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ABSTRACT

Access to clean and safe water for everyday use is needed for a healthy society. Water
treatment and recovery of precious metals is a serious challenge particularly for
developing countries since the current technologies are not attractive because they are
often expensive and not environmentally friendly. Precious metals such as gold,
palladium, and platinum are valuable and hence crucial for any economy. Coagulants
used in the treatment and recovery of precious metals have setbacks such as cost and
health concerns associated with them. The study was aimed at addressing both the
problem of water treatment and recovery of metal ions using magnetic magnetite
nanoparticles modified with Moringa seed proteins. The proteins extracted from
Moringa seeds are known to have water treatment properties. Magnetic iron oxide
nanoparticles were synthesized by chemical co-precipitation of Fe** and Fe?* ina 2:1
ratio and complete precipitation was achieved at approximately pH 12.0. The study
further prepared aqueous protein solution (1%) extracted from M. oleifera seeds that
were utilized to obtain the chemical co-precipitation of modified magnetic magnetite
nanoparticles. Characterization techniques used were FTIR, SEM, TGA and Zeta
potential. They were utilized to identify different functional groups responsible for
adsorption, morphology, thermal stability, and surface charges of the nanoparticles.
Synthetic turbid water was prepared using kaolin whereas chloride salts of gold,
palladium, and platinum were spiked in distilled water to obtain the required
concentrations of the respective metal ions. UV-Vis spectrometry was used to measure
turbidity, and metal ions percentage recovery was measured using ICP-OES. The
effect of pH and modified magnetic iron oxide nanoparticles dosage was studied for
turbidity removal and yielded an optimal pH of 2.5 with maximal removal of 97.3%
at approximately 0.005 g.The same optimal pH was obtained for the recovery of gold,
palladium, and platinum precious metal ions. Gold yielded a maximal recovery of
99.8%, followed by platinum with 87.7% then palladium with 72.7% at 0.065 ¢
optimal dosage of modified magnetic iron oxide nanoparticles. The equilibrium was
reached within 120 minutes of agitation. The initial concentration was maximal at 10
mg/L.The data fitted Langmuir model better than the Freundlich one. The maximum
adsorption capacities were 34.48 mg/g, 28.90 mg/g and 5.27 mg/g for Au, Pt and Pd
respectively. These results demonstrated that modified iron oxide nanoparticles were

effective in water treatment and recovery of the precious metal ions.
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CHAPTER 1: INTRODUCTION

1.1 Orientation of the study

The primary requirement for society is health and an unpolluted environment that
include having access to clean and safe water for drinking, washing and other domestic
purposes. Wastewater needs to be treated to reduce human and environmental threats
[1,2,3]. This is a major concern in developing countries such as Namibia. There are
several challenges in meeting the rising demands for safe and clean water supply. The
main ones are lack of environmentally friendly as well as cheap technologies for both
contaminated water treatment and recovery of precious metals from industrial
effluents [4]. The provision of safe and clean water from most raw water and
wastewater involves the use of coagulants introduced during the
coagulation/flocculation step to remove turbidity in the form of dissolved or suspended

materials [5,6].

Conventional chemical coagulants such as aluminium sulphate (Al (SOa)3), organic
polyaluminium chloride (PAC) and ferric chloride (FeCls) are currently used to
enhance coagulation and flocculation [5]. However, the use of these chemicals as
coagulants in the production of clean water has several drawbacks associated with
costs, health risks, and complexity in sludge management [5,6]. For instance,
aluminium residues have been implicated as causative agents in neurological as well
as carcinogenic diseases such as pre-senile dementia and Alzheimer [6]. The usage of
low-cost and waste materials of natural products has shown to give economic solutions
through the reduction of excessive costs of chemicals and is regarded as a sustainable

technology for water treatment [7].



The mining industry faces new challenges as economic value for precious metals such
as gold (Au) as well as Platinum Group Metals (PGMs) for instance palladium (Pd)
and platinum (Pt) rise resulting in high demand [4,8-11]. Platinum and palladium are
some of the few abundant elements in the earth’s crust. These two elements together
with rhodium (Rh), iridium (Ir), ruthenium (Ru) and osmium (Os) make up the PGM
family [9]. Precious metals are rare high economic value naturally occurring metals
[12]. Various fields such as jewelry, ornament, automobile, pharmaceuticals,
medicine, electronics, and dental industries use these metals [4,10,12,13]. Their
peculiar physical and chemical characteristics make them useful. Many state-of-the-
art technologies require these gold (Au) as well as Platinum Group Metals (PGMs) for
instance palladium (Pd) and platinum (Pt) thus increases the need to investigate
processes which recover precious metals from industrial wastes and electronic used

products (e-waste).

There are some environmental effects associated with precious metal ions, for
instance, bioaccumulation of platinum complexes is known to have toxic effects on
plants and animals including humans [13]. Palladium is reported to be carcinogenetic
in humans and penetrate plant roots thus harming the food chain [12,14]. On the other
hand, gold is known to negatively affect the molecular structures of human and animal
cells [12]. Another danger associated with consumption of food contaminated with
these metal ions waste could be diseases such as kidney failure, liver damage among
others [15]. It is, therefore, critical to recovering these metal ions from industrial
effluent not only because of the high demand but also to mitigate the environmental
effects associated with them. Environmentally friendly recycling techniques with high

selectivity and high yield are still essential despite that recycling of precious metals



fromwaste is currently carried out in industries. Several techniques applied in precious
metals recovery are such as chemical precipitation, cementation, liquid-liquid
extraction, membrane filtration, photocatalytic degradation, ion—exchange and solid
phase extraction [11,15,16]. However, there are several setbacks in applying some of
them including the incomplete recovery of precious metal ions as well as introducing
other contaminants other than the ones in the first waste [16]. Of these techniques
employed, adsorption of metal ions which is a solid phase extraction is still one of the
greatest cost-efficient and effective methods for recycling low concentrated precious
metal ions in hydrometallurgy [17-19]. The bonds formed between metal ions and the
adsorbents utilized are usually strong and compact [20]. Adsorption is, therefore,
defined as physical and chemical interactions between adsorbate and adsorbent [19].
Adsorbate is a molecule (pollutant) that attaches to the solid surface which is the
adsorbent [2]. The most popular technique is the magnetic solid phase extraction

whereby magnetic adsorbents aid in the removal of analytes from solutions [12].

The study attempts to address both the treatment of water and recovery of metal ions.
To the best knowledge of the researcher, this approach has not been reported in
literature. The Moringa tree, or “miracle tree” as it is sometimes called, could be the

solution to the challenges of water quality and recovery of precious metals.

There are 13 known Moringa species in the world [21]. Moringa oleifera can be found
in Namibia and is cultivated by individuals especially in Zambezi, Kavango and
Khomas region. It is the most famous and widely studied. The seed extract of this
tropical plant is known to consist of an active coagulating compound which is also

antimicrobial that is reported to have water treatment properties by removing colloidal



materials and reducing bacteria [5,22]. Since this can be locally produced, it could be
a substitute for imported water treatment chemicals and thus would decrease costs [3].
Furthermore, the protein, unlike aluminium sulphate generally used for water

purification, is entirely biodegradable and non-toxic [23,24].

Magnetic iron oxides nanoparticles (MNPs) also called magnetite (Fez0a)
nanoparticles are widely available compounds in nature and can easily be synthesized
in the laboratory, physically and chemically stable, biocompatible and
environmentally safe [25, 26]. These unique physical and chemical properties are due
to their minimal size, large specific surface area, large surface area-to-volume ratio
and easy separation under applied external magnetic fields [13,25,27,28]. The study
was aimed at applying MNPs modified with M. oleifera seed proteins in water
treatment and the recovery of precious metal ions. Studies conducted by Okoli [24]
and Santos et al. [29] on the use of M. oleifera protein functionalized supermagnetic
iron oxide nanoparticles revealed promising results for water treatment. The same
principle would, therefore, apply for water treatment and recovery of precious metals

ions for use mainly in developing countries.

1.2 Statement of the problem

In developing countries, such as Namibia, the quality of drinking water is often
dangerous to health and could be an essential vehicle for spreading diseases. This is
due to a lack of environmentally friendly and cheap technologies for water and
wastewater treatment and recovery of precious metals [4]. Currently, aluminium salts,
iron salts, and synthetic polymers are the widely used coagulants in the treatment, but

the cost, health issues and environmental side effects of these compounds are their



fundamental shortcomings [5]. Therefore, it is imperative to develop other cost-
effective and more environmentally acceptable materials and technologies for water
treatment as well as recovery of precious metals ions [7]. The utilization of a natural
coagulant/flocculant from M. oleifera modified with MNPs offers several advantages
such as fast separation, enhanced efficiency as well as significant reduction in sludge
volume and this could be an alternative to synthetic chemical coagulants [24]. The
study addressed both the treatment of water and recovery of metal ions using MPNs

modified with Moringa proteins.

1.3 Aim and Objectives of the Study

The study was aimed at preparing, characterizing and determining the effectiveness of
MNPs modified with M. oleifera seed proteins in the water treatment and recovery of
precious metals. To achieve this aim, the following were the specific objectives:

a) To synthesize magnetic iron oxide nanoparticles;

b) To modify magnetic iron oxide nanoparticles with protein extract of M. oleifera
seeds;

c) To characterize magnetic iron oxide nanoparticles modified and unmodified
with M. oleifera seed proteins using different techniques to evaluate their
physicochemical properties;

d) To test the nanocomposite materials (MNPs) prepared in water treatment and

recovery of precious metals.

1.4 Significance of the Study
The study intends to use MNPs modified with M. oleifera seed proteins extract which

is a cheap natural resource with the potential to be a substitute to the conventional



chemicals currently used in both water treatment and recovery of precious metal ions.
This substitute is also more environmentally friendly and has no known health
concerns associated with it [23,24]. Therefore, the research findings could be used to
treat water for possible human use. Also, the system could also be used to recover
precious metals ions and hence find application in the dental, jewelry and electronic

industries.

1.5 Limitation of the Study

The study intended to use the following additional techniques to characterize the
magnetic iron oxide nanoparticles modified and unmodified with M. oleifera seed
proteins: The X-ray powder diffraction (XRD) to determine the crystal structure and
Vibrating Sample Magnetometer (VSM) for magnetic properties of the nanoparticles.
The challenge was therefore that, the University of Namibia (UNAM), as well as
Namibia University of Science and Technology (NUST), are not technically equipped
regarding instruments to allow all these additional analyses for the study to be carried
out at the institutions. The samples were therefore sent to other institutions (WITS
and UNISA) in South Africa, but due to unforeseen technical hiccups, they could not

be analyzed.



CHAPTER 2: LITERATURE REVIEW

2.1 Overview

Presently, sustainable initiatives that use green chemistry to improve and protect our
global environment are focal concerns in numerous areas of research. The advances in
low-cost and environmentally friendly approaches of synthesis of nanomaterials
remains a scientific challenge. Magnetic metal nanoparticles are of use in several
catalytic applications, with regard to electronics, biology, and biomedical applications,
material science, physics, and environmental remediation fields [30]. Studies of
nanoparticles modified with natural coagulants in water treatment and recovery of
precious metal ions seem to be rare. The following is an overview of some relevant

research findings related to the study.

2.2 Moringa and water treatment

The usage of the M. oleifera seeds for domestic household water treatment was used
first by rural women to decrease water turbidity in the countries along the Nile River,
especially Sudan [31]. In the study by Narasiah et al. [31], M. oleifera solutions (5%
w/w in water) were prepared using both shelled and non-shelled seeds. A significant
amount of turbidity removal was shown with shelled compared to non-shelled seeds.
Another benefit of the seed proteins extract is that the volume of sludge produced is
minimal compared to other coagulants such as alum as observed by Narasiah et al.

[31].

The study carried out by Yarahmadi et al. [5] compared the efficiency of turbidity

removal between M. oleifera seed extract and polyaluminum chloride using synthetic



kaolinite. This study revealed that extract of Moringa seed is more efficient in
removing water turbidities unusually high turbidities compared to low turbidities and
had a minimal effect on the pH of water. It further showed that the synthetic coagulant
(polyaluminium chloride) required lower pH to remove turbidities in water effectively.
Studies by Shan et al. [3] and Ndabigengesere et al. [32] using Moringa protein showed
similar results that pH and conductivity of water after treatment are reported not to be

affected significantly.

Ndabigengesere et al. [32] identified the active component as a protein although entire
seed crude extract, can all also be used as a flocculant/adsorbent. This active protein
in Moringa extracts is identified as a cationic dimer with a molecular weight of 13 kDa
and an isoelectric point of between 10 to 11. According to this study, the purified
Moringa proteins are more effective in water treatment in comparison to alum, which
presently is the widely used coagulant. A study by Arreola et al. [33] determined the
molecular weights as well as the total content of proteins in Moringa crude extracts.
The extraction was carried out in distilled water, 1M NaCl as well as sea water. The
molecular weights ranged from 5 kDa to 32 kDa whereas total proteins content ranged
from 3160-3400 mg BSA/L. Another study conducted by Hendrawati et al. [34] on the
characterization of the physicochemical properties of M. oleifera seed powder found
out that the major component of the seed is the total protein of approximately 44.5%
composition. The rest of the components are oil/fat, water, and ash with averages of
27.0%, 10.1%, and 3.7%, respectively. It is therefore due to this high cationic protein
content in the seeds that this can be used as an effective coagulant in water treatment

as well as a recovery of precious metal ions.



