reflux for a further 30 minutes (Kato et al, 2014). The final
product was washed and filtered with distilled water, then oven dried for 12 hours and
labelled MACF.
3.3.1.3.

Nitric acid and sodium hydroxide treatment

About 5 g of MACU was transferred in a 400 mL beaker, then 60 mL of 2 M nitric acid
(HNO3) was added. The mixture was agitated at 150 rpm for 6 hours, followed by
centrifugation for phase separation and washing with distilled water for surface
neutralization. The obtained material was oven dried at 80°C for 12 h to produce
MACA. A similar procedure was followed for surface modification of MAC, where 2 M
sodium hydroxide (NaOH) was used as the modifying agent. The resultant adsorbent
thereof was labelled MACB (Ali et al, 2016).
3.3.1.4.

1,5’-Dipheylcarbazide Immobilization

A 1,5’-diphenylcarbazide (DPC) solution was prepared by dissolving 0.1 g DPC in 250
mL acetone. A solution of 22,4 mmol CTAC in 0,1 M methanol was prepared and
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interacted with modified Macadamia nutshell powders to functionalize them with the
cationic surfactant. Ligand immobilization was carried out by agitation of each of the
modified (MACF, MACA or MACB) with 60 mL of DPC/acetone for 2 h at 150 rpm (Feng
et al, 2011). The resultant adsorbents (MACF-DPC, MACA-DPC and MACB-DPC) were
oven dried at 65°C for 12 h then stored for adsorption experiments.
3.3.2.

Synthesis of ion imprinted and non-imprinted polymers

3.3.2.1.

Template preparation

Initially, a diphenylcarbazone-Cr(VI) complex was formed by dissolving 0.05 g of DPC
in 10 mL acetone and stored to be used as a template. This was followed by
transferring 0,5 mL of 1000 mg/L Cr(VI) solution into acetone containing DPC ligands.
3.3.2.2.

Functionalization of β-cyclodextrin

In a separate beaker, β-CD was deprotonated by dissolving 8.00 g in 30 mL DMF,
followed by the addition of 0.1 g of NaBrH4. The mixture was stirred for 1 hour at 250
rpm and temperature of 26°C, followed by the dropwise addition of 2 mL γ-MPS and
further 12 h stirring at 80°C. The amorphous precipitate was washed with DMF,
methanol and acetone (30 mL each) in that order (Zolfaghari, 2016).
3.3.2.3.

Preparation of IIP and NIP

Ion-imprinted polymers were synthesized by transferring the functionalized β-CD into
a beaker containing 10 mL DMSO. This entire mixture, together with 0.442 mL of 4-VP,
was added to a beaker containing the prepared complex. This was followed by 30 min
of stirring, then 12 h of storage in the dark. Hereafter, 4.424 mL of EGDMA was added
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as a cross-linker, 0.05 g of ACCN initiator and 80 mL distilled water as a dispersing
medium. The mixture was agitated for 30 min to create a suspension (Kang et al, 2016).
The resultant mixture was subjected to an oil bath for 5 h, at 80°C under an inert
nitrogen atmosphere while stirring at 200 rpm. After polymerization, the beads were
washed several times with NaOH to remove/leach Cr(VI) template ions. The leached
polymeric beads were vacuum dried at 110°C.
The ion-imprinted polymers were then stored for applications in batch
adsorption/sequestration studies. A similar approach was followed for the synthesis
of non-imprinted polymers (Lofgreen et al, 2011). However, with the exclusion of the
Cr(VI) template ion and no leaching with NaOH. A flow diagram of the experimental
setup and a schematic illustration of some chemical reactions that took place are
displayed in Figures 3.1 and 3.2, respectively.

Figure 3.1: Flow diagram of experimental setup for polymer synthesis.
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Figure 3.2: Schematic illustration of steps in the synthesis of IIP and NIP (Liang et al,
2017).
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3.3.3.

Application of adsorbents in batch adsorption studies

A 1000 mg/L stock solution was prepared using K2Cr2O7. Adsorption parameters that
were varied include pH, contact time, adsorbent dose and initial Cr(VI) concentration.
The adsorption parameters were carried out in batch mode, and supernatant solutions
post adsorption were analyzed using spectroscopic techniques. A T80+ UV-VIS
Spectrometer supplied by PG Instruments Ltd. was used to calorimetrically quantify
Cr(VI). Total Cr was quantified using atomic absorption spectrophotometer AA7000
from Shimadzu (Kyoto, Japan). The amount of reduced Cr(III) remaining in solution
was determined by obtaining the difference between total Cr and Cr(VI)
concentrations.
3.3.3.1.

Effect of solution pH

The effect of pH on the removal efficiency of Cr(VI) was studied over a range of pH (111). An adsorbent dosage of 5 g/L was used, with an initial concentration of 100 mg/L
and 120 min contact time.
3.3.3.2.

Effect of contact time

The amount of time required to obtain maximum sorption was studied between 5 and
125 minutes, while the pH, initial concentration and adsorbent dosage were kept
constant at pH 1.4, 100 mg/L and 5 g/L, respectively.
3.3.3.3.

Effect of initial concentration

Initial Cr(VI) concentration was varied between 10 and 200 mg/L. Other adsorption
parameters were set at pH 1.4, contact time of 120 min and an adsorbent dosage of 5
g/L.

48 | P a g e

3.3.3.4.

Effect of adsorbent mass

The effect of adsorbent dosage on Cr(VI) removal in aqueous solution was studied. The
range selected was between 0.02 and 0.2 g, while maintaining parameters like solution
pH, contact time, and initial Cr(VI) concentration at 1.4, 120 min and 100 mg/L,
respectively.
3.3.3.5.

Selectivity studies

The selectivity of the prepared adsorbents was studied by using binary metal solutions
of Cr(VI)/divalent metal ions (Co(II), Ni(II) & Zn(II)) at ±100 mg/L. The adsorption
study was conducted in conditions determined to be optimum. For IIP and NIP, the
distribution coefficient (Kd), selectivity coefficient (K) and relative selectivity
coefficient (K’) were determined using their respective equations.
Distribution coefficients were determined as follows:
𝐾𝑑 =

(𝐶𝑜 −𝐶𝑒 )

(3.3)

𝐶𝑒 𝑊

Where Kd is the distribution coefficient (L/g), Co is the initial concentration (mg/L), Ce
is the equilibrium concentration (mg/L) after adsorption at time t, and W is the mass
(g) of adsorbent used (Tavengwa et al, 2013).
The selectivity coefficients were determined using the equation:
𝐾=

𝐾𝑑 (𝐼𝑜𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛)
𝐾𝑑 𝑊

(3.4)

Where K is the selectivity coefficient, while other variables have previously been
described. The value of K helps interpret the extent to which the prepared IIP are
selective towards the template ion compared to the co-ions. Moreover, the relative
selectivity coefficient of IIP against NIP was calculated from the following expression:
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𝐾

𝐾 ′ = 𝐾 𝐼𝐼𝑃

(3.5)

𝑁𝐼𝑃

3.3.3.6.

Application of adsorbents on a real sample

An acid-mine drainage sample was obtained and analysed on ICP-OES to determine its
composition. The adsorption experiment was done in a comparable manner to how it
was during selectivity studies. Briefly, wastewater was analysed on ICP-OES to
determine concentrations of constituent metal ions. It was found that 36 mg/L of
Cr(VI) was present in the sample. Spiking of the sample with Cr(VI) ions raised Cr(VI)
concentration to 90 mg/L and used as the initial concentration. The adsorption of
Cr(VI) was carried out using parameters that were determined to be optimum during
batch studies. These were pH 1.4, contact time of 120 min and adsorbent dosage of 5
g/L.
3.4.

Mathematical modelling

3.4.1.

Kinetic modelling

Kinetic modelling is often applied to adsorption data, which enables the approximation
of the adsorption mechanism. Various models have been established and applied,
however, the pseudo-first-order (PFO) and pseudo-second-order (PSO) models are
most commonly used.
3.4.1.1.

Pseudo-first-order

The pseudo-first-order kinetic model is based on key fundamentals, which include: (1)
direct bonding of solutes on a homogeneous surface, (2) monolayer coverage of
adsorbent by adsorbates and (3) the adsorption mechanism is endothermic in nature.
The representation of the PFO equation is as follows:
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𝑞𝑡 = 𝑞𝑒 (1 − 𝑒𝑥𝑝−𝐾1 ×𝑡 )

(3.6)

where qe and qt are the amounts (mg/g) of solutes adsorbed at equilibrium and time t,
respectively. The quantities of qe and k1 (PFO rate constant) are determined from the
intercept and slope of the graph, respectively.
3.4.1.2.

Pseudo-second-order

The pseudo-second-order kinetic model is based on assumptions that: (1) adsorption
of solutes occurs over a series of chemical reactions on a heterogeneous surface, (2)
adsorbates are bound to adsorption sites via physisorption and (3) the adsorption
process is exothermic in nature. The non-linear form of the pseudo-second-order
equation is presented in Equation 3.7.
𝑡×𝐾2 ×𝑞𝑒

𝑞𝑡 = (1+𝐾

(3.7)

2 ×𝑡×𝑞𝑒 )

K2 is the PSO constant of biosorption, while qe, qt and t have been explained above.
3.4.2.

Adsorption isotherm models

Adsorption isotherm models are key tools which help establish relationships of
interaction between adsorbents and adsorbates. Isotherm modelling provides
information about an adsorbent’s sorption capacity at equilibrium, surface
characteristics of the adsorbent, as well as the mechanistic pathways of adsorption.
3.4.2.1.

Langmuir adsorption isotherm

The Langmuir adsorption isotherm describes an adsorption mechanism where: a
monolayer of adsorbates accumulates on a homogenous surface where no interaction
of adsorbed solutes with adjacent solutes, and the temperature is constant during the
adsorption process. The actual uptake (qe) of Cr(VI) ions can be expressed as:
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1
𝑞𝑒

=

𝑞𝑚 ×𝑏×𝐶𝑒
(1+𝑏×𝐶𝑒 )

(3.8)

where, b is the Langmuir isotherm constant (L/mg), qm represents maximum Cr(VI)
uptake (mg/g), qe is the actual Cr(VI) uptake (mg/g) and Ce is the equilibrium Cr(VI)
concentration (mg/L) (Dada, et al., 2012).
3.4.2.2.