According to Kwaambwa and Rennie [35], the amino acid residues in M. oleifera seeds
proteins form negative and positive ions. These are either classified as anionic or
cationic depending on amino acid groups dominating. The water-soluble cationic
peptides with molecular masses between 6 to 16 kDa and an isoelectric point of
approximately pH 10 could be the active components responsible for coagulation.
Other results mentioned in the study are that of a peptide that is purified and sequenced.
This peptide consists of arginine and histidine, both with positively charged R-groups
and aspartic acid negatively charged R-group residue. The study further characterized
the protein charges through interactions with four surfactants, namely, anionic sodium
dodecyl sulfate (SDS), anionic dodecyl di-acid sodium salt (DDASS), nonionic Triton
X-100 (TX-100) as well as zwitterionic N-dodecyl-N, N-dimethyl-3-ammonio-1-
propane sulfonate (DDAPS) by zeta potential, turbidity measurements and dynamic
light scattering (DLS). The study found out that interactions between SDS and the
protein were more compared to the other surfactants studied, i.e. the order of
interaction with cation protein was anionic > cationic > zwitterionic and non-ionic and
hence providing further support of specific adsorption of surfactant and counter ions
to the protein. At low concentrations of SDS, the zeta potential was unusually high
but eventually decreased due to adsorption of the surfactant anions onto the protein.
The study further established that the type of surfactant determines the interactions
with the protein. The study of the interactions of the different surfactants contributed
to the understanding of nature and mechanism of water treatment using M. oleifera

proteins.

Nermark [36] studied the bioremediation of copper and lead-contaminated soil by

utilizing defatted M. oleifera seeds crude water extract as a washing fluid to remediate



the soil. Comparisons were also made between extraction efficiency of defatted M.
oleifera seeds and deionized water in removing copper and lead from soil. Defatted M.
oleifera crude water extract showed a higher removal percentage as a washing fluid of
lead and copper contaminated soil compared to deionized water. This was attributed
to the presence of glutamic and aspartic acids found in M. oleifera protein as being
responsible in the binding to the metals. The isoelectric point for these acids with a
carboxyl group (-COOH) was found to be around pH 3. Above this pH value, the
amino acids net charges are negative, and that could explain why the seeds proteins
could remediate the soil contaminated by the cationic lead and copper metals. The
same principle would, therefore, apply for water treatment and recovery of precious

metals ions.

Neutron scattering and reflection studies have shown that the proteins adsorb strongly
on different surfaces such as silica (SiO2), sapphire (Al.Oz) and polystyrene [37-38].
This suggests that Moringa seed proteins can adsorb on the ordinary sand, which is
mainly SiOz. Therefore, the principle behind plant-based coagulants/flocculants such
as M. oleifera seeds in water and wastewater treatment is based on adsorption
mechanism followed by charge neutralization or polymeric bridging effect leading to
the aggregation of the impurities [5,22]. Furthermore, it has been revealed that the
resulting aggregates (flocs) formed with the M. oleifera seed proteins are much more
strongly packed, i.e., larger floc dimensions, df — 3 (limiting value), than those
produced with conventional flocculating agents [40]. In other words, the seed proteins
adsorb to the impurities and cause flocculation as dense aggregates. This is

advantageous in water treatment as such flocs are more easily separated. The
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application of this natural product would decrease the necessity for costly synthetic

chemicals.

A study by Sanchez - Martin et al. [41] further revealed that M. oleifera seed extract
could be an alternative to the industrial coagulants/flocculants such as FeCls,
Al>(SO4)3) and synthetic polyelectrolytes applied in water treatment. Water treated
using this natural resource presents a competitive advantage in turbidity removal
efficiency compared to the coagulants/flocculants utilized currently. Another benefit
of the technology of using the M. oleifera seed extract is that it is less complex and
cheaper than the traditional coagulation/flocculation process. Since M. oleifera is a
natural product, it is also environmentally friendly compared to the utilization of
chemicals that could be of health concern. Furthermore, this natural product is easily
stored and widely accessible. Other studies by Shan et al. [3] and Araujo et al. [42]
further confirmed that M. oleifera seeds biomass is a good biosorbent for heavy metal
ions. These studies also reinforce the fact that the biosorbent is cheaper, effective and
yields minimal environmental impact. It is therefore against this background that the
current study explored Moringa seed proteins for water treatment and selective

recovery of precious metal ions.

2.3 Magnetic iron oxide nanoparticles and water treatment

Nanomaterial studies have nowadays gained popularity [43]. Magnetic separation is a
technique mainly applied in mining whereby magnetic force is utilized to extract
magnetically susceptible material from a mixture [44]. There are several magnetic
nanoparticles that can be manipulated with a magnetic field. These are particles

consisting of magnetic elements such as iron, nickel, cobalt as well as their chemical
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compounds. On the other hand, nanoparticles are generally defined as materials with
structural components ranging between 1 to 100 nm [2,45,46]. As a result of their small
size and thus enormous surface areas, they tend to have strong reactivity as well as
adsorption capacities. The regularly applied magnetic nanoparticles are iron oxides of
which superparamagnetic FesOs nanoparticles are the most predominant because of
their low toxicity and good biocompatibility [24] in addition to their high surface area

and adsorption capacity [1,27,28,45,47].

A study by Dave and Chopda [48] on the application of iron oxide nanomaterials for
the removal of heavy metals revealed different methods for synthesizing iron oxide
nanomaterials. They are categorized as physical, chemical as well as biological. Types
of physical methods are gas phase deposition, electron beam lithography, pulsed laser
ablation, laser - induced pyrolysis, powder ball milling, and aerosol. On the other hand,
co-precipitation, micro-emulsion, hydrothermal, electrochemical deposition,
sonochemical and thermal decomposition fall under chemical methods. Lastly under
biological methods are fungi, bacteria as well as protein - mediated methods. Similar
methods were discussed by Xu et al. [27]. Of these methods, chemical co-precipitation
is popular because it is a cost-effective standard method that allows the preparation of
large quantities of nanoparticles in a single batch [49]. Also, it is regarded as a simplest
and efficient method that results in magnetic nanoparticles [50]. These magnetic
nanoparticles are popular in heavy materials removal from wastewater mainly due to

the external magnetic fields that are applied.

Magnetic nanoparticles (MNPs) prepared using the co-precipitation method have been

used for the removal of heavy metal ions from wastewaters [17]. The study applied
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this method and the iron oxide nanoparticles produced had an average size of 8 nm.
The metal ions of interest in the study were Pb(1l), Cu(ll), Zn(I1) and Mn(11) and Pb(Il)
showed the maximum adsorption capacity and Mn(ll) the minimum. This was
attributed to the differences in the electrostatic attraction between the negatively
charged adsorption sites with the positively charged heavy metals ions. The metal ions
differ in their atomic radii, and this could also account for the differences in the
adsorption capacities. Another study conducted by Rajput et al. [51] utilized magnetic
magnetite (FesO4) synthesized by co-precipitation successfully remediated Cr(V1) and
Pb(11) from wastewater. The study further revealed that the heavy metals ions removal

from wastewater is a physicochemical process resulting from electrostatic attractions.

Velez et al. [52] used magnetic iron oxide nanoparticles prepared by co-precipitation
method and stabilized in aloe vera to remove mercury from wastewater. The size of
the nanoparticles was approximately 100 nm. Satisfactory percentage removal of
mercury from wastewater was reported as 70% on average. Gui et al. [53] synthesized
iron oxide nanoparticles stabilized in materials such as carboxymethyl cellulose
(CMC) and polyacrylic acid (PAA) functionalized polyvinylidene fluoride (PVDF)
microfiltration membranes for removing trichloro ethylene from groundwater.
PAA/PVDF membrane was also reported to be effective in controlling the sizes of the

nanoparticles as well as preventing their agglomeration.

A study by Al-Sand et al. [18] used iron oxide nanoparticles of size 25-55 nm to treat
synthetic aqueous solutions contaminated with AI(I11), As(111), Cd(1l), Co(ll), Cu(ll),
and Ni(l1). The metal ions that showed the maximum percentage removal of more than

95% were Cu(ll) and As(I11) whereas the other metal ions in the study depicted the
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percentage removal ranging from 35% to 65%. Similar results were obtained by
Giraldo et al. [17] and Rajput et al. [51] in the removal of heavy metals ions removal

from wastewater by a physicochemical process resulting from electrostatic attractions.

Xu et al. [54] also used magnetic nanoparticles synthesized by chemical co-
precipitation method for water purification. Pathogenic bacteria such as Escherichia,
Acinetobacter, Pseudomonas, and Bacillus were effectively removed from drinking
water. The study further reported that no significant toxicity was shown when
magnetic nanoparticles were utilized. A study by Meng et al. [55] confirmed the
antimicrobial property of iron oxide nanoparticles in the treatment of bacteria such as
Escherichia coli. Another study by Patil [56] on wastewater treatment using
nanoparticles revealed that magnetic nanoparticles are useful in the removal of toxic
heavy metals, natural organic matter, biological contaminants, organic pollutants,
nitrates, fluoride as well as arsenic from wastewater. The study also stated that of the
available techniques, adsorption by magnetic nanoparticles is the most convenient due

to its easy handling, minimal cost as well as effectiveness.

Khiadani et al. [57] demonstrated that a column with stainless steel wool with iron
oxide nanoparticles in the presence of a magnetic field could be utilized in improving
urban runoff quality. Runoff from roads surface is considered as the primary source of

environmental pollution. Synthesized runoff in the study consisted of Pb, Zn, Cd,

POi_ and NO, ions as well as turbidity of 60 NTU. Significant removal efficiency

was attained for lead, zinc, cadmium and phosphate ions with percentages of 93.9%,
96.4%, 88.4%, and 87.4%, respectively. However, the turbidity average removal

efficiency was not very satisfactory as it was only 45.1%. The column used in the study
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could also not remove nitrate ions as physical, or adsorption mechanisms are likely not

to be suitable methods for nitrates removals [57].

A good comparison by Hassan and Malidi [58] was conducted between nanoparticles
synthesized from copper and iron to remove lead from aqueous solution. The study
found that removal efficiency was higher, about 88%, using iron oxide nanoparticles
compared to 84% with copper oxides. The electrostatic attraction was mainly
responsible for metal ions removal. Lead ions were also reported to adsorb onto the
nanoparticles very quickly thus equilibrium could be reached within a short period of
approximately 30 minutes. A system that attains equilibrium in a short period is

significant for wastewater treatment plant.

2.4 Magnetic iron oxide nanoparticles modified with Moringa seed proteins and
water treatment

According to Wu et al. [26], the MNPs must have combined properties of high
magnetic saturation, stability, biocompatibility and interactive functions at the surface.
However, the surface could be modified by organic or inorganic materials such as
polymers, biomolecules, silica, alumina, zirconium, ferrites, metals, iminodiacetic
acid, thiols, amines and so on [12]. Of these, silica and alumina are popular for the
recovery of precious metals. It is vital for superparamagnetic iron oxide to be coated
before or after synthesis. This does not only provide stability but also prevents
corrosion, oxidation and positively contributes to their functionality as well as
biological fate [43]. On the other hand, naked iron oxide nanoparticles might not

optimize their use due to agglomeration as well as flocculation properties [59].
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Several studies have demonstrated that turbidity removal and recovery of metal ions
from contaminated water is mainly pH dependent [5,45,47,60-62]. Generally, the
isoelectric point (pl) of Moringa seed proteins is 10-11 [32,35,63]. However, some
amino acids have additional -COOH functional groups and acidic amino acids, aspartic
and glutamic acids have pl values of about 3 [35,36]. Since the pl of magnetite
nanoparticles is known to be close to neutral pH range of 6-7 [12,59], it implies that
above pH 3, these amino acid groups are negatively charged and adsorb onto iron oxide
nanoparticles which are positively charged at pH below neutral range thus forming a
nano-composite for recovery of precious metal ions. On the other hand, the proteins
from Moringa seeds overall tend to be positively charged at pH below 10-11 and
adsorb onto iron oxide which is negatively charged at pH above neutral range again

forming a nanocomposite for water turbidity removal.

A study by Okoli [24] revealed that M. oleifera modified with MNPs enhanced the
performance coagulating/flocculating properties in contaminated water samples. This
agrees with the study conducted by Santos et al. [29] on the evaluation of the
effectiveness of the coagulation/flocculation using M. oleifera seed extract
functionalized with magnetic iron oxide nanoparticles for water treatment. The study
found out that more than 90% turbidity could be removed from surface water under

the effect of an exterior magnetic field in 30 minutes.

A promising approach is the use of magnetic iron oxide nanoparticles prepared from
microemulsion for the purification or immobilization of proteins [24]. Magnetic iron
oxide nanoparticles which are silica-coated have been synthesized for rapid and

selective magnetic field-based separation of mixed proteins. A key consideration
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during protein separation process is to control the driving force of the sorbent surface
behind the adsorption of proteins that involves hydrophobic and electrostatic
interactions [64]. Therefore, the successful adsorption of proteins onto MNPs depends

on the proper surface modification.

An interesting study by Hussein et al. [65] utilized iron oxide nanoparticles modified
with polyurethane for arsenic removal. The two different nanoparticles size ranges
tested 15-20 nm and 50-100 nm. A smaller size range (15-20 nm) attained a higher
maximum removal capacity compared to the bigger one (50-100 nm). Dewi et al. [66]
demonstrated the formation of magnetic photocatalyst FezO4/SiO2/TiO2 composite
with the size of 20 nm that was tested on the removal of methylene blue (MB) in water.
A slightly similar study by Zemtsova et al. [67] synthesized Fez04/SiO with particles

sized between 30-50 nm for targeted drug delivery.

Another study was conducted by Ehrampoush et al. [68] on the use of co-precipitated
iron oxide nanoparticles prepared in tangerine peel extracts as an adsorbent for
cadmium ions removal from contaminated solution. This extract was utilized as a
stabilizer agent and the nanoparticles produced were reported to be free of harmful
contaminants. The average size of nanoparticles produced also decreased from 200 nm
to 50 nm when the peel extract was increased from 2 to 6%. However, when the
concentration was increased up to 10%, the nanoparticles size also increased due to

the strong bonding of nanoparticles.

Lakshmanam [69] conducted a study on the treatment of wastewater using iron oxide

nanoparticles by synthesizing the nanomaterials using both co-precipitation as well as
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microemulsion methods. The dimensions of the nanomaterials ranged from 8 to 40
nm. In the study, the nanomaterials were functionalized with tri-sodium citrate (TSC),
3-aminopropyl triethoxysilane (APTES), polyethylenimine (PEI) and chitosan.
Functionalization of nanoparticles is believed to play a significant role in stabilization
as well as enhancing the removal efficiency of contaminants in wastewater. The
findings of the study were such that process time, complexity, sludge production as
well as the use of additional chemicals in wastewater treatments could be reduced
when both coated and uncoated magnetic iron oxide nanoparticles are employed. This
approach was further identified as simple, robust as well as environmentally friendly.
Another benefit revealed by the study is the toxicity of the magnetic nanoparticles
utilizing human keratinocytes (HaCaT) and endothelial (HMEC-1) cells that yielded
very satisfactory results. This was performed for the viability of the cell, strand damage

of DNA as well as reactive oxygen species (ROS) generation.

Another study conducted by Gill et al. [70] utilized a co-precipitation method to
synthesize superparamagnetic iron oxide nanoparticles and coated them with chitosan.
The nanocomposite materials prepared were then applied in removing metals from
wastewater. The study also showed that coating nanomaterials with suitable materials
such as silica or chitosan could also minimize the health concern associated with the
application of nanoparticles in water treatment. These results concur with a study
conducted by Remya et al. [71] that suggested that metal and metal oxide nanoparticles
potential harm could be minimized by coating their surfaces with stabilizers such as
dextran. However, characteristics such as particle size, surface properties, chemical

composition play a vital role in the toxicity of nanoparticles [72].
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Vasylkiv et al. [73] demonstrated that addition of chitosan in the synthesis of iron
oxide nanoparticles results in nanoparticles with various morphologies. An example is
polycrystalline mesoporous structures sized between 60-105 nm obtained from the

cubo-octahedral morphology of FesO4 nanoparticles sized between 50-125 nm.

According to Gutierrez et al. [74], chitosan is a natural material with active sites on its
polymeric chain because of -NHz groups. It is, therefore, a popular biosorbent when
modified with iron oxide nanoparticles for water and wastewater treatment for
contaminants that are negatively charged. Moringa proteins also depict similar
properties to chitosan thus could be modified with iron oxide nanoparticles for water
treatment as well as selective recovery of precious metal ions. The study further
mentioned that the future for iron oxide nanoparticles composite adsorbents looks
good. This is for both organic pollutants from water and wastewater as well as other

contaminants in contaminated areas.
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CHAPTER 3: METHODOLOGY

3.1 Research design

The study conducted at a laboratory scale was quantitative in nature. MNPs were
prepared using the co-precipitation method. The characterization of the nanoparticles
was done as well as modification of magnetic iron oxide nanoparticles with protein
extract of M. oleifera seeds. The purposive sampling was used to sample the seed pods.
During the synthesis of modified MNPs variables controlled were the stirring rate, pH
and temperature because these contribute to the size as well as the morphology of the
nanocomposite obtained. The effectiveness of magnetic iron oxide modified with M.
oleifera seed proteins was tested using synthetic kaolin (clay) turbid water and

precious metals spiked water for recovery studies.

3.2 Samples

The study used only the M. oleifera seeds. Samples of M. oleifera mature dry pods
were collected from a tree grown in Cimbesbasia, a residential area in Windhoek in
the Khomas region. They were collected in paper bags and carried to the laboratory

where they were prepared for the experiment.

3.3 Instrumentation

The research was based on laboratory experiments, and several techniques were used
to characterize the MNPs. The characterization techniques included the following:
Perkin Elmer Fourier Transform Infrared (FTIR) Spectroscopy for functional groups
determination; Q600 V20.9 Build 20 Thermogravimetric Analyser (TGA) and
Differential Scanning Calorimeter (DSC) for decomposition and thermal stability; Jeol

JSM-IT300A Scanning Electron Microscope (SEM) for morphology and a Zeta
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potential with a nano Zetasizer for surface charge determinations. A permanent magnet
was used to test whether the nanoparticles synthesized were magnetic. The Perkin
Elmer Lambda 35 Ultra Violet-Visible (UV-Vis) spectrometry was used for turbidity
measurements. FTIR was also used to confirm the adsorption and immobilization of
MNPs/Moringa seed proteins composite. Quantitative determination of metals was
done using the Perkin Elmer Inductively Coupled Plasma-Optical Emission

Spectrometer (ICP-OES).

3.4 Experimental Procedure

3.4.1 Reagents and materials

Reagents used throughout the study were either chemically pure or of analytical grade.
Deionized water was obtained from a Rios - DI system supplied by Merck. Whatman
no. 1 filter papers with a diameter of 90 mm manufactured by GE Healthcare company
were used. Ferric chloride (FeCls.6H20) and hydrochloric acid (HCI) were supplied
by Merck, petroleum ether (40-60°C) by Skychem, whereas ferrous chloride
(FeCl2.4H20), acetone and ammonium sulphate were obtained from Promark
Chemicals. Sodium hydroxide (NaOH) was supplied by Skylabs, kaolin and sodium
chloride by LD didactic in Germany, gold (1I1) chloride by Sigma-Aldrich, and
platinum (IV) chloride and palladium (Il) chloride by Alfa aesar. Preswollen
Carboxymethyl cellulose was supplied by Biophoretics (USA.) Multielement precious

metals standard was supplied by Perkin Elmer.

3.4.2 Preparation of Moringa oleifera seed extract
The extraction of the soluble cationic protein was carried out using the method by

Maikokera and Kwaambwa [39]. Briefly, the seeds obtained from the dry M. oleifera
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mature pods were deshelled skinned and the kernels crushed using a pestle and mortar
to obtain a powder. The seeds powder (75-80 g) was defatted by mixing with 40-60°C
petroleum ether (200 mL) using hot plate magnetic stirrer at 1100 rpm for two hours
followed by suction filtration. The removal of oil is necessary as its presence is known
to reduce the effectiveness of water treatment [3]. The powder obtained was dried in
open air on a paper towel. This powder was then stirred in 1M potassium chloride (200
mL) at 1100 rpm for an hour followed by suction filtration to remove the bigger solid
particles, and then lastly by gravity filtration until a clear solution was obtained.
Studies have shown that coagulating component extracted from M. oleifera seed is
more efficient using salt solution than tap water [39,75]. The active ingredient
(proteins) in the extract was precipitated by adding ammonium sulphate salt to
saturation that results in a sticky paste due to ‘salting out’ effect. The precipitated
active ingredient was filtered using suction filtration. It was then re-dissolved in
distilled water (200 mL) and dialyzed using Sigma-Aldrich dialysis tubing cellulose
membrane of 43 mm width. The protein solution was purified with the carboxymethyl
cellulose (CMC) resin, eluted with 1M sodium chloride (NaCl) solution then finally
dialyzed. The resulting solution was frozen at -80°C and freeze-dried using the Chris
Alpha 1-2 LD plus freeze drier. The resulting powder was kept in an airtight container

until ready for use.

3.4.3 Preparation of magnetic iron oxide (FezO4) and modification of
nanoparticles

Magnetic iron oxide (FesO4) nanoparticles were prepared by chemical co-precipitation
of Fe** and Fe?* ions [17,26,76]. This is a cost effective standard method that allows

the preparation of large quantities of nanoparticles in a single batch [49]. According to

22



this method, the iron salts solution was prepared by mixing 3.24 g (0.02 moles) of
ferric (FeCls.6H20) and 1.99 g (0.01 moles) of ferrous chloride (FeCl2.4H20) in 20
mL distilled water at 20-23°C and stirring at a rate of 300 rpm for 20 minutes. Sodium
hydroxide (8 M) solution was prepared by dissolving 4.58 g in 14 mL distilled water
and stirred at 300 rpm for 30 minutes at 20-25°C. The magnetite (FesO4) nanoparticles
were precipitated by dropping the iron salts solution into the NaOH solution at 20-
30°C while stirring at 600 rpm for an hour. Sodium hydroxide is preferred since
magnetite nanoparticles with this base as a precipitant proved to have better magnetic
properties [59]. The resulting black nanoparticles were separated with the help of a
permanent magnet before decanting the supernatant. Lastly, nanoparticles were
washed with deionized water and acetone. The obtained fine FesOs nanoparticles
(approximately 4 g) were finally freeze-dried for 24 hours and stored in a vial that is
airtight until use. For the protein modified magnetic nanoparticles, the co-precipitation

was carried out in 1% aqueous protein solution instead of distilled water.

The formation of FesOs is represented by the following overall equation [26]:

Fe?* (aq) + 2Fe®* (ag) + 8OH (aq) —Fe304/ (s) + 4H20 (1)

3.4.4 Characterisation of magnetic iron oxide nanoparticles modified and
unmodified with M. oleifera seed proteins

The characterization was done as briefly described below [42,47]. The Perkin Elmer
UATR spectrum two system Fourier transform Infrared (FTIR) spectroscopy was used
to assess the main functional groups present that are responsible for adsorption in the
magnetic iron oxide nanoparticles modified and unmodified with M. oleifera seed

proteins. Sufficient sample to cover the prism of the instrument was placed. The range
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of the spectra recorded in transmittance band mode was between 4000 to 400 cm™ with
four scans. The decomposition, as well as thermal stability, was characterized using a
Q600 V20.9 Build 20 Thermogravimetric Analyser (TGA) and Differential Scanning
Calorimeter (DSC). This was done by heating approximately 10 mg of a sample from
30°C to 900°C at a constant rate of 10°C per minute under nitrogen gas, at a flow rate
of 20 mL per minute. The sample lost mass over the specified rate and temperature
thus the decomposition, as well as thermal stability, could be deduced. The
morphology of the synthesized nanoparticles was characterized with the Jeol JSM-
6010PLUS/LA Scanning Electron Microscope (SEM) equipped with the Oxford X-
ray energy dispersive spectroscope (EDS). The characterization of the surface charge
of the nanoparticles was measured with a nano Zetasizer (Nano Zs model) between pH

2-12.

3.4.5 Preparation of synthetic turbid water

Turbid water was prepared using kaolin powder as briefly described below [5]. Kaolin
powder was dried in an oven at 105°C for three hours and cooled off in a desiccator
for about half an hour. A suspension of kaolin with distilled water was prepared and
kept for 24 hours. This is to allow coarse particles to settle and the cloudy supernatant

decanted for use.

3.4.6 Preparation of aqueous precious metal ions solutions

Precious metal chloride salts of gold, palladium, and platinum were used for this study.
Precious metal ions solutions were prepared as briefly described by Witek-Krowiak
[7] and Obuseng et al. [63] as follows: Predefined quantities of respective metal

chloride salts were dissolved in distilled water to get stock solutions of 100 mgL™. The
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stock solutions were diluted further to get the desired working concentrations. The pH
of solutions was adjusted using 0.1 M HCl and 0.1 M NaOH to create acidic and basic

environments, respectively.

3.4.7 Turbidity removal and selective recovery of precious metal ions using
modified and unmodified nanoparticles

The modified, as well as unmodified nanoparticles, were tested for turbidity removal
and recovery of precious metals using the method described by Okoli [24]. The
nanoparticles were added to turbid water, shaken for two hours and then allowed to

settle overnight before filtration using gravity filtration (Whatmann filter paper No.1).

Turbidity reveals information regarding the formation of insoluble complexes.
Turbidity measurements were carried out with a Perkin EImer Lambda 365 UV/Vis-
spectrophotometer to detect aggregates formed by the modified as well as unmodified
MNPs powder with kaolin particles. The turbidity of the modified, as well as
unmodified MNPs powder-kaolin, suspensions were monitored by the transmittance
at wavelengths 360, 450, 540, and 600 nm [35]. The turbidity is therefore plotted as

100 - %T, whereby T refers to transmittance.