Freundlich adsorption isotherm

Freudlich's model stipulates that adsorption of solutes occurs on an infinite number of
adsorption sites. In addition, the adsorbent's surface is believed to have heterogeneous
sites. A multi-layer adsorption is said to be favoured by the Freundlich model.
Equilibrium uptake for this model is calculated using the equation:
1
𝑛𝐹

𝑞𝑒 = 𝐾𝑓 × 𝐶𝑒

(3.9)

where, KF is the Freundlich constant (L/g) and n is the Freundlich exponent. The
Freundlich constant KF is related to adsorption capacity and the exponent 1/n is a
measure of the sorption intensity (Chang et al, 2015).
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Chapter 4: Results and discussion

The fourth chapter of this dissertation encompasses trends and variations observed
from the materials under study. More particular, characterization of the prepared
adsorbents, as well as their performance in Cr(VI) sorption from aqueous media, are
the anchors of this chapter. The mathematical handling of the data as well as
interpretations is also explained in detail.
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4.1.

Cellulosic adsorbents

4.1.1.

Characterization of agro-based adsorbents

4.1.1.1.

Fourier transform infrared spectroscopy

Figure 4.1 illustrates the FTIR spectra of MACU, MACF, MACF-DPC and MACF-DPC
loaded with Cr (MACF-DPC-Cr). The peaks observed around 3000, 1800, 1300 and
1000 cm-1 were significant in the identification of functional groups. A broad
absorption band was observed in the spectrum of MACU at 3317 cm-1, ascribed to the
O-H stretch. The absorption band found at 2898 cm -1 was typical of C-H stretching. A
shouldered peak was noted around 1724 cm-1, which overlapped with another
observed at 1591 cm-1. These were allotted to C=O and aromatic C=C functional
groups, respectively (Afroze et al, 2016). The absorption band seen at 1510 cm-1 was
ascribed to an N-H bend. A peak characteristic of C-N functional groups was noted at
1265 cm-1. The broad peak noted at 1026 cm-1 was owed to C-O functional groups.
However, the intensities of the adsorption bands were relatively low (Wang & Chen,
2014).
Surface oxidation by Fenton’s reagent induced changes in absorption peaks
determined by FTIR spectroscopy. These changes include absorption wavenumber,
peak shape and intensity. This phenomenon was noted for the O-H peak which became
broader and shifted to 3330 cm-1. The peak ascribed to N-H was observed to have
undergone a similar transformation, which shifted to 1508 cm-1 (Chand et al, 2014).
No significant peak shifts for C=O, aromatic C=C and C-N were evident but had
increased intensities. The emergence of a new peak was observed at 1218 cm-1, which
was ascribed to S=O functional group.
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Moreover, the immobilization of DPC ligands onto MACF was observed to decrease the
intensity of alcohol groups on its surface which indicated that they played a role in the
binding of DPC. In addition, the C-N peak at 1265 cm-1 was observed to increase in
intensity owing to the C-N bonds on the backbone of DPC ligands (Hokkanen et al,
2016). The adsorption of Cr(VI) caused peak shifts for O-H, C=O and S=O to 3317, 1716
and 1211 cm-1, which was observed on the spectrum of MACF-DPC-Cr. This was due to
their involvement in the binding of Cr(VI) ions (Romo-Rodriguez, et al. 2015).

Figure 4.1: FTIR spectra of Fenton’s reagent treated MAC with DPC.
The FTIR spectra of nitric acid treated Macadamia and intermediates are shown in
Figure 4.2. The intensity of functional groups identified in Figure 4.1 was observed to
increase after chemical modification. This was attributed to the removal of peptic and
viscous compounds, which concurrently lead to the exposure of functional groups
bound to cellulose by breaking glycosidic linkages (Ali et al, 2016). Shifts in absorption
wavenumber of O-H, C=O, C-N and C-O functional groups to 3336, 1710, 1269 and 979
cm-1 were also observed after surface modification with HNO3.
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However, these groups decreased in intensity upon immobilization of DPC, like what
transpired in Figure 4.1. DPC ligand immobilization induced more shifts in absorption
wavenumbers of O-H (3323 cm-1), C=O (1705 cm-1) and C-O (1028 cm-1), which helped
immobilize DPC ligands. Shifts in absorption wavenumbers of aromatic C=C (1591 cm1)

and C-N (1261 cm-1) confirmed the presence of DPC ligands on the adsorbent

surface. Adsorption of Cr(VI) was observed to oxidize the adsorbent surface as
increases in peak intensity and shifts were seen (Wang et al, 2016). Prominent peak
shifts were noted for functional groups such as O-H (3336 cm-1), C=O (1730 cm-1),
aromatic C=C (1610 cm-1), C-N (1259 cm-1), S=O (1230 cm-1) and C-O (1031). A new
peak emerged at 1369 cm-1 was allotted to N-O, proving surface oxidation.

Sp2 C-H
3
O-H Sp C-H

C=O C=C N-H
C-N

S=O

C-O

Figure 4.2: FTIR spectra of nitric acid treated Macadamia nutshell powder.
Ii was observed in Figure 4.3 that MACB had intense absorption bands of basic
functional groups, which was owed to chemical modification using NaOH.
Furthermore, these adsorption bands were more intense than that of MACA in Figure
4.2. The increase in the intensity of the O-H band may be attributed to the yield of more
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OH-containing surface groups (i.e. carboxylic and alcohol).

Shifts in absorption

wavenumber due to chemical modification were observed for O-H (3330 cm-1),
aromatic C=C (1587 cm-1) and C-O (1002 cm-1) (Belhalfaoui et al, 2009). Functional
groups of C-N and N-H were also observed to increase in intensity, at peaks located at
1265 and 1508 cm-1, respectively.
The disappearance of the C=O functional group peak could be due to the
transformation of aldehyde and ketone groups to alcohol groups, which accounts for
the broadening of the O-H peak. The intensity of significant functional groups were
suppressed by DPC immobilization. Moreover, significant peak shifts of O-H (3344 cm1),

N-H (1502 cm-1), S=O (1363 cm-1) and C-O (1024 cm-1) were evident (Gurung et al.

2014). The observed shifts were owed to successful DPC immobilization. Cr(VI)
sorption caused shifts in absorption wavenumbers of O-H, C=O, aromatic C=C, N-H, CN and C-O to 3338, 1710, 1598, 1508, 1265 and 1028 cm-1, respectively.

C-H
O-H

C=O
C=C

N-H
C-N

S=O
C-O

Figure 4.3: FTIR spectra of MACU, MACB, MACB-DPC and MACB-DPC-Cr.
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In summary, FTIR spectroscopy was instrumental in the identification of organic
functional groups present on the surface of Macadamia nutshell powder. Alterations
on the surface caused by surface modification and immobilization of DPC were notable,
where changes in peak shape, intensity and wavenumber were observed. Notable
changes in vibrations of basic functional groups were seen after the adsorption of
Cr(VI) ions from aqueous media.
4.1.1.2.

Scanning electron microscopy

Scanning electron microscopic (SEM) analysis was done on agro-based adsorbents
before and after immobilization of DPC. It was revealed that different modification
methods had relatively unique impacts to morphological changes of the biomass.
These included various degrees of porosity and surface roughness (Rangabhashiyam
& Seharaju, 2015). Figure 4.4(a & b) depicts SEM micrographs of MACF and MACF-DPC,
respectively.
Figure 4.4(a) revealed that MACF had more porosity ascribed to the exposure of MAC
to harsh oxidative conditions by Fenton’s reagent during modification. The uniformity
of pores in terms of size and shape appeared to be relatively constant across the plane
of the adsorbent Figure 4.4(b) showed that DPC immobilization did not affect the
porosity of the biomaterial. However, the surface roughness was observed to have
increased, which was attributed to DPC moieties on the surface (Anirudhan et al,
2013).
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(a)

(b)

Figure 4.4: SEM images of (a) MACF and (b) MACF-DPC.
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The SEM micrographs of MACA and MACA-DPC are presented in Figure 4.5 (a & b). It
was observed from Figure 4.5 that surface modification with HNO3 resulted in less
porous material, compared to when Fenton’s reagent was used. However, multiple
pores were notable, together with contours of concave and convex cellulosic scaffold
(Khalid et al, 2018). It was also noted that the adsorbents had uniquely sharp edges,
which may have been caused by pulverization of the bulk Macadamia nutshells. The
rough edges observed were a positive indication of the increased surface area of the
adsorbent. Figure 4.5 (b) showed that DPC immobilization led to a slightly rougher
surface, attributed to the organic DPC layer. The view of MACA-DPC from a different
angle showed that the adsorbent had acquired pores of varied sizes and shapes.

(a)
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(b)

Figure 4.5: SEM images of (a) MACA and (b) MACA-DPC.
The SEM images of MACB and MACB-DPC are displayed in Figure 4.6 (a & b). It was
conspicuous from Figure 4.6 (a) that MACB adsorbents featured a relatively less
porous surface compared to that of MACF and MACA in Figures 4.4 and 4.5,
respectively. The morphology of MACB appeared to be smooth with sharp-edged
layers. In addition, the adsorbent surface was fissured and had contours of the
cellulosic scaffold. Figure 4.6 (b) shows the SEM of MACB-DPC. Although the
biomaterial maintained most of its surface characteristics, a different view of the
adsorbent revealed that its’ surface was more fissured than initially perceived from
4.6 (a). This was positive as the grooves ushered a platform for more interfacial contact
between the adsorbent and target Cr(VI) ions. It was however noted that the presence
of DPC moieties made the texture coarser (Owalude &Tella, 2016).
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(a)

(b)

Figure 4.6: SEM images of (a) MACB and (b) MACB-DPC.
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4.1.1.3.

X-ray fluorescence spectroscopy

XRF scans of the adsorbents were taken before and post-Cr (VI) adsorption and the
results are illustrated in Figure 4.7. XRF uncovered that d-block metals are part of the
chemical make-up of MAC. There was a significant amount (70%) of iron(II) detected
on all sorbents. There was also notable amounts of zinc(II) and copper(II) in the
biosorbents. A considerable increase in the amount (3.5%) of chromium before
adsorption to 20% after adsorption was observed in all adsorbents.
This provided evidence of the adhesion of Cr(VI) on the surface of adsorbents during
sorption. Moreover, it is highlighted in Figure 4.7 that the amounts of most detected
metals decreased after sorption. This was due to an overall increase in the
concentration of chromium on the biomaterial, and their subsequent decrease.

Figure 4.7: XRF scans of DPC immobilized Macadamia nutshells before and after Cr(VI)
sorption.
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4.1.1.4.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was done on agro-based adsorbents after
immobilization with DPC and after Cr(VI) sorption. The derivatives of their respective
thermal analysis were also determined, which are displayed in Figures 4.8-4.15. This
was done to get an overview of the thermal stability of adsorbents that underwent
different treatment methods and post-Cr (VI) sorption.
The TGA and DTA of untreated Macadamia (MACU) nutshell powder are presented in
Figure 4.8. It was observed that thermal stability of MACU maintained a plateau until
the temperature reached a temperature of 180°C. A notable loss in sample weight was
evident as temperature ramped from 180-360°C. The weight loss observed in this
temperature range was ascribed to volatilization of phenolic compounds,
hemicellulose and cellulose (Rangabhashiyam & Selvaraju, 2015). The slow
degradation of the lignin component can be observed above 550°C possibly due to
residual char and metal ions (i.e. iron).

64 | P a g e

Figure 4.8: TGA and DTA thermograms of MACU
The TGA and DTA of MACF-DPC are displayed in Figure 4.9. The first decomposition
was observed between 60-100°C, which was associated with loss of diphenylcarbazide
ligands and moisture. Considerable weight loss was noted between 200-450°C. This
can be owed to thermal decomposition of hemicellulose and cellulose, respectively.
Hereafter, the material appeared to maintain thermal stability until 900°C.

Figure 4.9: TGA and DTA thermograms of MACF-DPC.
Figure 4.10 illustrates the TGA and DTA of MACF-DPC-Cr. A similar first and second
decomposition step as that in Figure 4.9 was seen. However, weight loss between the
temperature range of 200-450°C was observed to be less abrupt compared to
observations made in Figure 4.9. This was ascribed to higher thermal stability
assumed by the material after the loading of Cr(VI) from the aqueous phase.
The TGA and DTA of MACA-DPC are shown in Figure 4.11. Significant weight loss was
observed from the material during preliminary stages (35-150°C) of heating. This may
be owed to diphenylcarbazide moieties immobilized on the adsorbent’s surface.
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Figure 4.10: TGA and DTA of MACF-DPC-Cr

Figure 4.11: TGA and DTA of MACA-DPC.
Temporary resistance to thermal decomposition was observed in the range 150250°C. This might imply that surface modification with 2M HNO3 removed part of
phenolic compounds, leaving behind hemicellulose and cellulose.
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The decomposition of these natural polymers was observed between the temperature
range of 250-449°C. Hereafter, a gradual decomposition of the backbone
approximated 100 %. The thermal stability of MACA-DPC was evaluated after Cr(VI)
sorption, the pattern shown in figure 4.12. Notable weight loss was observed before a
plateau developed between the temperature range of 138-230°C. With an increase in
temperature over time, hemicellulose and cellulose subsequently decomposed out of
the material. Moreover, the thermal decomposition did not reach 100%, which was
attributed to adsorbed chromium.

Figure 4.12: TGA and DTA of MACA-DPC-Cr
The thermal decomposition pattern of MACB-DPC is presented in Figure 4.13. The loss
of diphenylcarbazide ligands and physically absorbed water was assigned to the first
decomposition (40-110°C). The second decomposition (250-421°C) was observed
after the plateau, ascribed to the loss of natural polymers hemicellulose and cellulose.
At temperatures above 421°C, the rate of thermal decomposition of the material was
observed to decrease, owing to the residual carbonaceous material.
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Figure 4.13: TGA and DTA of MACB-DPC
The thermal stability MACB-DPC-Cr is displayed in Figure 4.14 with the aid of TGA and
DTA curves. The thermal decompositions observed followed trends seen in the case of
MACB-DPC. However, the second decomposition had a slightly sharper degradation,
owed to the strongly oxidizing character of Cr(VI) which lead to exposure of more
hemicellulose and cellulose.

Figure 4.14: TGA and DTA of MACB-DPC-r
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4.1.1.5.

Brunauer-Emmett-Teller

The BET surface area analysis of DPC immobilized cellulosic adsorbents was
conducted using nitrogen gas adsorption/desorption at -195°C. The BET surface
analysis results are shown in Table 4.1. It was observed that pore volume increased
for MACF and MACA after immobilization of DPC, while that of MACB-DPC was
observed to decrease. This could be due to the surface of MACB being fissured,
therefore prone to partial coverage and possible closure by immobilized DPC ligands.
Moreover, the BET surface area of MACF increased after immobilization of DPC while
that of MACA and MACB were observed to decrease.
Table 4.1: BET surface area analysis of DPC immobilized cellulosic adsorbents.
BET analysis
BET Surface area

Pore volume

Pore size

(m²/g)

(cm³/g)

(nm)

MACF

0.11±0.03

68⨯10-6

-

MACF-DPC

0.37±0.04

69⨯10-6

-

MACA

0.19±0.05

22⨯10-6

-

MACA-DPC

0.08±0.00

85⨯10-6

-

MACB

12.10±0.41

30⨯10-4

-

MACB-DPC

0.48±0.06

25⨯10-5

-

Adsorbents
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4.1.1.6.

CHNS elemental analyser

The amounts (in terms of percentage) of carbon, hydrogen, nitrogen and sulphur that
form part of the adsorbents’ chemical make-up were determined. It was observed from
Table 4.2 that there was generally a low percentage of sulphur detected in the
Macadamia-based adsorbents.

Another general trend observed was that the

percentage of carbon was the highest for MACU, MACF-DPC, MACA-DPC and MACBDPC. This confirmed the carbonaceous nature of the adsorbents due to lignin and
cellulose networks. Moreover, the immobilization of DPC ligands onto the modified
Macadamia nutshell powder prompted an increase in the percentage of nitrogen.
Table 4.2: CHNS analysis of cellulosic adsorbents.
CHNS analysis
Adsorbents

C%

H%

N%

O%

S%

MACU

47.9

6.9

0.3

44.8

0.11

MACF-DPC

47.9

6.8

0.4

44.8

≤ 0.1

MACA-DPC

47.3

6.8

0.4

45.4

≤ 0.1

MACB-DPC

45.0

6.8

0.4

47.7

≤ 0.1

There was an increase from 0.3-0.4 % in nitrogen for all adsorbents. Hydrogen content
had a notable decrease of 0.1 % following surface modification of adsorbents, as well
as a decrease in carbon for MACA-DPC (0.6 %) and MACB-DPC (0.29 %). This
observation could be could be due to the removal of organic compounds from the agrowaste material. The percentage of oxygen was found to increase as oxidative modifying
reagents were applied on adsorbents. This was ascribed to the deposition of hydroxyl,
carboxylic and carbonyl functional groups on the adsorbents’ surfaces (Moyo, et al.
2017).
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4.1.2.

Batch adsorption experiments

4.1.2.1.

Effect of pH

Batch adsorption experiments were performed over a broad pH range (1-11), using
the DPC immobilized sorbents. The removal percentages of Cr(VI) at various pH are
presented in Figure 4.15. It was observed that at pH 1.39 the removal % of Cr(VI) was
maximum for all adsorbents. Moreover, MACB-DPC obtained the highest removal
(99,9 %) of Cr(VI), followed by MACA-DPC (92,3 %) and MACF-DPC (86,7 %),
respectively. Based on this observation it could be deduced that MACB-DPC had a
surface with the most conducive environment for Cr(VI) adsorption. The solution pH
affects both the adsorbent surface and the metal speciation. Lower pH has been
reported to induce protonation of electro-donating groups on the adsorbent surface,
making it positively charged (Rangabhashiyam & Selvaraju, 2015).

Figure 4.15: Effect of pH on Cr(VI) removal (Conditions: 0.02 L of 100 mg/L of Cr(VI),
0.1 g of adsorbent, 120 min’ contact time, ambient temperature and 250 rpm agitation
speed)
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The speciation of chromium ions is indeed dependent on solution pH and reduction
potential, which can be observed on the Pourbiax diagram presented in Figure 4.16.
As observed, at solution pH ≥ 2 the dominant species of Cr(VI) is HCrO4-, which is
favoured for adsorption on a protonated adsorbent surface.
Wang et al. (2016) conducted a study on the removal of hexavalent chromium using
quaternary amines anchored on activated carbon. It was established that removal
percentages of up to 99% were obtained in conditions of solution pH ≥ 2. Moreover,
removal percentage of hexavalent chromium drastically decreased when solution pH
was above 4. This decrease has been associated with competition for adsorption sites
between OH- ions and CrO42- ions.

Figure 4.16: Pourbiax diagram of chromium ions in aqueous media at 25°C
(www.chegg.com, accessed on 5 February 2018).
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4.1.2.2. Effect of concentration
Figure 4.17 illustrates the adsorption and removal percentages as a function of initial
Cr(VI) concentration. The adsorption increased with concentration for all sorbents.
The removal of Cr(VI) was observed to be above 90% from 10-200 mg/L, which gave
evidence of the sorbents’ high loading capacity (Ali et al, 2016).
In the same concentration range, adsorption of MACF-DPC, MACA-DPC and MACB-DPC
increased from 1.984-37.69 mg/g, 1.984-37.73 mg/g and 1.983-39.43 mg/g,
respectively. In general, the removal percent of Cr(VI) was observed to decrease with
increase in initial concentration. The removal percentages achieved by MACF-DPC,
MACA-DPC and MACB-DPC at 200 mg/L were 94.2, 94.3 and 98.6%, respectively.