The precious metals recovery was studied using batch experiments. To the water
spiked with precious metals, known amounts of modified MNPs powder was added,
shaken for two hours and allowed to settle overnight before filtration using gravity
filtration (Whatmann filter paper No. 1). Analysis of metal ions was carried out with

a Perkin EImer Optima 8000 ICP-OES.
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The recovery efficiency (R) was calculated using the equation [77]:

C, -C

%R =~ %100 (2)
C

where, C; is the initial concentration, Cs is the final concentration of the analyte, and

%R is the extraction percentage.

The adsorption process of precious metal ions on unmodified and modified iron oxide
nanoparticles was tested using the Langmuir and Freundlich isotherm models. Linear

forms of these models are shown in the following equations [47,78, 79]:

1 1
Langmuir: o1, 1 ©)
qe qmb que
Freundlich: Ing, =InK, +llnCe 4)
n

The adsorption capacity of the modified and unmodified iron oxide nanoparticles for
each concentration of precious metal ions at equilibrium, ge is calculated using the

following equation [47,78, 79]:

V(CO-Cf)

qe(mg/g)=T (5)

where, Co is initial precious metal ions concentration, Cs is final concentration after
adsorption, V is the volume of solution (L) and m is the mass of adsorbent (modified

and unmodified iron oxide nanoparticles).

In equations 3 and 4 for Langmuir and Freundlich, Ce (mg/L) is the equilibrium
concentration of adsorbate (precious metal ions); ge (g) is the amount of precious metal
ions per gram of unmodified / modified iron oxide nanoparticles at equilibrium; gm
(mg/g) and b (L/mg) are Langmuir constants for adsorption capacity and rate of
adsorption. These are obtained from the slope and intercept of the linear Langmuir
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plot. Krand n are adsorption capacity and intensity constants in the Freundlich linear

plot calculated from the intercept and slope, respectively.

R is a dimensionless separation factor from the Langmuir isotherm that is calculated
using the following equation [47,78, 79]:

1
R =—— 6
" 1+bC, ©)

where, Co (mg/L) is the initial precious metal ion concentration, and b (slope/intercept)

is obtained from the Langmuir plot.

3.5 Data Analysis

The study utilizes quantitative data analysis. All the measurements of turbidity and
precious metal ions recoveries were represented graphically. The averages are
reported. For turbidity studies, the shortest wavelength of 360 nm was more sensitive
since its peak in absorbance is higher at the dosage used compared to the other
wavelengths hence it was utilized. Whereas for precious metal ions recoveries, the
Quality Control (QC) standards calibration units such as Relative Standard Deviation
(RSD) percentage, percentage recovery as well as the R? (the coefficient of

determination value) determined the suitable wavelength.

CHAPTER 4: ETHICAL CONSIDERATIONS
Seeds of M. oleifera were collected from a tree grown in Cimbebasia in Windhoek,
Khomas region. The research was done with the ethical clearance from the UNAM

Research and Publication Committee (RPC).
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CHAPTER 5: RESULTS

5.1 Characterisation of magnetic iron oxide nanoparticles modified and
unmodified with M. oleifera seed proteins

5.1.1 Fourier Transform Infrared (FTIR) Spectrometry

The FTIR was used to assess the main functional groups responsible for adsorption
present in the magnetic iron oxide nanoparticles modified and unmodified with M.
oleifera seed proteins extract. The FTIR spectra were recorded in transmittance band
mode in the wavelength range from 4000 cm™* to 400 cm™ as shown in Figures 5.1-5.7.
The magnetic iron oxide nanoparticles modified with M. oleifera seed proteins extract
were studied in acidic, basic and neutral media and are shown in Figures 5.5-5.7.
Tables 5.1-5.6 show the analysis of the IR spectra for Moringa protein powder
(purified and unpurified), magnetic iron oxide nanoparticles, and magnetic iron oxide
nanoparticles modified with Moringa proteins extract in acidic, basic and neutral
medium, respectively.
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Figure 5.1: FTIR spectrum of Moringa seed unpurified proteins extract powder
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Figure 5.4: FTIR spectrum of iron oxide modified with Moringa seed proteins extract
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Table 5.1: Analysis of the IR spectra for Moringa seed unpurified (MoUP) and

purified (MoPP) proteins extract powder

CH bend)

Functional group | Reference Observed IR | Observed IR Peak
frequency frequency frequency (cm™) | shift
range (cm™) | (cm™) for for MoPP (cm™)
[42,47 51, MoUP
77,80,81]

Amides stretch 1680-1640 1656.95 1648.40 8.55

(C=0)

Carbonyl and 2000-1500 1544 1544 0

Amides (C=0 and N-

H)

OH (Alcohaol; 3400-2400 3274.3 3281.9 -7.6

Carboxylic acid); 2950.2 2942.6 7.6

OH bend 1440-1400 1442.3 1431 11.3

(Carboxylic acid)

CO stretching 1320-1210 1295.3 1250 45.3

(Carboxylic acid)

CO stretching 1260-1000 1129.4 -

(Alcohol) 1035.2 1035.2 0

Alkynes (acetylenic 650-600 616.75 612.98 3.77

Table 5.2: Analysis of the IR spectra for unmodified magnetic iron oxide nanoparticles

and iron oxide modified with Moringa seed proteins extract (MoFez0a)

Functional group Reference Observed IR | IR frequency (cm™ | Peak
frequency frequency 1) for MoFe;0, shift
range (cm™) | (cm™) for iron (cm™)
[42,47,49,51, | oxide
77,78,80,82]

OH stretching 3700-3500 3668.3 3664.7 3.6

OH (Alcohol) 3400-2400 2903.3 2899.7 3.6

2975.8 2983.3 -7.5

OH bend (Carboxylic 1440-1400 - 1438.7 -

acid) 1406

H-O-H (Adsorbed 1652-1429 1442.3; 1438.7 3.6

water) 1620 -

CO stretching 1320-1210 - 1243 -

(Carboxylic acid)

OH stretching 1092-1060 1068.9 1068.9 0

vibration

CO stretching 1260-1000 1239.3 1243 -3.7

(Alcohol)

Alkenes (CH bend) ~890 889.49 869.49 20

Aromatics (CH bend) ~880 889.49 869.49 20

Fe-O 588-535 564.95 543.2 21.75
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Table 5.3: Analysis of the IR spectra for Moringa seed proteins extract powder (MoP);

magnetic iron oxide nanoparticles; magnetic iron oxide nanoparticles modified with

Moringa seed proteins extract (MoFesO4)

Functional Reference Observed | Observed | Observed IR Peak shift
group frequency | IR IR frequency (cm?) | (1-3) and

range (cm™) | frequency | frequency | for MoFesO4 (3) | (2-3) (cm™)

[42,47,49,51 | (cm™) for | (cm™) for

77, MoP iron oxide

80,81,82] powder (2)

1)
NH (Amine / 3700-3500 - 3668.3 3664.7 (1-3): -
Amide) (2-3): 3.6
stretching; OH
stretching 1680-1640 1648.40 - - -
Amides
stretch (C=0)
Carbonyl and 2000-1500 1544 - - -
Amides (C=0
and N-H)
OH (Alcohol; | 3400-2400 3281.9 - - -
Carboxylic 2942.6 2975.8 (1-3): -40.7
acid); - 2903.3 2983.3 (2-3): -7.5;
2899.7 3.6
OH bend 1440-1400 1431 - 1406 (1-3): 25;
(Carboxylic 1438.7 -1.7
acid)
OH stretching | 1092-1060 1035.2 1068.9 1068.9 (1-3): -33.7
vibration (2-3): 0
H-O-H 1652-1429 1431 1442.3; 1438.7 (1-3): -7.7
(Adsorbed 1620 (2-3): 3.6
water)
CO stretching | 1320-1210 1250 - 1243 (1-3): -
(Carboxylic (2-3): 7
Acid)
CO stretching | 1260-1000 1250 1239.3 1243 (1-3): 7
(Alcohol) (2-3): -3.7
Alkenes (CH ~890 - 889.49 869.49 (1-3): -
bend) (2-3): 20
Aromatics ~880 - 889.49 869.49 (1-3): -
(CH bend) (2-3): 20
Alkynes 650-600 612.98 - - -
(acetylenic
CH bend)
Fe-O 588-535 - 564.95 543.2 (1-3): -
(2-3): 21.75
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Table 5.4: Analysis of the IR spectra for Moringa seed proteins extract powder;

magnetic iron oxide nanoparticles; magnetic iron oxide nanoparticles modified with

Moringa seed proteins extract in acidic media

Functional Reference Observed | Observed | Observed IR Peak Shift
group frequency | IR IR frequency (cm?) | (1-3) and
range (cm™) | frequency | frequency | for MoFesO4in | (2-3) (cm™)
[42,47,49,51 | (cm™) for | (cm™) for | acidic media (3)
77, MoP iron oxide
80,81,82] powder (2)
1)
NH (Amine / 3700-3500 - 3668.3 3679.2 (1-3): -
Amide) (2-3): -10.9
stretching; OH
stretching 1680-1640 1648.40 - - -
Amides
stretch (C=0)
Carbonyl and 2000-1500 1544 - - -
Amides (C=0
and N-H)
OH (Alcohol; | 3400-2400 3281.9 - - -
Carboxylic 2942.6 2975.8 2987.83 (1-3): -45.23;
Acid); - 2903.3 2907 (2-3): -5.8
-3.7
OH bend 1440-1400 1431 - 1395.2 (1-3): 35.8
(Carboxylic 2-3): -
Acid)
OH stretching | 1092-1060 1035.2 1068.9 1066.13 (1-3): -30.93
vibration (2-3): 277
H-O-H 1652-1429 1431 1442.3; - -
(Adsorbed 1620
water)
CO stretching | 1320-1210 1250 - 1232 (1-3): 18
(Carboxylic (2-3): -
Acid)
CO stretching | 1260-1000 1250 1239.3 1232 (1-3): 18
(Alcohol) (2-3): 7.3
Alkenes (CH ~890 - 889.49 891.24 (1-3): -
bend) (2-3): -1.8
Aromatics ~880 - 889.49 891.24 (1-3): -
(CH bend) (2-3): -1.8
Alkynes 650-600 612.98 - - -
(acetylenic
CH bend)
Fe-O 588-535 - 564.95 561.33;557.7; | (1-3): -
561.33 (2-3): 3.6
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Table 5.5 : Analysis of the IR spectra for Moringa seed proteins extract powder;

magnetic iron oxide nanoparticles; magnetic iron oxide nanoparticles modified with

Moringa seed proteins extract in basic media

Functional Reference Observed | Observed | Observed IR Peak Shift
group frequency | IR IR frequency (cm?) | (1-3) and

range (cm™) | frequency | frequency | for MoFesO4in | (2-3) (cm™)

[42,47,49,51 | (cm™) for | (cm™) for | basic media (3)

77, MoP iron oxide

80,81,82] powder (2)

1)
NH (Amine / 3700-3500 - 3668.3 3679.2 (1-3): -
Amide) (2-3): -3.7
stretching; OH
stretching 1680-1640 1648.40 - - -
Amides
stretch (C=0)
Carbonyl and 2000-1500 1544 - - -
Amides (C=0
and N-H)
OH (Alcohol; | 3400-2400 3281.9 - - -
Carboxylic 2942.6 2975.8 2987.83 (1-3): -45.23;
Acid); - 2903.3 2903.3 (2-3):-2.1;0
OH bend 1440-1400 1431 - 1409.7 (1-3):21.3
(Carboxylic (2-3): -
acid)
OH stretching | 1092-1060 1035.2 1068.9 | 1066.13; 1066.08; | (1-3): -30.88
vibration 1066.08 (2-2): 2.82
H-O-H 1652-1429 1431 1442.3; - -
(Adsorbed 1620
water)
CO stretching | 1320-1210 1250 - 1253.8 (1-3):-3.8
(Carboxylic
acid) (2-3): -
CO stretching | 1260-1000 1250 1239.3 1253.8 (1-3):-3.8
(Alcohol) (2-3): -14.5
Alkenes (CH ~890 - 889.49 876.74 (1-3): -
bend) (2-3): 12.8
Aromatics ~880 - 889.49 876.74 (1-3): -
(CH bend) (2-3): 12.8
Alkynes 650-600 612.98 - - -
(acetylenic
CH bend)
Fe-O 588-535 - 564.95 557.7 (1:3) -
(2-3): 7.3
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Table 5.6: Analysis of the IR spectra for Moringa seed proteins extract powder;

magnetic iron oxide nanoparticles; magnetic iron oxide nanoparticles modified with

Moringa seed proteins extract in neutral media

Functional Reference Observed | Observed | Observed IR Peak Shift
group frequency | IR IR frequency (cm?) | (1-3) and

range (cm™) | frequency | frequency | for MoFesO4in | (2-3) (cm™)

[42,47,49,51 | (cm™) for | (cm™) for | neutral media

17, MoP iron oxide | (3)

80,81,82] powder (2)

1)
NH (Amine / 3700-3500 - 3668.3 3672 (1-3): -
Amide) (2-3):  -3.7
stretching; OH
stretching 1680-1640 1648.40 - - -
Amides
stretch (C=0)
Carbonyl and 2000-1500 1544 - - -
Amides (C=0
and N-H)
OH (Alcohol; | 3400-2400 3281.9 - - -
Carboxylic 2942.6 2975.8 2987.88 (1-3): -45.28
acid); - 2903.3 2899.7 (2-3):1.5; 3.6
OH bend 1440-1400 1431 - 1395.2; 1409.7; 35.8; 21.3;
(Carboxylic 1402.4 28.6
acid) -
OH stretching | 1092-1060 1035.2 1068.9 1066.08 (1-3): -30.88
vibration (2-3): 2.82
H-O-H 1652-1429 1431 1442.3; - -
(Adsorbed 1620
water)
CO stretching | 1320-1210 1250 - 1250.2 (1-3): -0.2
(Carboxylic
acid) (2-3): -
CO stretching | 1260-1000 1250 1239.3 1250.2 (1-3):-0.2
(Alcohol) (2-3): -10.5
Alkenes (CH ~890 - 889.49 880.36 (1-3): -
bend) (2-3): 9.1
Aromatics ~880 - 889.49 880.36 (1-3): -
(CH bend) (2-3): 9.1
Alkynes 650-600 612.98 - - -
(acetylenic
CH bend)
Fe-O 588-535 - 564.95 561.33 (1-3): -
(2-3): 3.6
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5.1.2 Thermogravimetric Analyzer (TGA)

Thermal stability of unmodified and modified magnetic iron oxide nanoparticles was

studied with Perkin Elmer Thermogravimetric analyzer as shown in Figures 5.8-5.10.
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Figure 5.8: TGA curve for unmodified and modified magnetic iron oxide

nanoparticles with weight loss
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Figure 5.9: TGA curve for unmodified magnetic iron oxide nanoparticles with weight

loss and derivative weight loss
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Figure 5.10: TGA curve for modified magnetic iron oxide nanoparticles with weight

loss and derivative weight loss

5.1.3 Scanning Electron Microscope (SEM)
The Scanning Electron Microscope (SEM) was utilized to study the morphology of
the synthesized unmodified (left) and modified (right) magnetic iron oxide

nanoparticles as shown in Figure 5.11.

Figure 5.11: SEM for unmodified and modified magnetic iron oxide nanoparticles
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5.1.4 Zeta potential

The surface charge of the unmodified and modified iron oxide nanoparticles was analysed by

zeta potential measurements with a nano Zetasizer as shown in Figure 5.12.
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Figure 5.12: Zeta potential trends for unmodified and modified magnetic iron oxide

nanoparticles

5.2 Turbidity removal using unmodified as well as modified nanoparticles

The turbidity of the modified MNPs powder-kaolin suspensions was monitored by the

transmittance (T) at wavelengths 360, 450, 540, and 600 nm using the UV-Vis

spectrophotometer as shown in Figure 5.13. The wavelength of 360 nm was more

sensitive since its peak in absorbance is higher compared to the other wavelengths

(450, 540 and 600 nm) and was therefore used for the rest of the turbidity

measurements as shown in Figure 5.14. The results in Figure 5.14 as well as Tables

5.7 and 5.8 show the effect of dosage in the range of 0.0054 g to 0.1067 g for
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unmodified and modified magnetic iron oxide nanoparticles used for turbidity removal
measurements from synthetic kaolin turbid water at 360 nm wavelength. Effect of pH
on turbidity removal using 0.005 g of unmodified and modified magnetic iron oxide

nanoparticles was analysed as shownn in Figure 5.15.
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Figure 5.13: Turbidity (100-%T) using magnetic iron oxide nanoparticles modified

with Moringa seed proteins extract at wavelengths 360, 450, 540 and 600 nm

Table 5.7: Turbidity removal using magnetic iron oxide nanoparticles modified with

M. oleifera seed proteins extract at wavelength 360 nm

Dosage Turbidity (100-%T) 360
(9) nm %Turbidity removal
0.0 72.3 0
0.0055 48.2 33.3
0.0238 28.6 60.4
0.0491 27.0 62.7
0.0647 17.4 75.9
0.0854 29.5 59.2
0.1067 27.0 62.7
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Table 5.8: Turbidity removal using magnetic iron oxide nanoparticles unmodified

with M. oleifera seed proteins extract at wavelength 360 nm

Turbidity
Dosage (100-96T)
(9) 360nm %Turbidity removal
0.0 72.3 0
0.0054 39.3 45.6
0.0261 38.4 46.9
0.0419 26.5 63.3
0.0652 28.7 60.3
0.0889 26.2 63.8
0.1053 25.1 65.3
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Figure 5.14: Graph showing the effect of dosage on turbidity removal using magnetic
iron oxide nanoparticles modified and unmodified with Moringa seed proteins extract

at wavelength 360 nm
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Figure 5.15: Effect of pH on turbidity removal using 0.005 g of unmodified and

modified magnetic iron oxide nanoparticles

5.3 Recovery of precious metal ions using modified and unmodified nanoparticles
5.3.1 Recovery using modified and unmodified nanoparticles at different pH
values

The percentage recovery of palladium, platinum and gold, precious metal ions using
modified and unmodified nanoparticles were measured using ICP-OES as summarized

in Figures 5.16-5.18. This was conducted at several pH values.
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Figure 5.16: Recovery of precious metal ions at 100 mg/L using 0.065 g of unmodified

and modified iron oxide nanoparticles at pH 2.0 for palladium and 3.0 for both gold

and platinum
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Figure 5.17: Recovery of precious metal ions at 10 mg/L using 0.065 g unmodified

iron oxide nanoparticles at different pH values
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Figure 5.18: Recovery of precious metal ions at 10 mg/L using 0.065 g modified iron

oxide nanoparticles at different pH values

5.3.2 Recovery of precious metal ions using modified and unmodified

nanoparticles at different dosages

The percentage recoveries of palladium, platinum, and gold, precious metal ions with

modified and unmodified nanoparticles at 10 g/mL using different dosages in the range

of 0.005 g to 0.0085 g are summarized in Figures 5.19 and 5.20. Characterization of

precious metals ions loaded unmodified magnetic iron oxide and modified magnetic

iron oxide nanoparticles were observed in the wavelength range 4000 - 400 cm™ as

summarized in Tables 5.9 and 5.10. These confirm the functional groups responsible

for recovery of precious metal ions.
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Figure 5.19: Recovery of precious metal ions at 10 mg/L using different dosages of

unmodified nanoparticles
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Figure 5.20: Recovery of precious metal ions at 10 mg/L using different dosages of
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Table 5.9: Analysis of the IR spectra for unmodified magnetic iron oxide nanoparticles

and precious metals ions loaded unmodified magnetic iron oxide nanoparticles

Functional Reference Observed IR | Observed IR Peak
group frequency range | frequency frequency (cm™) | shift
(cm™)[ 42,47,49, | (cm™) for for precious (cm™)
51,78,81,82,83] iron oxide metals ions
loaded iron
oxide
OH stretching 3700-3500 3676.9 3692 -15.1
OH (Alcohol) 3400-2400 2983; 2824.4 2987; 2828.4 -4
OH stretching 1092-1060 1033.04 1033 0.04
vibration
CO stretching 1260-1000 1033.04 1033 0.04
(Alcohol)
Fe-O 588-535 560.57 552.64 7.93
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Table 5.10: Analysis of the IR spectra for magnetic iron oxide nanoparticles modified
with Moringa seed proteins extract and precious metals loaded magnetic iron oxide

nanoparticles modified with Moringa seed proteins

Functional Reference Observed IR Observed IR Peak

group frequency frequency (cm™) | frequency (cm™?) | shift
range (cm™) | for MoFe;O4 for precious (cm™)
[42,47,49,51, metals ions
78,81,82,83] loaded MoFe304

NH (Amine / 3700-3500 3684.8 3680.8 4

Amide)

stretching; OH

stretching

Carbonyl and 2000-1500 1567.6 1516 51.6

Amides (C=0

and N-H)

OH (Alcohol; 3400-2400 2983; 2880 2987; 2876 -4; 4

Carboxylic

acid)

OH stretching 1092-1060 1033.04 1033 0.04

vibration

CO stretching 1320-1210 1349.6 1341.6 8

(Carboxylic

acid)

CO stretching 1260-1000 1033.04 1033 0.04

(Alcohol)

Fe-O 588-535 580.57 552.64 27.93

5.3.3 Effect of agitation time on recovery of precious metal ions using modified
and unmodified nanoparticles

The effect of agitation time between 30 — 240 minutes on percentage recoveries of
palladium, platinum, and gold, precious metal ions with modified and unmodified are

summarized in Figures 5.21 and 5.22.
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Figure 5.21: Effect of agitation time on recovery of precious metal ions using

unmodified nanoparticles between 30 — 240 minutes
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Figure 5.22: Effect of agitation time on recovery of precious metal ions using

modified nanoparticles between 30— 240 minutes
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5.3.4 Effect of initial concentration on recovery of precious metal ions using

modified and unmodified nanoparticles

Figures 5.23 and 5.24 summarizes the effect of initial concentration in the range 10 —

100 mg/L on percentage recoveries of palladium, platinum, and gold, precious metal

ions with modified and unmodified nanoparticles.
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Figure 5.23: Effect of initial concentration on the recovery of precious metal ions

using unmodified nanoparticles at 10 — 100 mg/L
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Figure 5.24: Effect of initial concentration on the recovery of precious metal ions

using modified nanoparticles at 10 — 100 mg/L
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5.4 Langmuir and Freundlich adsorption isotherms

The data were fitted to the Langmuir and Fleundlich models as indicated in Figures
5.25-5.26 and Tables 5.11-5.14. Langmuir model is a theoretical treatment
representing nonlinear adsorption involving monolayer adsorption whereas Fleundlich

is an empirical treatment that involves a multilayer adsorption [47,78,79].
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Figure 5.25: A typical linear Langmuir isotherm for adsorption of gold (I11) on

unmodified iron oxide nanoparticles
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Figure 5.26: A typical linear Freundlich isotherm for adsorption of gold (I1l) on

unmodified iron oxide nanoparticles

50



Table 5.11: Langmuir isotherm constants for the adsorption of precious metal ions on

unmodified iron oxide nanoparticles

Precious metal ion | Platinum (IV) | Palladium (11) | Gold (I11)
Slope (1/gm) g/mg 0.0336 3.2564 0.0368
Intercept (1/gmb) g/L 0.1523 -14.333 0.003
R? 0.9253 0.4668 0.9988
gm (mMg/g) 29.76 0.307 27.17
b (L/mg) 0.221 -0.227 12.27
R 0.310 -0.867 0.0090

Table 5.12: Langmuir isotherm constants for the adsorption of precious metal ions on

modified iron oxide nanoparticles

Precious metal ion | Platinum (1V) | Palladium (11) | Gold (I11)
Slope (1/qm), g/mg 0.0346 0.1896 0.0293
Intercept (1/qmb), g/L 0.2651 0.0553 0.0511
R? 0.1883 0.6826 0.2737
qm (Mg/q) 28.90 5.27 34.48
b (L/mg) 0.131 3.43 0.573
Rc 0.432 0.298 0.660
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Table 5.13: Freundlich isotherm constants for the adsorption of precious metal ions

on unmodified iron oxide nanoparticles

Precious metal ion | Platinum (1V) | Palladium (11) | Gold (111)
Slope (1/n) 0.6304 -1.4912 0.2129
Intercept (InKy) 1.7259 3.3547 2.9592
R? 0.9128 0.4464 0.9899
Kt (mg/mg) 5.62 28.64 19.28

n (L/mg) 1.59 -0.671 4.70

Table 5.14: Freundlich isotherm constants for the adsorption of precious metal ions

on modified iron oxide nanoparticles

Precious metal ion | Platinum (IV) | Palladium (I1) | Gold (111)
Slope (1/n) 0.4704 0.0997 0.0777
Intercept (InKs) 1.6521 1.481 2.5736
R? 0.3225 0.0184 0.0724
Kt (mg/mg) 5.22 4.40 13.11
n (L/mg) 2.13 10.03 12.87
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CHAPTER 6: DISCUSSION

6.1 Characterisation of magnetic iron oxide nanoparticles modified and
unmodified with Moringa seed proteins extracts

6.1.1 Fourier transform infrared (FTIR) spectrometry

The infrared spectra shown in Figures 5.1-5.2 and summarized in Table 5.1 are typical
for M. oleifera seed protein extract. As reflected, there seems to be no significant
difference between the unpurified and purified Moringa seed proteins extract.

However, minimal intensities differences at various wavenumber could be observed.

According to a study by Araujo et al. [42] and the results shown in Figure 5.2, a band
at 3281.9 cm™ representing the OH might be due to proteins and fatty acids structures
in Moringa seeds. The study further indicates that both the symmetrical as well as
asymmetrical stretching of C-H bond from the -CH. group as well as OH (alcohol,
carboxylic acid) occur at 2942.6 cm™ wavenumber. Also, the frequencies 1648.4 cm
for Amide | and 1544 cm™ for Amide Il are also among the characteristics bands
depicted in the spectrum. Another study by Nermark [36] reveals that these amides
mainly come from the amide bonds connecting amino acids. The study further
confirms that absorption at amide I and Il result in C=0 bond stretching vibrations and
N-H bond bending vibrations respectively, and they are mainly assigned to the a-helix of
the secondary structure in a protein. This is a further confirmation of the protein

structure in the Moringa seeds.