Figure 4.17: Adsorption (mg/g) and Cr(VI) removal percent as a function of initial
concentration for MAC(x)-DPC adsorbents. (Conditions were 0.02 L of 100 mg/L
Cr(VI), pH 1.41, 120 min’ contact time, ambient temperature and 250 rpm agitation
speed).
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A similar study was conducted by Lui, et al. (2017) in which carboxylated cellulose
immobilized with polyethyleneimine ligands was used as an adsorbent for hexavalent
chromium. The results obtained indicated that adsorption capacity increased with an
increase in initial Cr(VI) concentration, which was similar to the results attained in this
study. The observed trend was ascribed to increased Cr-ion loading per unit mass of
adsorbent. In another study by Pakade, et al. (2016), however, in this case, quaternized
activated carbon derived from Macadamia nutshells was used as an adsorbent for
Cr(VI). Removal percent was observed to drop below 95% when 120 mg/L of Cr(VI)
was utilized while adsorption capacity increased with an increase in initial Cr(VI)
concentration.
4.1.2.3. Effect of mass
The influence of adsorbent mass was investigated by varying adsorbent dosage while
other parameters remained unchanged. The range investigated was between 0,02 and
0,2 g. The effect of sorbent mass on Cr(VI) removal percent is graphically displayed in
Figure 4.18. The removal percent of Cr(VI) ions was observed to increase with
adsorbent mass. This was allotted to the increase in interfacial contact between
adsorption sites and Cr(VI) ions in solution (Kahu et al, 2016).
Moreover, when 0.02 g of each adsorbent was introduced, MACB-DPC attained 59%
removal while MACA-DPC and MACF-DPC attained 38% and 29% removal,
respectively. The observed trend was indicative of immense Cr(VI) ion loading ability
of MACB-DPC. All studied cellulosic adsorbents removed 95% of Cr(VI) when 0.2 g
adsorbent mass was used showing excellent ability to eliminate Cr(VI) ions from
aqueous media.
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Figure 4.18: The percentage removal of Cr(VI) ions as a function of mass (Conditions:
0.02 L of 100 mg/L Cr(VI), pH 1.39, 120 min’ contact time, ambient temperature and
250 rpm agitation speed).
The amount of adsorbed Cr(VI) per unit mass of adsorbent was observed to decrease
with an increase in mass, which can be observed in Figure 4.19. This observation may
be credited to a decrease in Cr(VI) ion loading per unit mass of adsorbent due to the
distribution of Cr(VI) ions among the adsorption sites on adsorbents’ particulate
matter (Lee & Choi, 2018).
The apparent high adsorption capacity attained by MACB-DPC when 0,02 g was
introduced reflected its potential to sequestrate Cr(VI) ions via adsorption sites on its
surface. The relatively low adsorption attained by MACA-DPC and MACF-DPC was
indicative of limited adsorption sites. Guo et al. (2018) obtained comparative results
when Camellia Oleifera seed shell carbon was used as an adsorbent for Cr(VI) ions.
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Figure 4.19: Adsorption capacity of DPC immobilized cellulosic adsorbents at varied
mass (Conditions: 0.02 L of 100 mg/L Cr(VI), pH 1.39, 120 min’ contact time, ambient
temperature and 250 rpm agitation speed).
4.1.2.4.

Effect of contact time

Figure 4.20 shows Cr(VI) removal percentages by MACF-DPC, MACA-DPC and MACBDPC over different time intervals. The Cr(VI) sorption was rapid in initial stages, where
21.8% (MACF-DPC), 20.7% (MACA-DPC) and 36.2% (MACB-DPC) removals were
achieved after 5 min of contact time. With the progression of time, the rate of Cr(VI)
removal was observed to decrease. The decrease in adsorption rate was attributed to
the saturation of adsorption sites on the surface of adsorbents (Han, et al. 2016). It was
further observed that MACB-DPC had more potential to adsorb Cr(VI) ions at all
selected time intervals. This provided more evidence of its pronounced ability to
sequestrate Cr(VI) ions from aqueous media. At contact time of 125 min, the removal
percentages obtained by MACF-DPC, MACA-DPC and MACB-DPC were 87, 89 and 98%,
respectively.
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Figure 4.20: Cr(VI) removal percent after adsorption as a function of time (Conditions:
0.02 L of 100 mg/L Cr(VI), pH 1.55, 120 min’ contact time, ambient temperature and
250 rpm agitation speed).
In a similar study carried out by Lin, et al. (2017) a hyperbranched polyamide modified
corncob agricultural waste was used as an adsorbent for Cr(VI) abstraction in aqueous
media. The rate of Cr(VI) sorption was observed to be rapid during initial stages of
contact as 80% removal was achieved within the first 30 min.
As the adsorption reaction propagated, the rate of Cr(VI) removal decreased and this
was ascribed to the occupation of most adsorption sites on the adsorbent surface.
Similar results were obtained by Guiza (2017) where copper(II) metal ions were
adsorbed from aqueous media by the cellulosic orange peel.
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4.1.2.5.

Reusability studies

An interesting and important dimension of a decontaminating agent is its ability to be
re-used. Optimum conditions found for Cr(VI) sequestration in aqueous media were
employed for five subsequent adsorption/desorption cycles, the data is presented in
Figure 4.21. This was done to determine the amount of efficient adsorption-desorption
cycles the DPC immobilized adsorbents could undergo. It was noted that the first
adsorption cycle was one with highest removal percentage for all adsorbents. MACBDPC exhibited the highest removal of ca. 96%, followed by MACA-DPC and MACB-DPC
at 93 and 87%, respectively. A decrease in potential to adsorb Cr(VI) ions was
observed after the second adsorption cycle. The third and fourth cycles yielded
removal percentages of ± 85% for all adsorbents.

Figure 4.21: Reusability of DPC immobilized cellulosic adsorbents over five
adsorption-desorption cycles (conditions: pH 1.39, 120 minute’s contact time, 0,1 g
adsorbent and 20 mL of Cr(VI) at 100 mg/L).
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A low of ± 75% removal was seen on the fifth adsorption cycle indicative of the
elimination of some binding sites for Cr(VI) ions over subsequent cycles. It can be
concluded that these adsorbents showed good re-usability of up to 5 cycles achieving
more than 70% removal efficiency.
4.1.2.6.

Effect of co-ions

Adsorbent selectivity towards Cr(VI) removal was tested among Co(II), Ni(II) and
Zn(II) in the same matrix. Figure 4.22 depicts the equilibrium concentration of
individual post contact with MAC(x)-DPC adsorbents. The DPC immobilized biomass
displayed high selectivity for Cr(VI) ions as the concentration of Cr(VI) and total Cr
were almost zero while the other metals’ concentrations were very high (100 mg/L).
The low concentration of total Cr is proof that there was almost no reduction to Cr3+
because other cations (Co2+, Ni2+ and Zn2+) were not adsorbed at the pH used (pH 1.39).
It has been proposed that HCrO4- is the most dominant Cr(VI) species at low pH, hence,
the electrostatic attraction was the proposed mechanism of removal.
Moreover, the loading of Cr(VI) ions was not hindered by the presence of selected coions due to their net positive charge which made them non-preferential for adsorption
onto the protonated adsorbent surface. The immobilized DPC ligands could have been
responsible for enhanced selectivity for Cr(VI) ion sequestration.
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Figure 4.22: Effect of co-ions on Cr(VI) adsorption (Conditions: 120 min’ contact time,
0,1 g adsorbent, 100 mg/L Cr(VI), Co(II), Ni(II) and Zn(II), 250 rpm agitation speed,
ambient temperature).
4.1.2.7. Application of adsorbents on real sample
The efficiency of DPC immobilized MACF, MACA and MACB in Cr(VI) adsorption were
determined on a real wastewater sample. An acid-mine drainage water sample was
used as wastewater. The initial pH of the sample was determined to be pH 2.58 which
was typical of an acid mine drainage sample but was adjusted to the optimum solution
pH of 1.43.
Real wastewater, unlike synthetic wastewater, contains a complex matrix of
components. These constituents may have the potential to rearrange the mechanism
of Cr(VI) sorption. Possibilities of multi-component adsorption may also exist,
depending on the sequence of their uptake (Wang et al, 2017).
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Table 4.3 presents metal ions which were determined to be present in the sample, their
initial concentrations (mg/L) and removal percentages. It was determined by ICP-OES
that dominant components in the sample were Fe (II) > Zn (II) > Ni (II) > Cr (IV) > Cu
(II), in that order. Among these metal ions, Cr(VI) is the only one with a net negative
charge in acidic media. At the same time, the surface of the adsorbent is mostly
positively charged. However, complete protonation of the surface functional groups
might not be possible if the proton acceptors have a greater ratio than the proton
donors. Hence the adsorption of positively charged ions was feasible. The charge
transition of Cr to positive when adsorbed on functional groups, together with a pH
shift from acidic to neutral, may have induced speciation change of other metal ions
(Tavengwa, 2013).
Table 4.3: Application of DPC immobilized adsorbents on a real sample
Initial conc.

MACF-DPC

MACA-DPC

MACB-DPC

(mg/L)

Removal %

Removal %

Removal %

Zn

185.6

99.9

99.9

99.9

Cu

5.4

28.4

72.3

77.8

Ni

161.1

99.5

99.5

99.7

Fe

264.9

51.0

5.1

8.2

Cr

90.0

84.8

83.8

87.4

Metal ion

The induced change in metal speciation could have possibly ushered a platform for
multi-component adsorption. This occurs based on van der Waals interactions that
take place sequentially, depending on favoured speciation changes (Liu et al, 2018).
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4.1.3.

Kinetic studies

Quantitative data derived from the effect of contact time was fitted on pseudo-firstorder and pseudo-second-order kinetic models. The results are summarised in Table
4.4. It was observed that the correlation coefficients (R2) obtained from PFO displayed
relatively poor linearity. Improved linearity was observed on the PSO order plot,
which led to the deduction that DPC immobilized MACF, MACA and MACB followed a
PSO mechanism in the sorption of Cr(VI).

Table 4.4: PFO and PSO kinetic models of adsorption parameters.
Models
PFO

PSO

Parameters

MACF-DPC MACA-DPC

MACB-DPC

qe (mg/g)

17.2

17.3

19.4

k1 (1/min)

0.03

0.05

0.08

qm (mg/g)

15.4

15.8

18.1

R2

0.76

0.92

0.90

Var*

8.1

2.8

3.0

k2 (g/mg.min)

0.002

0.003

0.005

qm (mg/g)

18.4

19.0

20.3

R2

0.83

0.97

0.97

Var*

5.7

1.2

0.8

Var* - variance

4.1.4.

Adsorption isotherms

Adsorption data derived from the parameter of initial Cr(VI) concentration were
applied to Langmuir and Freundlich adsorption isotherm models. The data presented
in Table 4.5 shows variables obtained for both isotherms. As mentioned in chapter 3,

82 | P a g e

several assumptions have been proposed for these models which postulate the
mechanism of adsorption. The Langmuir model suggests a monolayer sorption on a
homogenous surface, while the Freundlich model postulates a multi-layer sorption on
a heterogeneous surface. Based on coefficients of correlation values, it was determined
that MACF-DPC, MACA-DPC and MACB-DPC obtained more linearity with the
Freundlich isotherm compared to the Langmuir isotherm.

Table 4.5: Langmuir and Freundlich adsorption isotherm parameters
Models

Langmuir

Freundlich

Parameters

MACF-DPC

MACA-DPC

MACB-DPC

qe (mg/g)

37.9

37.7

39.4

qm (mg/g)

27.6

67.1

41.8

b (L/mg)

2.0

0.1

3.7

R2

0.69

0.86

0.79

Var*

76.1

35.3

59.8

KF (mg1-1nL1/n/g)

0.7

11.4

27.8

nF

0.6

2.2

2.8

R2

0.775

0.919

0.807

Var*

56.2

20.7

53.8

*Var - sum of square error/DF
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This implied that instead of a monolayer sorption of Cr(VI) on a homogenous surface,
a multi-layer sorption of Cr(VI) on a heterogeneous surface took place. The coefficients
of correlation for the Freundlich model obtained by MACF-DPC, MACA-DPC and MACBDPC were 0.775, 0.919 and 0.807, respectively.
4.2.

Ion-imprinted and non-imprinted polymers

4.2.1.

Fourier transform infrared spectroscopy

FTIR spectra of IIP and NIP were measured using an ALFA FTIR spectrometer supplied
by BRUKER. In Figure 4.23 FTIR spectra of (a) EGDMA, (b) 3-(trimethoxysilyl)propyl
methacrylate (γ-MPS), (c) β-cyclodextrin (β-CD) and, (d) β-CD functionalized with γMPS are displayed. Figure 4.23(a) depicts an FTIR spectrum of EGDMA cross-linker.
Peaks of interest were O-H (3319 cm-1), C-H (2900 cm-1), C=O (1650 cm-1), C=C (1517
cm-1), C-H deformations (1425 cm-1), C-O (1157 cm-1) and C-H bending vibrations at
777 cm-1. The source of hydroxyl functional groups is proposed to be the water in
which EGDMA is dispersed. The molecular structure of EGDMA was responsible for
carbonyl, ether, vinyl and C-H functional groups found.
(a)

C-H
O-H

C=C
C-H
C=O
C-O

C-H

Figure 4.23 (a): FTIR spectrum of EGDMA
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Figure 4.23 (b) shows an FTIR spectrum of 3-(Trimethoxysilyl)propyl methacrylate,
which was used to functionalize β-CD. Significant peaks were O-H (3338 cm-1), Sp3 and
Sp2 C-H (2988 and 2976 cm-1), C=O (1639 cm-1), vinyl C=C (1517 cm-1), C-H
deformations (1364 cm-1), C-O (1157 cm-1), Si-O-CH3 (918 cm-1) and aromatic C-H
deformations (777 cm-1).

(b)

Sp2 C-H
O-H

C=C

Sp3 C-H
C=O

C-H

C-H
C-O
Si-O-CH3

Figure 4.23 (b): FTIR spectrum of γ-MPS
The Hydroxyl group was said to be from water in which γ-MPS was dispersed in.
Aliphatic and ether groups emanated from the backbone of the molecule. The vinyl and
Si-O-CH3 groups were owed to terminal functionalities of γ-MPS. The FTIR spectrum
of β-CD is presented in Figure 4.23 (c). β-CD is mostly constituted of esters and alcohol
groups which form a ‘cup’ whose interior is hydrophobic, and exterior is hydrophilic.
Peaks of interest from the spectrum were the bonded O-H (3331 cm-1), C-H (2919 cm1),

C-O (1015 cm-1) and C-H deformations (1412 and 753 cm-1).
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(c)

C-H

C-H

C-H

O-H
C-O

Figure 4.23 (c): FTIR spectrum of β-CD
The FTIR spectrum of γ-MPS functionalized β-CD is presented in Figure 4.23(d).
Functional groups of O-H (3338 cm-1) and C-H (2927 cm-1) were determined to be
present, which were found on the spectra of the individual compounds.

(d)

Si-O-CH3
O-H

C-H
C=C
C=O

C-O

Figure 4.23 (d): FTIR spectra of β-CD functionalized with γ-MPS.
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Figure 4.24 shows FTIR spectra of IIP before leaching (IIP1), after leaching (IIP2) and
after Cr(VI) sorption (IIP3). The proximity of resemblance among these recorded
spectra was indicative of similarities in chemical make-up, largely showing the
presence of EGDMA due to its high concentration used. However, absorption band
shifts, peak broadness and intensity were differential. It was observed in Figure 4.24
that IIP1 had prominent functional groups such as O-H (3318 cm-1), C=O (1718 cm-1)
and C-O (1025 cm-1). Sources of O-H, C=O and C-O were ascribed to the presence of
EGDMA, γ-MPS and β-CD. Other significant peaks included benzyl (1410 cm-1), C-N
(1258 cm-1) as well as alkyl with C-H stretching and bending at 2917 and 940 cm -1,
respectively (Lui et al, 2011). The benzyl and C-N functional groups were allotted to
the inclusion of 4-VP and DPC ligands. The peak observed at 786 cm-1 brought more
validation of the inclusion of Cr(VI) ions.

C-H
O-H

C=O C=C
C-N
C-O

Cr-O
Si-O-CH3

Figure 4.24: FTIR spectra of IIP before leaching (IIP1), after leaching (IIP2) and after
Cr(VI) sorption (IIP3).
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Moreover, the spectrum of IIP2 showed characteristic peaks compared to those of IIP1,
but with notable changes. Peaks with the most conspicuous changes were that of O-H,
C=O, C=C, C-N and C-O. The disappearance of the O-H functional group could be due to
sufficient drying of absorbed water after leaching. The O-H groups from β-CD were not
detected, possibly due to deprotonation by NaBrH4.
Elongation and shift of the C=O peak to 1715 cm-1 signified that it was no longer bound
to Cr(VI) ions which were leached. A relatively similar observation was made on the
C-N peak, where elongation and a shift to 1254 cm-1 occurred. This was ascribed to the
involvement of C-N in the binding of Cr(VI) ions. The transformation of the aromatic
C=C peak of DPC ligands from a round to a sharp peak signified that DPC was less
confined within the polymer matrix. The shrinking of the C-O peak was due to a loss of
weakly bound EGDMA, β-CD and/or γ-MPS (Abbasi et al, 2015).
In addition, functional groups that belong to C=O and C-N observed on the spectrum of
IIP3 decreased in intensity. Notable shifts in absorption wavenumber were seen for
C=O and C-N to 1712 and 1252, respectively. This was owed to their involvement in
Cr(VI) sequestration from aqueous media. The peak assigned to Cr-O reflected low
intensity and shifted from 782 cm-1 to 791 cm-1. The observed changes in the spectrum
of IIP3 were conclusive of successful rebinding of Cr(VI) ions onto the imprinted
polymeric material.
The spectra of NIP recorded before (NIP1) and after (NIP2) sorption of Cr(VI) are
presented in Figure 4.25. Absorption peaks of interest from NIP1 were identified to be
O-H (3261 cm-1), (1721 cm-1), C-O (1023 cm-1) and Si-O-CH3 (940 cm-1). These
absorption bands showed successful inclusion of EGDMA, β-CD and γ-MPS. More peaks
of interest included N-H (1558 cm-1), aromatic C=C (1447 cm-1) and C-N (1247 cm-1),
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which were allotted to the presence of 4-VP and DPC. However, the intensities of the
above-mentioned peaks were observed to be lower in the case of NIP2. The
observation was like that in IIP3, which further indicated their involvement in Cr(VI)
ion sequestration (Zhu et al, 2017).
Moreover, significant peak shifts were observed on for the functional groups after the
loading of Cr(VI) ions. These included C=O (1698 cm-1), N-H (1597 cm-1), aromatic C=C
(1474 cm-1), C-N (1233 cm-1) and C-O (1109 cm-1). The observed peak shifts of C=O
and C-N groups further confirmed their involvement in sequestration of Cr(VI) ions. In
addition, the Cr-O peak was found at 751 cm-1, which signified that Cr(VI)ions were
removed from the aqueous media.