As shown in Figure 5.3 as well as the corresponding Table 5.2, the infrared spectrum

obtained with the FTIR is typical of iron oxide nanoparticles. The absorption band at
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3668.3 cm corresponds to the hydroxyl functional group; the one at 1442.3 cm™ is
assigned to H-O-H and the Fe-O group at 564.95 cm™ [49]. Figures 5.3-5.4 and the
summary in Tables 5.2-5.3 show the IR spectra with functional groups responsible for
adsorption in magnetic iron oxide nanoparticles modified and unmodified with
Moringa seed proteins extract. They occur at the peak ranges of 3700-3500 cm™%, 3400-
2400 cm™, 1320-1210 cm?, 1260-1000 cm™, ~890 cm™ and 588-535 cm™ that
correspond to NH (amine /amide) groups, OH (alcohol/carboxylic) groups, CO
(carboxylic) groups, CO (alcohol) groups, alkenes (CH) groups and Fe-O (iron oxide)
groups [42,47,49,51,77,80,81,82]. Most of these groups were also obtained for
Plantago ovata seeds [83], M. oleifera seed pods and Sclerocarya birrea [77]. The
functional groups identified may, therefore, be responsible for turbidity removal from

water and the recovery of precious metal ions.

FTIR spectra in Figures 5.5-5.7 and Tables 5.4-5.6 further confirm that M. oleifera
seed protein is effective in a wide range of pH values. According to Obuseng et al.
[63], the isoelectric point of the Moringa seed proteins is about pH 10-11. This implies
that below 10-11 the proteins are positively charged and interact with magnetic iron
oxide nanoparticles that are negatively charged at pH above neutral range forming a
nanocomposite for water turbidity removal. However, amino acids functional groups
-COOH in for instance aspartic and glutamic acids, found in Moringa seed proteins
have pl values of 3 or less [35]. This means that above pH 3, the groups are negatively
charged and can interact with magnetic iron oxide nanoparticles which are positively
charged at pH below neutral range therefore forming a nano-composite for selectively

recovery of precious metal ions [12,59]. It is therefore against this background that
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iron oxide nanoparticles modified with Moringa seed proteins functional groups are

still able to have active peaks in acidic, neutral and basic environments.

6.1.2 Thermogravimetric Analyzer (TGA)

Thermal stability of unmodified and modified magnetic iron oxide nanoparticles was
studied with Perkin Elmer Thermogravimetric analyzer as shown in Figures 5.8-5.10.
The percentage weight loss and their respective derivatives weight loss percentage per
°C (Figures 5.9-5.10) were obtained when the unmodified and modified magnetic iron
oxide nanoparticles were heated from 30.81°C to 794.77°C and 30.86°C to 794.80°C,
respectively. In both cases, the weight loss decreased at a slow rate with overall weight
loss of 17.7% and 17.2% for unmodified and modified magnetic iron oxide
nanoparticles, respectively. This suggest that modified magnetic iron oxide
nanoparticles might be slightly stable than unmodified magnetic iron oxide
nanoparticles since the curve for the modified magnetic iron oxide nanoparticles
appears slightly on top and the weight loss percentage is slightlty lower (Figure 5.8).
However, the inconsistency in the percentages loss values between 100-350°C for
modified magnetic iron oxide nanoparticles might be associated with the proteins
amino acid residues with various functional groups [42]. A study by Sneha and
Sundaram [84] attained a similar weight loss of approximately 17% on uncoated Fe304
which is very close to 17.7% obtained for unmodified magnetic iron oxide
nanoparticles in the current study. This study prepared and characterized iron oxide —

hydroxyapatite nanocomposite for potential bone cancer therapy.

Padmavathy et al. [47] on the effect of pH on efficiency and Cr(IV) ion uptake from

wastewater using iron oxide nanoparticles obtained a similar curve for magnetite
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nanoparticles as in the current study. Another study by Araujo et al. [42] on
characterization and use of M. oleifera seeds as a biosorbent for removing metal ions
from aqueous effluents also obtained a similar mass loss curve. This study describes
the mass loss in several stages depending on temperature ranges as follows: The first
stage referred to as the water desorption or water loss process occurs during the initial
stage of decomposition (30°C to 128°C); the second stage is organic matter loss (128°C
to 268°C), and the last stage is decomposition of compounds with higher boiling points
(268°C to 898°C). At the end of the decomposition stage (898°C), total residue mainly
made up of ash as well as inorganic oxides compounds is obtained. Figures 5.9 and
5.10 in the current study also show similar mass loss stages in the following
temperature ranges: Stage one of water loss (30°C to 100°C); stage two of organic
matter loss (100°C to 350°C); stage three that decomposes compounds with higher
boiling points (350°C to 795°C). Total residue was therefore obtained at the end of

decomposition stage (795°C).

6.1.3 Scanning Electron Microscope (SEM)

Scanning Electron Microscope was used to study the morphological characteristics of
the synthesized unmodified (left) and modified (right) magnetic iron oxide
nanoparticles. This, in turn, assesses the profile of the nanoparticles responsible for
turbidity removal and adsorption of the precious metal ions. As shown in Figure 5.9,
the scanning electron micrographs are porous with varying pore sizes thus able to
remove turbidity from waste water and adsorb the precious metal ions [42,77]. The
porosity for the modified magnetic iron oxide nanoparticles has improved compared
to the unmodified magnetic iron oxide nanoparticles. This may therefore explain the

difference in the adsorption capacity as well as recovery of precious metal ions using
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these adsorbents. As also shown, the nanoparticles seems to have agglomerated and
this could be attributed to strong bonding of nanoparticles, magnetic dipoles as well

as Van der Wall forces [51,68].

6.1.4 Zeta potential

As shown in Figure 5.12, zeta potential of unmodified and modified iron oxide
nanoparticles was studied at pH range between 2 to 12 to measure the surface charge.
The curves show that the surface charges are highly dependent on pH. The point of
zero charges (isoelectric points) are around pH 6.12 and 3.69 for unmodified and
modified magnetic iron oxide nanoparticles respectively. The surfaces are positively
charged at lower pH range below the isoelectric points of the nanoparticles and
negatively charged at higher pH range above the isoelectric points of the nanoparticles.
Similar studies on the characterization of magnetic iron oxide by Aghaei et al. [12]
and Yang et al. [59] obtained isoelectric points in the pH range of 6-7 as well. In the
current study, the surface charge values obtained therefore explain the dependency of
adsorption on pH and also the difference in turbidity removal as well as recovery of

precious metal ions using these adsorbents.

6.2 Turbidity removal using modified and unmodified nanoparticles

Dosages range of 0.0071 g to 0.0850 g for unmodified and modified magnetic iron
oxide nanoparticles were used for turbidity removal measurements from synthetic
kaolin turbid water at wavelengths 360, 450, 540 and 600 nm. The turbidity
measurements in this visible spectrum shown in Figure 5.13 show similar trends at
every wavelength used. However, the shortest wavelength of 360 nm was more

sensitive since its peak in absorbance is higher at the dosages used compared to the
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other wavelengths. Similar results were obtained for protein/surfactants turbidity

measurements by Kwaambwa and Rennie [35].

The results in Figure 5.14 as well as Tables 5.7-5.8 show the effect of dosage in the
range of 0.0054 g to 0.1067 g for unmodified and modified magnetic iron oxide
nanoparticles used for turbidity removal measurements from synthetic kaolin turbid
water at 360 nm wavelength. The initial turbidity (100-%T) was 72.3 (Tables 5.7-5.8).
For unmodified magnetic iron oxide nanoparticles, the turbidity level decreased as the
dosage increased whereas turbidity removal, expressed as a percentage, increased with
values of 45.6, 46.9, 63.3, 60.3, 63.8 and 65.3 with the increase in dosage. Similarly,
for modified magnetic iron oxide nanoparticles, turbidity level decreased when dosage
increased but reached the optimum level at the dosage of approximately 0.0647 g and
then started slightly increasing again then decreasing when dosage increased. The
same trend but in the opposite direction was followed for the turbidity removal
whereby turbidity removal increased when dosage increased with percentages of 33.3,
60.4 and 62.7 reached the optimum level (75.9%) at the same dosage and then started

slightly decreasing (59.2%) then increasing again (62.7%) when dosage increased.

A similar study conducted by Santos et al. [29] reported that coagulant combination
of Moringa seed extract and an inorganic compound (iron oxide nanoparticles) yielded
better physicochemical parameter (turbidity, colour, and compounds with UV254
absorption) removal efficiency thus a good option for water treatment. According to
this study, coagulant combination under the influence of the magnetic field could
effectively remove 90%, 85% and 50% of the surface water turbidity, colour as well

as compounds with UV254 absorption, respectively. Therefore, the results obtained in
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the current study have demonstrated that modified magnetic iron oxide was more
efficient in turbidity removal compared to unmodified magnetic iron oxide since
75.9% highest turbidity removal at 0.0647 g for modified magnetic iron oxide was
greater than 60.3% turbidity removal at almost the same mass of 0.0652 g for

unmodified magnetic iron oxide.

A study on the treatment of waste water by coagulation and flocculation using
biomaterials by Muruganandam et al. [85] reported that adsorption followed by
neutralization are responsible for turbid removal. According to the study, at the optimal
pH value, turbidity removal increase with an increase in dosage until an optimal dosage
is reached. Afterwards, an increase in dosage simply increases turbidity as adsorbents
get added since no neutralization between the adsorbent and colloidal particles in
turbid water takes place anymore to form into new flocs. Similar results were obtained
in the current study (Figure 14 and Tables 5.7-5.8).

Figure 5.15 shows the effect of pH in the range of 2.5 to 9.5 on turbidity removal using
modified and unmodified magnetic iron oxide nanoparticles at a dosage of 0.005g.
Modified magnetic iron oxide nanoparticles yielded the highest percentage removal of
97.3% at pH 2.5 compared to 96.4% obtained with unmodified magnetic iron oxide
nanoparticles at the same pH. This pH was also optimal since the percentage turbidity
removal obtained was higher compared to pH 4.0, 7.0 and 9.5 for both unmodified and
modified iron oxide nanoparticles. The current study, therefore, agrees with a study by

Muruganandam et al. [85] that demonstrated that turbidity removal is pH dependent.
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6.3 Recovery of precious metal ions using modified and unmodified nanoparticles
6.3.1 Recovery of precious metal ions using modified and unmodified
nanoparticles at different pH values

Recovery of precious metals ions from contaminated water is mainly pH dependent
[5,45,47,60,61,62]. Therefore, adsorption studies in the current study were conducted
at various pH values. In the present study, chloride salts of the precious metals
palladium and platinum were used and palladium (11) chloride (PdCl.) could hardly
dissolve in water thus acidifying the solution with HCI was suitable due to the metal’s

affinity for acid and hence make it soluble.

In Figure 5.16, the efficiency of using unmodified magnetic iron oxide nanoparticles
has shown to be better than using modified magnetic iron oxide nanoparticles for
palladium ion. This was different for platinum and gold ions that showed the opposite
results. Unmodified magnetic iron oxide nanoparticles recovered 99.5% Pd, 18.4% Pt
and hardly anything for Au ions whereas modified magnetic iron oxide nanoparticles
recovered 79.6% Pd, 57.7% Au and 18.1% Pt ions. The pH for palladium solution was
2.0 compared to platinum and gold solutions with pH 3.0 each. The difference in the
percentage recovery obtained could, therefore, be attributed to the difference in the

initial solution pH values.

Figures 5.17 and 5.18 show the effect of pH in the range of 1.5 to 2.7 on recovery of
precious metal ions at 10 mg/L using 0.065g unmodified and modified magnetic iron
oxide nanoparticle. This range was utilized since a study on the effect of pH on
efficiency and Cr(IV) ion uptake from wastewater using iron oxide nanoparticles by

Padmavathy et al. [47] reported that removal efficiency increased with a decrease in
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pH. This is because the iron oxide nanoparticles surface tends to become highly
negatively charged with higher pH. This, in turn, results in higher repulsions between
iron oxide nanoparticles and the metal ion and thus preventing the interaction between
the nanoparticles and the metal ion. Similar results were obtained on adsorptive
removal of Cr(IV) by green Moringa tea leaves biomass from aqueous solution [79].
Also, a study on adsorption of platinum and palladium from aqueous solution using
grape stalk waste reported that pH 1.5 was optimal [61]. According to this study, the
adsorption capacity decreases as the pH rises. This might be because at a high pH; the
metal ions tend to be less absorbable because of declining chloride anions from the

metal salts.

Furthermore, another study by llankoon [45] confirmed that optimum pH for Cr(IV)

ions removal from aqueous solutions range between 2-3. The reason behind this is

mainly that at a higher pH range, the Cr(1V) is in the form of CrO;“ , highly negatively

charged whereas at the low pH the ions are in the form of HCrO, . According to this

study, the mechanisms playing a role are mainly electrostatic attractions, redox, ion

exchange, and surface complexation, respectively.