Cr-O
O-H

C-H

C=O

N-H
C=C
C-N

Si-O-CH3

C-O

Figure 4.25: FTIR spectra of NIP before(NIP1) and after(NIP2) sorption of Cr(VI).
4.2.2. Scanning electron microscopy
SEM was done on the synthesized ion-imprinted polymers before leaching (IIP1) and
after leaching (IIP2), as well as on non-imprinted polymers (NIP1). SEM images of the
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polymers are displayed in Figures 4.26 (IIP1), Figure 4.27 (IIP2) and Figure 4.28
(NIP1), each at 1000 and 100 times magnification, respectively. It was observed in
Figure 4.26 that IIP1 were irregular in shape, with multiple layers of composite organic
material. IIP1 resembled an amorphous material with notable porosity (Pan et al,
2016).
SEM imaging of IIP2 is shown in Figure 4.27. Leaching of IIP resulted in the removal of
some weakly-bound components, as a decrease in surface roughness was apparent.
The amorphous character of IIP2 was retained, however, a higher number of pores
was observed (Shaikh & Kumar, 2017). This was owed to the removal of imprinted
Cr(VI) ions in and around the polymer network.
Figure 4.28 depicts an SEM image of NIP1, which has similar surface characteristics
compared to IIP1. The observed composite material increased surface roughness of
NIP1. An appreciable degree of porosity was seen and attributed to the evaporation of
the porogenic solvent during sample drying in a vacuum oven (Shakerian et al, 2016).

90 | P a g e

Figure 4.26: SEM images of IIP1 at 1000 and 100 times magnification
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Figure 4.27: SEM images of IIP2 at 1000 and 100 times magnification
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Figure 4.28: SEM images of NIP1 at 1000 and 100 times magnification.
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4.2.3. Thermogravimetric analysis
Thermogravimetric analysis (TGA) was conducted under nitrogen to determine the
thermal stability of ion-imprinted polymers (IIP) and non-imprinted polymers (NIP).
The selected IIP samples were IIP1, IIP2, IIP3, NIP1, and NIP2, respectively. The
derivatives of the thermal analysis (DTA) of each sample are also reported.
Graphical representations of IIP1, IIP2, and IIP3 are shown in Figures 4.29-4.31,
respectively. Figure 4.29 shows the TGA and DTA of IIP1. Weight loss observed from
an initial temperature of 35°C to ±100°C was minute and indicative of the presence of
little or no moisture (Yusoff et al, 2017). Further increase in temperature led to loss of
monomer units of the polymer including γ-MPS at approximately 190°C. Rapid
decomposition of more organic matter was observed from 280°C to 476°C. Minimal
weight-loss was observed at temperatures higher than 500°C, which resembled a
plateau. The plateau was ascribed to residual β-cyclodextrin, whose decomposition is
notable above the temperature of 1100°C (Jiang & Kim, 2013).

Figure 4.29: TGA and DTA of IIP before leaching (IIP1).
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Considering Figure 4.30 where the TGA and DTA of IIP2 are presented, notable
changes in thermal stability were observed. The derivative reflected weight loss
around 70°C usually associated to loss of moisture. The moisture may be emanating
from absorbed water after subsequent leaching cycles underwent by IIP2.
Furthermore, continued heating lead to decomposition steps like those observed in
the instance of IIP1. However, it may be worth highlighting that at 335°C, the
magnitude of weight loss was heightened. This observation was ascribed to partial
swelling due to being immersed in aqueous media, which may have caused a slight
decrease in the polymer’s thermal stability (Li et al, 2015).

Figure 4.30: TGA and DTA of leached IIP (IIP2).
In addition, the second significant decomposition followed a similar pattern as that
observed with IIP1. This was indicative of identical frameworks. The plateau observed
from 537°C was ascribed to β-CD. The TGA and DTA of IIP3 are shown in Figure 4.31.
Weight loss due to moisture was observed from 50°C, followed by relative thermal
stability for a further 200°C.
95 | P a g e

When the temperature reached 350°C, the decomposition of IIP3 was comparable to
that of IIP2 (Huang et al, 2018). This observation showed that leaching impacted the
material’s thermal stability. This can be associated with a reduction in H···H
interactions between polymeric chains. It was further noted that unlike in the case of
IIP1 and IIP2, IIP3 showed resistance to degradation when the temperature reached
435°C. This was associated with adsorbed chromium.

Figure 4.31: TGA and DTA of IIP after Cr(VI) adsorption (IIP3).
A graphical representation of the thermal stability of non-imprinted polymers before
Cr(VI) sorption (NIP1) is presented in Figure 4.32. Weight loss was gradual from the
initial temperature to 257°C, then followed by a sharp drop until 381°C. This was
ascribed to uncatalyzed scission of bonds in the polymeric network from exposure to
heat. After this drop, the rate of thermal decomposition decreased with rising
temperature, which signified solidification of the residual polymeric constituents
(Liang et al, 2017).

96 | P a g e

Figure 4.32: TGA and DTA of non-imprinted polymers (NIP1).
The thermal stability of non-imprinted polymers after sorption (NIP2) of Cr(VI) was
determined, with the data shown in Figure 4.33. An imperceptible weight loss was
observed from the initial temperature until 241°C was observed, which was followed
by an abrupt drop until sample heating reached 474°C. Hereafter, the thermal
decomposition was subtle and reached a plateau up to a heating temperature of 900°C.

Figure 4.33: TGA and DTA of NIP after Cr(VI) adsorption (NIP2).
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4.2.4.

Brunauer-Emmett-Teller

Surface characteristics such as micropore volume and BET surface area were
determined for NIP and IIP using the BET technique. Nitrogen gas was passed through
the sample compartment at -195°C to determine the adsorption properties of NIP and
IIP after time t. The data obtained revealed that NIP had a smaller pore volume
(81⨯10-6 cm3/g) compared to that of IIP (97⨯10-6 cm3/g) before leaching. Moreover,
the leached imprinted polymers (IIP2) reflected higher pore volume (183⨯10-5
cm3/g). This indicated successful removal of Cr(VI) template ions and availability of
cavities for selective recognition and separation of Cr(VI) from aqueous media.
Table 4.6: BET surface area analysis of NIP, as well as IIP before and after template
removal
BET analysis
Adsorbents

BET Surface area (m²/g)

Pore volume (cm³/g)

Pore size (nm)

NIP1

0.01 ± 0.003

81⨯10-6

-

IIP1

0.7 ± 0.05

97⨯10-4

-

IIP2

0.8 ± 0.5

183⨯10-5

-

4.2.5. CHNS elemental analyzer
Carbon, hydrogen, nitrogen and sulphur elemental analysis was done on IIP before
leaching (IIP1), after leaching (IIP2) and after Cr(VI) sorption (IIP3), as well as on NIP
before (NIP1) and after (NIP2) Cr(VI) sorption. It was expected to have seen carbon
being the abundant element in the polymers due to polymerization reagents like
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EGDMA, 4-VP, β-CD and γ-MPS. The amount of hydrogen found in the polymers was
also ascribed to polymerization reagents, as well as hydrated Cr(VI) ions. The nitrogen
content in the polymers was determined to be ≥ 1 %, which was owed to 4-VP
functional monomer and DPC ligands.
The percentages of sulphur were observed to be around 3 for IIP1 and NIP1, which
was allotted to the DMSO used as a porogen during polymer synthesis. Moreover, a
decrease in sulphur content was observed in IIP2, IIP3 and NIP2. This was ascribed to
the removal of residual porogen which was physically bound to the synthetic
polymers.
Table 4.7: CHNS analysis of IIP and NIP
CHNS analysis
Adsorbents

C%

H%

N%

O%

S%

IIP1

39.6

7.2

0.7

49.1

3.4

IIP2

39.2

6.4

1.0

53.2

0.2

IIP3

48.1

8.1

0.9

42.8

0.1

NIP1

43.4

7.7

0.7

45.1

3.1

NIP2

49.8

7.7

1.0

41.4

≤ 0.1

4.3.

Batch adsorption experiments

4.3.1. Effect of pH
The effect of solution pH on Cr(VI) removal percent by IIP and NIP was studied over a
wide range. Parameters such as contact time, adsorbent dosage and initial Cr(VI)
concentration were kept constant. Hexavalent chromium has been reported to exist as
Cr2O72- (pH ≥ 7), CrO42- (pH 4-6) and HCrO4- (pH ≤ 3) in aqueous media.
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It has been reported that solution pH also affects the surface charge of adsorbents.
Electron-donor groups are assumed to be positively charged (protonated) and
negatively charged in acidic and basic aqueous media, respectively. Cr(VI) adsorption
is therefore favoured when synergistic electrostatic interactions exist between
adsorbents and adsorbates (Ali et al, 2016). Figure 4.34 graphically depicts hexavalent
chromium removal percentages at varied solution pH. It was observed that Cr(VI)
removal was favoured in acidic conditions, oppos ed to basic conditions.