At pH 2.7, modified magnetic iron oxide nanoparticles have shown to be efficient than
unmodified magnetic iron oxide nanoparticles in recovering Pd and Au ions. The
recovery was, however, the same for Pt ion. Modified magnetic iron oxide
nanoparticles recovered 42.5% Au, 33.9% Pt and 20.5% Pd. On the other hand,
percentage recovery for Au, Pt and Pd were 36.2%, 33.9% and 0.7%, respectively,
using unmodified magnetic iron oxide nanoparticles. Almost a similar trend was

obtained at pH 1.5, but the recovery was almost the same for the gold ion. Modified

61



magnetic iron oxide nanoparticles recovered 2.1% Au, 5.7% Pt and 0.9% Pd.
Percentage recovery for Au, Pt and Pd were 2.1%, 3.8% and 0%, respectively, using
unmodified magnetic iron oxide nanoparticles. At pH 2.5, a similar trend was again
obtained using modified magnetic iron oxide nanoparticles whereby the percentage
recoveries were 99.8, 88.6 and 77.2 for Au, Pt and Pd, respectively. This is different
for unmodified magnetic iron oxide nanoparticles whereby 99.8% Au, 51.8% Pd and
80.4% Pt were recovered. However, the lower recovery at pH 1.5 which is below the
optimal pH of 2.5 might be due to the competition between positively charged

hydrogen and precious metal ions [63].

As shown in Figures 5.17 and 5.18, precious metals ions (gold, palladium and
platinum) in the present study were recovered with high efficiency at pH 2.5. The same
precious metals as in the present study were recovered with high efficiency at pH 2.5
using Galdieria sulphuraria [60]. This study agrees with the findings by Silva et al.
[62] that these precious metals could be selectively recovered at the pH range of 2.5 —
3.0 using sericin/alginate and sericin/alginate/PEG (polyethylene glycol diglycidyl
ether) biosorbents. Radius size, as well as electronegativity of precious metals ions
under study, may explain differences in percentage recoveries [86]. lonic radii in
picometers (pm) for Au, Pd and Pt are 85.0, 86.0 and 62.5 respectively whereas
electronegativity (Pauling) for Au, Pd and Pt are 2.54, 2.20 and 2.28 respectively [87].
This implies that recovery of precious metal ion with a larger ionic radius as well as
high electronegativity value might be higher compared to the one with small ionic
radius and low electronegativity value. However, at the optimal pH of 2.5 in the
present study gold (I11) ion showed a higher adsorption capacity onto the modified

magnetic iron oxide nanoparticles compared to palladium (11) ion with a slightly larger
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ionic radius. On the other hand, palladium (11) ion showed a higher adsorption capacity
onto the modified magnetic iron oxide nanoparticles compared to platinum (IV) ion
with a slightly higher electronegativity value. Therefore, other factors might play a

vital role in the process of adsorption.

6.3.2 Recovery of precious metal ions using modified and unmodified
nanoparticles at different dosages

The effects of modified and unmodified iron oxide nanoparticles for gold (1),
palladium (I1) and platinum (IV) at different dosages are shown in Figures 5.19 and
5.20. The dosages were varied from 0.005 g to 0.085 g, equilibrated for two hours with

10 mg/L.

For unmodified iron oxide nanoparticles (Figure 5.19) metals ions recovery increase
with dosage. Gold (111) showed a higher recovery percentage of 100% followed by
platinum with 88.1% and then palladium with 67.3%. On the other hand, for modified
iron oxide nanoparticles (Figure 5.20) metals ions recovery increase with dosage until
an optimal dosage of approximately 0.065g is reached. A similar trend as for
unmodified iron oxide nanoparticles was obtained whereby the highest removal of
99.8% was obtained for Au followed by Pt with 87.7% and then Pd with 72.7%. This
trend agrees with the study by Oke [87] that demonstrated that recovery of precious
metal ions with high electronegativity value might be higher compared to the ones
with low electronegativity values. According to the study, the electronegativity
(Pauling) for Au (I11), Pd (I1) and Pt (1V) are 2.54, 2.28 and 2.20, respectively.

A study by Hariani et al. [88] revealed that a higher recovery percentage with increase

in dosage is obtained as a result of the high availability of vacant active sites on the
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surface of the adsorbent. This infers that higher availability of vacant active sites with
increase in dosage on the surface of modified and unmodified magnetic iron oxide
nanoparticles allow fast penetration of the precious metal ions thus resulting in higher
percentage recoveries. This study agrees with the findings by Mavhungu et al. [61]
that the increase in platinum and palladium recoveries with increase in grape stalk
waste dosage is as a result of the increase in vacant active sites on the surface of this
adsorbent. However, a study by Maina et al. [77] explained that an increase in the
metal ions recoveries percentage with increase in the adsorbent dosage occurs only
until an optimal adsorption level is reached. If the dosage is increased further beyond
this level, the metal ions recoveries percentages are reduced due to the decrease in

vacant active sites on the surface of the adsorbent.

On the other hand, Tables 5.9 and 5.10 analyses the IR spectra for precious metals ions
loaded unmodified magnetic iron oxide and modified magnetic iron oxide
nanoparticles. The peak shifts obtained at various wavenumber confirms functional
groups responsible for recovery of precious metal ions. These are hydroxyl, carbonyl,
amine/amide, carboxylic as well as iron oxide groups for unmodified magnetic iron

oxide and modified magnetic iron oxide respectively [42,47,49,51, 78,80-82].

6.3.3 Effect of agitation time on recovery of precious metal ions using modified
and unmodified nanoparticles

Figures 5.21 and 5.22 show the effect of agitation time between 30— 240 minutes on
percentage recoveries of palladium, platinum, and gold, precious metal ions with
modified and unmodified magnetic iron oxide nanoparticles at constant pH of 2.5, 10

mg/L initial concentration and 0.065 g dosage. As indicated, the percentage recovery
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either increased or decreased in the first 120 minutes. After this period, the percentage
recovery remains almost constant or just slightly raised. Attainment of equilibrium
was, therefore, within 120 minutes. Padmavathy et al. [47] obtained a similar trend.
Another study by Candice et al. [79] using Moringa leaves biomass as adsorbent for
Cr(VI1) also reached equilibrium within 120 minutes. According to this study,
adsorption takes place because of available sites on the surface of the adsorbent. The
rate of adsorption therefore depends on the availability of these vacant sites. The

current study, therefore, used 120 minutes agitation time.

6.3.4 Effect of initial concentration on recovery of precious metal ions using
modified and unmodified nanoparticles

Figures 5.23 and 5.24 show the effect of initial concentration in the range of 10 to 100
mg/L in the recovery of precious metals using unmodified and modified magnetic iron
oxide nanoparticles. Other variables such as agitation time of two hours, pH at 2.5 and
0.065g dosage were kept constant. Percentage recovery with unmodified magnetic iron
oxide nanoparticles, varied from 91.4 to 62.4% for palladium, 4.1 to 26.8% for
platinum and 60.2 to 43.3% for gold. On the other hand, for modified iron oxide
percentage recovery varied from 49.7 to 32.0 for platinum, 40.9 to 35.1 for palladium
and 83.2 to 42.3 for gold. These results except for platinum with unmodified iron oxide
nanoparticles illustrate that percentage recovery tends to decrease with increase in

initial concentration.

A study by Padmavathy et al. [47] on Cr(IV) removal using magnetite with an initial
concentration of 10 to 60 mg/L yielded results in the range of 70 to 66 percentages,

and this is a similar trend obtained in the current study. Candice et al. [79] using
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Moringa leaves biomass as adsorbent for Cr(VI) with an initial concentration of 10 to
150 mg/L yielded a similar trend in the range of 75 to 8%. According to this study,
when the initial concentration is lower, the ratio of available sites on the surface of the
adsorbent to the concentration of the adsorbate is raised resulting in higher removal
percentage. In the contrary, when the initial concentration is higher, the ratio of
available sites on the surface of the adsorbent to the concentration of the adsorbate is
lowered resulting in lower removal percentage. These findings might, therefore,
suggest that initial concentration might affect adsorption. Another study by Hariani et
al. [88] on the synthesis and properties of Fe3Os nanoparticles by co-precipitation
method to removal Procion dye also concurs that initial concentration plays a role in

the adsorption process.

However, a study by Obuseng et al. [63] on the removal of heavy metals from aqueous
solutions by M. oleifera seeds and amine-based ligand utilized a lower range of initial
concentration between 1-14mg/L. This study showed that as the concentration
increases, the recovery percentage of metal ions also increases until the point of
biomass saturation or optimal concentration is reached after which a steady decrease
is observed when initial concentration is raised. This infers that the availability of the
vacant adsorption sites on the surface of the adsorbent determines the rate of
adsorption thus the recovery of the metal ions. Similar findings were obtained by
Maina et al. [77] on the use of Moringa seed pods and Morula nut shells for removal
of heavy metals from waste water and borehole water. The results obtained in the
current study, therefore, propose that the range of initial concentration studied might
have been toward the optimal concentration thus a decrease in recovery percentage of

precious metal ions when the initial concentration was raised.
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6.4 Langmuir and Freundlich adsorption isotherms

Figures 5.25-5.26 as well as Tables 5.11-5.14 summarize Langmuir and Fleundlich
models for monolayer and multilayer adsorption respectively. Maximum adsorption
capacities and regression constants (R2), for Langmuir and Freundlich adsorption
isotherms, are obtained [47,78,79]. Table 5.15 compares adsorption capacity of

different adsorbents.

The adsorption of Pt (1V), Pd (I1), and Au (I11) precious metal ions on both modified
and unmodified iron oxide nanoparticles yield a better fit for Langmuir isotherm
compared to Freundlich isotherm. However, Au (111) yield a good fit of r> = 0.9988 on

unmodified iron oxide nanoparticles since this is very close to 1.

Padmavathy et al. [47]; Nethaji et al. [78] and Candice et al. [79] further state that,
from the Langmuir model, the separation factor R, determines whether the adsorption
is favourable or not. In the current study, R. values for Pt (IV) and Au (I11) on
unmodified iron oxide nanoparticles are 0.310 and 0.009, respectively, which fall
between 0 and 1 thus indicating favourable adsorption. On the contrary, the RL
obtained for Pd (1) on unmodified iron oxide is less than zero thus unfavourable. On
the other hand, the R. value obtained for Pt (1), Pd (1), and Au (I11) on modified iron

oxide are 0.432, 0.298 and 0.660, respectively, thus favourable adsorption.
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Table 6.1: Comparison of adsorption capacities of different adsorbents

Adsorbent Adsorbate Adsorbate initial | pH Reference
adsorption concentration
capacity (mg/g) (mg/L)
Magnetite Au (111): 34.48 10-100 2.5 | This study
nanoparticles modified | Pt (1V): 28.90
with Moringa Pd (I1): 5.27
Grape stalk Pt: 1.5 10-60 1.5 | Mavhungu
Pd: 1.4 et al. [61]
Moringa seeds Ag(l): 23.13 5 6.5 | Araujo et
al. [42]
Moringa leaves Cr(VI): 33.9 10-150 2 Candice et
biomass al. [79]
Magnetite Cr(V1): 0.015 10-60 3 Padmavathy
nanoparticles et al. [47]
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CHAPTER 7: CONCLUSION

The study synthesized magnetic iron oxide nanoparticles by chemical co-precipitation
of Fe®* and Fe?* (2:1) whereby complete precipitation was achieved at around pH 12.
The study further prepared aqueous protein solution (1%) extracted from M. oleifera
seeds that were utilized to obtain the chemical co-precipitation of modified magnetic
iron oxide nanoparticles. The characterization techniques such as FTIR, TGA, SEM
and Zeta potential were utilized to identify different functional groups responsible for

adsorption, thermal stability, morphology and surface charge of the nanoparticles.

The infrared spectra obtained with the FTIR confirmed the synthesis of magnetic iron
oxide and modified magnetic iron oxide nanoparticles respectively. Possible
functional groups that could be responsible for turbidity removal and recovery of
precious metal ions obtained in the spectra were hydroxyl, carbonyl, amine/amide,
carboxylic and iron oxide groups. The scanning electron micrography of unmodified
magnetic iron oxide nanoparticles showed porous morphology with varying pore sizes
thus associated with turbidity removal in waste water and adsorption of the precious
metal ions. The TGA curves depicted the weight loss that decreased at a slow rate with
overall weight loss of 17.2% for modified magnetic iron oxide in comparison to 17.7%
obtained for unmodified magnetic iron oxide. These values and also the curve for
modified magnetic iron oxide nanoparticles appearing slightly above the one for the
unmodified one suggests that the modified nanoparticles are slightly stable compared
to the unmodified nanoparticles. On the other hand, there seems to be inconsistency in
the percentages loss values between 100-350°C for modified magnetic iron oxide
nanoparticles that might be associated with the proteins amino acid residues with

various functional groups. The surface charges of unmodified and modified iron oxide
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nanoparticles were studied with the zeta potential in the pH range between 2 to 12. The
isoelectric point values between 6.12 and 3.69 were obtained for unmodified and
modified iron oxide nanoparticles respectively. The dependency of adsorption on pH,
the difference in turbidity removal and recovery of precious metal ions using these
adsorbents in the current study could therefore be explained by the surface charge

values obtained.