Figure 4.34: Effect of solution pH on Cr(VI) removal by IIP and NIP (conditions: 240
min, 5 g/L dosage, 100 mg/L Cr(VI), 250 rpm).
This was ascribed to the dominance of HCrO4- species in solution, which may have been
favoured for adsorption onto the protonated adsorbent surface. Maximum removal
percentages achieved by IIP and NIP at pH 2,6 was 78,8 and 51,5 %, respectively. The
difference in removal percent between IIP and NIP approximated 30% and was
indicative of improved surface area by Cr(VI) ion imprinting and subsequent leaching
of the template.
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The low removal percentage obtained in basic media was ascribed to repulsive
interactions between anionic Cr(VI) and electron donor groups on the adsorbents'
surface. As pH 2,56 was determined to be optimum, it was selected for carrying out the
rest of other optimization experiments.
In a similar study Huang et al, (2018) obtained a similar optimal pH of between 2-2,5
for Cr(VI) sequestration. The research was based on the synthesis and application of
Cr(VI)-imprinted polymer via the surface imprinting technique on graphene-oxide
mesoporous silica nanosheets with 3-(2-amino ethyl amino) propyl trimethoxysilane
as a functional monomer. The preferential adsorption of Cr(VI) ions within this pH
range were justified by the speciation (HCrO4-) of Cr(VI) in acidic aqueous media.
Liang, et al. (2017) also obtained a similar result in a study where magnetic Cr(VI) ionimprinted polymer was used as an adsorbent.
4.3.2. Effect of contact time
Contact time between adsorbents and Cr(VI) was varied over a time range of 60-420
min, at pH 2.6, adsorbent dose of 5g/L and initial concentration of . The adsorptive
removal of Cr(VI) ions from aqueous media at time t are shown in Figure 4.35. The
adsorption capacity attained by IIP and NIP between 60 and 240 min increased from
60.1-80.1% and 60.5-68.7%, respectively. It was observed that Cr(VI) removal was
relatively rapid during initial stages probably due to boundary layer coverage and
reached an optimum at 240 min then decreased. The boundary layer coverage is fast
probably due to the availability of more adsorption sites at initial stages. Following
boundary layer adsorption was the diffusion into internal pores where maximum
removal was obtained.
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Figure 4.35: Cr(VI) ion uptake versus time (conditions: pH 2,54; 100 mg/L Cr(VI); 0,1
g adsorbent, 250 rpm agitation).
No equilibration was observed possibly due to weakly-bound DPC ligands as repulsive
interactions between adsorbed Cr(VI) ions persisted at longer periods of time. In
succeeding experiments, 240 min was used. A similar study conducted by Etemadi et
al, (2017) also established that Cr(VI) ion sequestration was rapid during initial stages
of contact time. The rate of Cr(VI) removal was observed to decrease as the reaction
approximated equilibrium. In this study, Cr+6-imprinted nanofibers were used as
adsorbents. Buhani et al, (2010) produced a metal ion imprinted polymer from
mercapto-silica through a sol-gel process for the selective adsorption of cadmium.
The rate of metal ion adsorption was observed to be higher during initial stages of
contact then slowed down as the adsorption reaction approximated equilibrium. A
similar result was obtained by Taghizadeh and Hassanpour, (2017) when a Cr(VI)-
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imprinted polymer supported by magnetic multiwall carbon nanotubes was used as
an adsorbent.
4.3.4. Effect of initial Cr(VI) concentration
The dependency of Cr(VI) removal percent by IIP and NIP on initial concentration is
illustrated in Figure 4.36. It was observed that the lowest concentration (5 mg/L)
permitted IIP and NIP to attain removal percentages of 94 and 70%, respectively.
Generally, it was observed that Cr(VI) removal percent decreased with an increase in
initial Cr(VI) concentration. This was ascribed to depletion of adsorption sites with
increased Cr(VI) loading. At a concentration of 80 mg/L, IIP and NIP attained 81,3 and
61,4%, respectively.

Figure 4.36: Effect of initial Cr(VI) concentration on removal percent (conditions: pH
2,58; 0,1 g adsorbent; 240 min; 250 rpm agitation).
The adsorption of Cr(VI) ions by IIP and NIP was observed to increase with an increase
of initial concentration, which can be seen in Figure 4.37. This trend was attributed to
increased distribution of Cr(VI) ions among the synthetic polymeric materials.
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The adsorption capacities of IIP and NIP were below 2 mg/g when 10 mg/L was
adsorbed. However, the adsorption capacity of IIP and NIP increased to 13,4 and 8,2
mg/g, respectively.

Figure 4.37: Adsorption capacity of IIP and NIP as a function of concentration.
Pakade, et al. (2016) noted a similar observation of decreasing removal percentage
with an increase in initial Cr(VI) concentration when quaternized activated carbon
was used as an adsorbent. Another study with comparative results was done by Liu, et
al. (2016). Cu(II) ion-imprinted polymers were synthesized by bulk polymerization,
with copper salts containing different anions (SO42-, NO3-, Cl- and CH3COO-) as
templates.
4.3.5. Effect of adsorbent mass
Adsorbent dosage (g/L) was varied by introducing 0,05-0,2 g into 0,02 L Cr(VI)
solution. The removal percentages and adsorption capacities obtained by IIP and NIP
are presented in Figure 4.38. The conspicuous trend observed was that Cr(VI) removal
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percentage increased with an increase in adsorbent mass for both IIP and NIP. The
lowest mass introduced (0,05 g) gave IIP and NIP removal percentages of 39,9 and
28,9%, respectively.

Figure 4.38: Effect of adsorbent mass on removal percent and adsorption capacity
(conditions: pH 1,4; 100 mg/L Cr(VI); 240 min contact time; 250 rpm agitation).
As the mass of adsorbent was increased from 0.05 g to 0.13 g the percentage removal
increased linearly, due to increasing in adsorption sites. The IIP seems to reach
equilibrium from 0.16 to 0.2 g (90% removal) while NIP shows no saturation but lower
uptake capacities of about 50% removal.
In contrast to removal percent, adsorption capacity was observed to decrease with
increased solid/liquid ratio. Adsorption capacity achieved by IIP and NIP between
0,05-0,2g was 15,6-8,4 mg/g and 10,97-5,32 mg/g, respectively. The decrease was
owed to the increased surface area as more adsorbent particles were introduced.
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Moreover, Cr(VI) ion loading per unit mass at constant concentration and volume
decreased with increased adsorption sites (Taghizadeh and Hassanpour, 2017).
4.3.6.

Reusability studies

The potential for NIP and IIP to be reused for Cr(VI) sequestration was evaluated over
five subsequent cycles. The removal percentages obtained by IIP and NIP are displayed
in Figure 4.39. The adsorptive process parameters were chosen based on conditions
found to yield optimum removal percentages in previously discussed studies. Solution
pH was determined to be the most contributing parameter for efficient Cr(VI)
sequestration.

Figure 4.39: Reusability of IIP and NIP over five subsequent cycles.
The first adsorption cycle yielded percentage removals of 88 and 64% for IIP and NIP,
respectively. A gradual decrease in percentage removal was evident as the cycles of
adsorption-desorption progressed. This was ascribed to mass loss during decantation
of the supernatant solution after sorption. Another reason for lower removal
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percentages in subsequent cycles is the loss of binding sites for the adsorption of
Cr(VI) ions from water.
4.3.7.

Effect of co-ions

The effect of co-ions on Cr(VI) ion sequestration was studied to determine the
selectivity of synthesized IIP and NIP. It was anticipated that Cr(VI)-imprinted
polymers would obtain a higher removal percentage than NIPs. This was indeed the
reflection obtained when Figure 4.40 was observed, which showed high selectivity of
IIP towards Cr(VI) ions. The potential of NIP to adsorb Cr(IV) from the mixed-ion
aqueous media was notable. However, imprinting of the polymer matrix proved to
enhance efficient and selective removal of Cr(IV) ions.

Figure 4.40: Study on effect of co-ions on Cr(VI) removal from aqueous media.
In these experiments, binary solutions of Cr(VI)/Zn(II), Cr(VI)/Co(II) and
Cr(VI)/Ni(II) were prepared and used as synthetic contaminated water. The selected
d-block metals are likely to co-exist with Cr(VI) in real wastewater (i.e. acid-mine
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drainage), hence it is key to understand how their presence impacts the removal
efficiency Cr(VI) by the prepared polymers. The distribution coefficient (Kd),
selectivity coefficient (K) and relative selectivity coefficient (K’) are summarized in
Table 4.8, respectively.
Kd is an expression used to determine ratios of how the concentration of an ion
equilibrates between imprinted polymeric material and the aqueous phase. As was
observed from Table 4.8, Co(II) acquired a Kd ratio (0.7271) higher than that of Zn(II)
and Ni(II), which were 0.6382 and 0.6630, respectively. This implied that Co(II) ions
had more propensity to be adsorbed by IIP, followed by Ni(II) and Zn(II), respectively.
The prepared IIP had confined recognition sites compatible with Cr(VI) ions, which
enhanced the ability of IIP to sequestrate Cr(VI) ions over the selected competing ions.
Table 4.8: Kd, K and K’ of IIP and NIP in binary mixtures.
Kd (IIP)

Kd (NIP)

(L/g)

(L/g)

Zn

0.64

Co
Ni

Metal ion

K (IIP)

K (NIP)

K'

0.85

0,17

0,15

1,12

0.73

0.99

0,15

0,15

1,01

0.66

0.93

0,15

0,15

0,99

4.3.8. Real sample application
An acid mine drainage (AMD) sample described previously was used. It was observed
from Table 4.9 that NIP and IIP managed to attain Cr(VI) removal of 8,3 and 84,4%
from the AMD sample, respectively. Furthermore, it was noted that other metals
determined to be present in the AMD sample were significantly removed from the
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aqueous media. These observations were indicative of enhanced selectivity of IIP
towards Cr(VI) sorption compared to NIP, which reflected successful ion imprinting.
In addition, the removal of other metal ions indicated that multi-layer adsorption of
mixed ions was possible through favourable metal speciation and charges on the metal
ions.
Table 4.9: Real sample application of NIP and IIP.

4.4.

Metal ion

Initial conc (mg/L)

NIP removal %

IIP removal %

Zn

908

59.03

90.20

Cu

224

96.43

98.21

Ni

118

51.69

50.00

Fe

7820

99.97

99.96

Cr

90

8.33

84.44

Kinetic modelling

Kinetic studies were done to further understand the order of the reaction of Cr(VI)
adsorption onto polymeric adsorbents. It was observed from Table 4.10 that IIP and
NIP obtained PFO correlation coefficient (R2) values of 0.974 and 0.981, respectively.
On the other hand, the R2 values obtained for IIP and NIP were 0,958 and 0,973 for the
PSO model, respectively. It can be noted that the adsorption data was best fit for the
PFO kinetic model for both adsorbents as higher R2 value was attained.
The PFO model was used to approximate the kinetics of Cr(VI) sorption. Furthermore,
the qe values obtained from the PFO model were closer to the experimental values. For
IIP and NIP, the model yielded qe values of 15.19 and 13.30 mg/g, respectively. On the
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other hand, experimental qe values obtained for IIP and NIP were 15.43 and 11.92,
respectively.
Table 4.10: Kinetic modelling of synthetic polymers.
Models

Parameters

IIP

NIP

PFO

qt (mg/g)

14.42

12.87

qt = qe(1-exp^-k1.t)

qe (mg/g)

15.19

13.3

k1 (1/min)

0.03

0.03

R2

0.97

0.98

X2

1.19

0.56

RSE

0.97

0.74

qe (mg/g)

16.05

13.81

k2 (g/mg min)

0.003

0.006

R2

0.96

0.97

X2

1.85

0.84

RSE

1.24

0.869

PSO
qt = t.k2.qe / (1+k2 .t.qe)

*RSE - residual standard error
4.5.

Adsorption isotherm models

Data obtained from the adsorption of Cr(VI) ions by IIP and NIP was fitted on the
Langmuir and Freundlich adsorption isotherm models. Non-linear equations were
used for both isotherm models. It was determined from Table 4.11 that the coefficients
of correlation (R2) attained by the Langmuir isotherm were 0.998 and 0.999 for IIP
and NIP, respectively. Moreover, the R2 values obtained from the Freundlich isotherm
were 0.955 and 0.998 for IIP and NIP, respectively. Based on the R2 values derived
from the two isotherm models, it can be assumed that the adsorption of Cr(VI) ions by
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IIP and NIP from aqueous media were both better described by the Langmuir
adsorption isotherm. From this unfolding, was determined that the nature of Cr(IV)
ion sorption was multi-layer, where interactions between adsorbed ions took place.
Table 4.11: Adsorption isotherm modelling of polymeric adsorbents.
Models

Parameters

IIP

NIP

qe (mg/g)

12.8

9.6

Langmuir

qm (mg/g)

16.9

34.5

qe = qm · b · Ce / (1+bCe)

b (L/mg)

0.21

0.013

R2

0.99

0.99

χ2

32.6

123.5

RSE

0.17

0.085

Freundlich

KF (mg1-1nL1/n/g)

3.51

0.575

qe = KF · Ce1/nf

nF

1.99

1.2

R2

0.96

0.98

χ2

-

-

0.99

0.14

RSE
*RSE - residual standard error
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Chapter 5: conclusions and recommendations for future work

The fifth and concluding chapter of this thesis contains a summary of the research outputs
of the study. The applicability of modified Macadamia nutshell powder as well as of
synthetic polymers in Cr(VI) ion sorption were evaluated. The potential of adsorbents
under study to sequestrate Cr(VI) in the presence of divalent base metals and from an
acid-mine drainage sample was also briefly highlighted.
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5.1.

Conclusions

5.1.1.

Cellulosic adsorbents

The preparation of chemically modified Macadamia nutshell powder and
immobilization of DPC ligands was achieved. Characterization techniques such as
FTIR, SEM and BET surface area analysis helped track the changes in surface
functional groups, morphology and pore volumes. These techniques were applied
during intermediate treatment steps of the cellulosic adsorbents. It was observed
from FTIR spectra that the absorption bands of functional groups became stronger
and incurred shifts following surface modification.
SEM demonstrated the various influences the different modification reagents had on
the surface morphology the cellulosic adsorbents. Transformations on the surface of
adsorbents after Cr(VI) sorption was followed using FTIR and XRF. The X-ray
technique helped identify some inorganic constituents of the cellulosic adsorbents.
In addition, it confirmed the increase of chromium on the surface of adsorbents
following Cr(VI) sorption. Batch adsorption experiments revealed optimum
parameters for Cr(VI) ion sorption by modified cellulosic adsorbents.
Maximum removal percentages were obtained at pH 1.4, initial Cr(VI) concentration
of 100 mg/L, 120 minute’s contact time and 0,1 g adsorbent mass. It was determined
from the adsorption data that MACB-DPC was the best adsorbent in terms of Cr(VI)
removal efficiency, followed by MACA-DPC and MACF-DPC. Selectivity studies
indicated that Cr(VI) ion sorption was not significantly perturbed by the presence of
divalent base metals, owed to immobilized DPC ligands.
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Application of adsorbents on an acid-mine drainage sample demonstrated potential
in Cr(VI) removal from a complex mixture of ions. This confirmed the high selectivity
for Cr(VI) ion sorption. Kinetic and isotherm data revealed that Cr(VI) ion sorption
by the cellulosic adsorbents followed a PSO mechanism and were best fit for the
Freundlich isotherm, respectively.
5.1.2.

Ion-imprinted and non-imprinted polymers

FTIR spectroscopic analysis was used to determine functional groups of polymeric
reagents to predict expected functional groups on IIP and NIP. Intermediate products
(i.e. γ-MPS functionalized β-CD) was also assessed using FTIR to find evidence of
functionalization. FTIR spectra of IIP and NIP demonstrated that predicted functional
groups were present on the polymeric material. TGA showed that Cr(VI)-loaded
adsorbents had more resistance to thermal degradation compared to those with no
Cr(VI). SEM indicated that the morphology of adsorbents was porous and had a
coarse surface. FTIR was also used to determine changes in absorption bands of
functional groups of adsorbents after Cr(VI) sorption. Transformations in peak shape
and absorption wavenumber were observed in several peaks (i.e. C=O and C-N),
which suggested that they participated in Cr(VI) ion sequestration.
Batch adsorption experiments were used to investigate optimum parameters for
Cr(IV) ion sorption by IIP and NIP. It was observed that maximum removal
percentages were obtained under parameters of pH 2.58, an initial concentration of
80 mg/L, 240 minutes of contact time and 0,1 g of adsorbents. Moreover, the IIP
showed more potential for Cr(VI) adsorption compared to NIP. This was ascribed to
Cr(VI) imprint ions used during the synthesis of IIP.
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Selectivity studies and application on an acid-mine drainage sample demonstrated
the IIP and NIP were able to selectively adsorb Cr(VI) ions in the presence of other
metal ions. Adsorption data was further applied to kinetic and isotherm models. It
was observed that the adsorption of Cr(VI) ions followed a PFO mechanism for both
IIP and NIP. In addition, the adsorption data had the best fit for the Langmuir
adsorption isotherm. This suggested that a monolayer adsorption of Cr(VI) ions took
place.
5.2.

Recommendations for future work

5.2.1.

Cellulosic adsorbents

•

Chemical modification by Fenton’s reagent, nitric acid and sodium hydroxide was
a fundamental step in transforming the agro-waste material into efficient
adsorbents. An expansion of the study could be by varying the concentration of
modifying reagents used. This would help approximate conditions which yield
the ‘ideal’ transformed biomaterial. This transformation includes surface
functional groups, porosity and surface area.

•

Surface area can further be optimized by varying the particle size used, as it has
been postulated that smaller particles have a bigger surface area to volume ratio.
An increase in surface area is expected to concurrently have an increase in
adsorption capacity of adsorbents.

•

Even though FTIR helped identify functional groups on the surface of adsorbents
under study, the use of a TGA coupled with a mass spectrometry compartment
would shed more light. This technique will enable the identification of individual
compounds that volatilized from the material during thermogravimetric
analysis.
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•

Characterization

of adsorbents

using X-ray photoluminescence

(XPS)

spectroscopy would be instrumental in confirming the oxidation states of some
metal ions detected by XPS. This technique will also provide information on their
oxidation states, especially that of chromium.
•

The application of Macadamia nutshell powder with immobilized DPC ligands in
Cr(VI) sorption can be tested in the presences of organic pollutants. This will
further help determine the strengths and limitations of our adsorbents.

5.2.2.
•

Ion-imprinted and non-imprinted polymers

Template-monomer interactions are one of the important parts of IIP synthesis,
as the stability of the complex will influence imprinting. Varying the ligands used
in complex formation could lead the researcher to template-monomer
interactions that yield cavities with lasting recognition for target ions.

•

The stirring speed of the polymerization reaction could be important to vary as
this affects the particle size. Smaller particle size will enhance the interfacial
contact between the polymer surface and target ions.

•

The crosslinker has been widely reported to affect rigidity, chemical stability and
permeability of the imprinted polymer. It is therefore important to vary its
concentration during synthesis or explore crosslinkers of different functionality
and water-solubility propensity.

•

The use of a TGA coupled with a mass spectrometer would help fractionate
volatile compounds during thermogravimetric analysis.

•

The incorporation of iron oxide magnetic nanoparticles during polymer
synthesis would make the polymers magnetic. This will alleviate the need for
centrifugation when separating the polymers from the liquid phase.
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Presentations arising from this work
1) Nchoe, O. B., Pakade, V. E. and Klink, M. J., 2017. Surface modification and grafting
of Macadamia nutshell powder with diphenylcarbazide for Cr(VI) sequestration
in aqueous solutions, SACI Inorganic Chemistry Conference 2017, 25-29 June
2017. Arabella hotel & spa, Hermanus, Western Cape, South Africa, poster
presentation.
2) Nchoe, O. B., Pakade, V. E. and Klink, M. J., 2017. Surface modification and grafting
of Macadamia nutshell powder with diphenylcarbazide for Cr(VI) sequestration
in aqueous solutions, 8th Young Water Professionals Conference, 10-13 December
2017. Cape Town International Convention Centre, Western Cape, South Africa,
oral presentation.
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Appendix
A1: Calculation of removal percentage

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 % =

=

(𝐶𝑜 − 𝐶𝑒 )
× 100%
𝐶𝑜
(100,40𝑚𝑔/𝐿−2,82𝑚𝑔/𝐿)
100,40 𝑚𝑔/𝐿

× 100%

(2.18 𝑚𝑔/𝐿)

= 100,40 𝑚𝑔/𝐿 × 100%
=97,2 %
A2: Calculation of adsorption capacity

𝑞𝑒 = (𝐶𝑜 − 𝐶𝑒 ) ×

𝑉
𝑚

= (100,40𝑚𝑔/𝐿 − 2,82𝑚𝑔/𝐿) ×

0,02 𝐿
0,1 𝑔

= 19,526 𝑚𝑔/𝑔
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