The effect of pH and modified magnetic iron oxide nanoparticles dosage was studied
for turbidity removal using UV-Vis spectrophotometer at a wavelength of 360nm. An
optimal pH of 2.5 with maximal removal of 97.3% at approximately 0.005g was
yielded. The removal percentage of 96.4% was obtained with unmodified magnetic
iron oxide nanoparticles at the same pH and dosage. The same optimal pH was
obtained for the selective recovery of precious metal ions when ICP-OES was used.
The highest recovery of 99.8% was obtained for gold , followed by platinum with
87.7% then palladium with 72.7% at 0.065g optimal dosage of modified magnetic iron
oxide nanoparticles. However, the recoveries of 99.8%, 51.8% and 80.4% for Au, Pd
and Pt respectively, were obtained with unmodified magnetic iron oxide nanoparticles
at the same pH. The equilibrium agitation time was reached within 120 minutes. The
maximal initial concentration was 10mg/L. The data better fitted Langmuir model than
Freundlich. These results, therefore, demonstrated that modified iron oxide
nanoparticles were effective in water treatment and recovery of the precious metal

ions.
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CHAPTER 8: RECOMMENDATIONS

Based on the findings from this work, the following may be recommended for future

studies:

» Magnetic iron oxide may be synthesized using other methods such as micro-
emulsion, hydrothermal, electrochemical, deposition, sono-chemical and
thermal decomposition to compare the nanoparticles produced.

» Modification of the magnetic iron oxide may be conducted at different
concentrations of the protein extract to compare the effectiveness.

» Other characterization techniques such as Transmission Electron Microscopy
(TEM), Dynamic Light Scattering (DLS), Vibrating Sample Magnetometer
(VSM) and X-ray powder diffraction (XRD) may reveal useful information on
the nanoparticles.

» The nanocomposite materials of MNPs may be tested on other types of water

and other precious metal ions to verify the results obtained in the present study.
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TABLES: A1-A48

Table Al: TGA curves data for unmodified and modified iron oxide nanoparticles

(Figures 5.8-5.10)

Unmodified iron Modified iron oxide
Parameter oxide nanoparticles | nanoparticles
Initial temperature (°C) 30.81 30.86
Final temperature (°C) 794.77 794.80
Initial weight % 96.128 95.457
Final weight % 79.068 79.061
Weight loss % 17.7 17.2

Table A2: Zeta potential data for unmodified and modified iron oxide nanoparticles

(Figure 5.12)

Unmodified iron oxide Modified iron oxide
nanoparticles nanoparticles
Zeta potential Zeta potential
pH (mV) pH (mV)
2.06 13.7 2.05 10.1
2.75 16.3 2.54 10.1
3.28 13.9 3.2 8.57
3.76 11.9 3.16 5.53
4.17 9.65 3.6 2.75
4.6 9.22 3.58 0.43
5.49 8.96 3.87 -1.05
5.68 3.88 3.87 -2.43
6.33 -1.89 4.37 -3.41
7.43 -9.3 5 -3.46
8.31 -18.3 5.2 -4.34
8.8 -21.9 5.41 -6.08
9 -24.8 5.88 -8.37
9.54 -26.3 6.33 -11.47
10.3 -30.2 6.82 -11.9
10.8 -28.7 7.45 -12.57
11.4 -27.5 7.79 -14.5
12 -31.2 8.51 -13.9
8.85 -15
9.24 -17.1
9.76 -17.8
10.3 -19.6
10.8 -18.9
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Table A3: Turbidity removal using magnetic iron oxide nanoparticles modified with

M. oleifera seed proteins extracts at wavelengths 360, 450, 540 and 600 nm (Figure

5.13)
Dosage (g) | Turbidity (100-%T)
360 nm 450 nm 540 nm 600 nm

0.0 71.3 61.3 52.3 46.9
0.0071 56.7 45.6 36.7 31.8
0.0255 50.3 38.1 29.0 24.3
0.0448 44.6 34.4 26.9 22.9
0.0641 34.7 26.0 19.8 16.6
0.0850 30.2 22.0 16.2 13.4

Table A4: Turbidity removal using magnetic iron oxide nanoparticles unmodified

with M. oleifera seed proteins extract at wavelengths 360, 450, 540 and 600

Dosage (g) | Turbidity (100-%T)
360 nm 450 nm 540 nm 600 nm

0.0 71.3 61.3 52.3 46.9
0.0075 71.6 59.4 48.9 42.8
0.0257 66.1 54.6 45.0 39.5
0.0475 64.6 51.9 41.7 36.1
0.0651 63.6 52.3 43.0 37.6
0.0833 57.2 45.8 36.9 32.0
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Table A5: Turbidity removal using magnetic iron oxide nanoparticles unmodified

with M. oleifera seed proteins extract at pH 2.5; 4.0; 7.0 and 9.5 (Figure 5.15)

% Turbidity

% Turbidity

%Turbidity

%Turbidity

Dosage removal at | removalat | removalat | removal at

(9) pH 2.5 pH 4.0 pH 7.0 pH 9.5
0.0050 96.4 41.8 38 32.9
0.0250 95.1 28.3 35.8 16.7
0.0450 95.9 8.2 37.3 16.2
0.0650 97.7 5 28.6 9.8
0.0850 95.9 1.7 28.2 7.3

Table A6: Turbidity removal using magnetic iron oxide nanoparticles modified with

M. oleifera seed proteins extract at pH 2.5; 4.0; 7.0 and 9.5 (Figure 5.15)

% Turbidity

% Turbidity

%Turbidity

%Turbidity

Dosage removal at | removalat | removalat | removal at

(9) pH 2.5 pH 4.0 pH 7.0 pH 9.5
0.0050 97.3 45.2 40.9 36.3
0.0250 96.8 24.8 30.1 24.4
0.0450 96.0 21.2 24.7 21.9
0.0650 94.7 14.2 19.1 17.5
0.0850 82.3 6.9 13.3 14.6
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Table A7: Concentrations in sample units of precious metal ions using 0.065g of

unmodified iron oxide at pH 2.0 for palladium and 3.0 for both gold and platinum

(Figure 5.16)

Au

Pt Pt Pt Pd Pd Au
Sar,';p'e 88&8 265.945 | 214.423 | 299.797 | 340.458 | 363.470 | 267.595 | 242:795

(mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (MY/L)
sLk | 0000 |0.000 |0.000 |0.000 |0.000 |0000 |0.000 |0.000
GMoq | 0100 0100 [0100 0100 |0.100 |0.100 |0.100 | 0.100
GMO5 | 0500 | 0500 | 0500 |0500 |0500 |0500 | 0500 | 0.500
GM L0 | 1000 | 1.000 |1000 |1000 |1000 |1000 |1.000 | 1.000
Qc1 Passed |0.998 |1.014 |0983 |1.002 |1.023 |0996 |0-9%
Pd 0.001
ol 0002 |-0.002 |0008 |79.216 |80.710 |0.002
Pd FesOs 0004 |0004 0002 |0389 |0405 |o0000 |70002
Pt 88.383 | 92.358 0017 |-0041 |0000 |0:243
control
Pt FesOs 94.067 |90.629 |93.377 |0091 |0050 |0.000 |9221
A 0.045 |0.037 |0034 |-0.016 |0.043 |104.742 |103:743
control
iy 0078 |0.008 |0029 |-0.011 |-0020 |87.373 |B846%
Fes0q4
Pd
control 0.006 |-0.007 |0.022 |85.285 |87.824 |0042 |00%7
shaken
Pt
ﬁg?tro' 86.428 | 92.978 |91.766 |-0.008 |-0.023 |0.014 |0-2%6
shaken
Au
ﬁg?tro' 0.049 |0021 |0043 |0012 |-0.002 |107.294 | 104456
shaken
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Table A8: Concentrations in sample units of precious metal ions using 0.065g of

modified iron oxide at pH 2.0 for palladium and 3.0 for both gold and platinum (Figure

5.16)
Au

Pt Pt Pt Pd Pd AU
sample | OF | 265045 | 214.423 | 290,797 | 340.458 | 363.470 | 267.505 | 242.7%

(mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (MY/L)
BLK 0.000 |0.000 |0.000 |0.000 |0.000 |0.000 |0.000 |0.000
SGMoO. | 0100 |0.100 |0100 0100 0100 |0100 |0.00 |0.100
SGM 05 | 0500 | 0500 | 0500 |0.500 |0500 |0500 |0500 | 0.500
SGM Lo | 1000|1000 |L1000 |1.000 |1.000 |1000 |1.000 |1.000
Qc1 Passed |0.998 |1.014 |0983 |1.002 |1.023 |0996 |0-9%
Pd 0.001
ontrol 0002 |-0002 |0008 |79.216 |80.710 |0.002
Pd Mo 0.004 |-0016 |0001 |16.134 |16.723 |-0.001 |-0-001
FesOq4
Pt 88.383 | 92.358 0017 |-0041 |o0000 |9-243
control
Pt Mo 75.972 | 75634 |76.856 |-0027 |-0.025 |-0.001 |0-189
FesOq4
A 0.045 [0.037 |0034 |-0016 |0043 |104.742 |103.743
control
pu Mo 0020 [-0009 [0.019 |0.048 |0074 |44.256 | 43886
FesOq4
Pd
ﬁg?tro' 0.006 |-0.007 |0022 |85285 |87.824 |o0.042 |9037
shaken
Pt
ﬁg?”‘)' 86.428 |92.978 |91.766 |-0.008 |-0023 |0.014 |09-296
shaken
Au
ﬁg?tm' 0.049 |0.021 |0043 |0.012 |-0.002 |107.204 | 104456
shaken
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Table A9: Analysis summary of precious metal ions at 100 mg/L using 0.065g of

unmodified and modified iron oxide at pH 2.0 for palladium and 3.0 for both gold and

platinum (Figure 5.16)

Parameter on Pt Pt Pt Pd Pd Au Au
QC1 265.945 | 214.423 | 299.797 | 340.458 | 363.470 | 267.595 | 242.795
RSD 0.9% 1.2% 0.9% 1.4% 9.7% 2.6% 1.5%
% Recovery 98.5 98 99.8 99.3 102.9 98.9 97.6
R? 0.9928 | 0.9546 | 0.9381| 0.9999 | 0.0009 98.9 97.6

Table A10: Recovery of precious metal ions at 100 mg/L using 0.065g of unmodified

and modified iron oxide at pH 2.0 for palladium and 3.0 for both gold and platinum

from their individual solutions (Figure 5.16)

Adsorbent %Recovery
Palladium Platinum Gold
340.458 265.945 242.795
Unmodified
nanoparticles 99.5 0 18.4
Modified nanoparticles 79.6 14.0 57.7
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Table A11: Concentrations in sample units of precious metal ions using 0.065g of

unmodified iron oxide at pH 2.7 (Figure 5.17)

sample | OC Pt Pt Pt Pd Pd AU Au

| dp Sarys | 265945 | 214.423 | 299.797 | 340.458 | 363.470 | 267.595 242-735
(mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mgiL) | (ML)

BLK | 0.000 |0.000 |0.000 |0000 |0000 |0.000 |0.00 |0.000

PGM

o1 0100 |0100 |0.100 |0100 |0.100 |0.100 |0.100 |0.100

PGM

iy 0500 |0500 |0500 |0500 [0500 |0500 |0500 | 0.500

E%M 0985 |0980 |0998 0993 |1.029 |0989 |0.976

QCL | passeg | 0001 |-0.010 |-0.003 |0.00L |-0.08L |0.003 |0.007

Pd .0.008 |-0.006 |-0.015 |84.317 |87.034 |0003 |0.005

control

Pd -0.007 |0008 |-0012 |44.792 |45912 |0.003 |0.004

FesOq4

Pt 88.293 |89.947 |93.353 |-0.063 |-0.107 |0.002 |0.235

control

Pt 42.035 |43.069 |46.219 |-0.046 |-0.143 |0001 |0.117

FesOq4

Al 0035 |0038 |0022 |-0.033 |-0.045 |114.310 |111.197

control

Al 0002 |0001 |-0.006 |-0.050 |-0.101 |58.014 |57.906

F8304

Pd, Pt

Au 91.802 |93.853 |99.535 |105.546 | 110.378 | 115.625 | 111.195

mixture

control

Pd, Pt

Au 58.186 | 60.295 |63.522 |104.825 | 107.473 | 72.572 | 70.995

Fe304
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Table A12: Concentrations in sample units of precious metal ions using 0.065g of

modified iron oxide at pH 2.7 (Figure 5.18)

sample | OC Pt Pt Pt Pd Pd AU Au
| dp Sarys | 265945 | 214.423 | 299.797 | 340.458 | 363.470 | 267.595 242-735
(mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mgiL) | (ML)
BLK | 0.000 |0.000 |0.000 |0000 |0000 |0.000 |0.00 |0.000
PGM
o1 0100 |0100 |0.100 |0100 |0.100 |0.100 |0.100 |0.100
PGM
iy 0500 |0500 |0500 |0500 [0500 |0500 |0500 | 0.500
E%M 0985 |0980 |0998 0993 |1.029 |0989 |0.976
QCL | passeg | 0001 |-0.010 |-0.003 |0.00L |-0.08L |0.003 |0.007
Pd .0.008 |-0.006 |-0.015 |84.317 |87.034 |0003 |0.005
control
Pd Mo 0002 |-0006 |-0.016 |6.910 |7.202 |0002 |0.005
FesOq4
Pt 88.293 |89.947 |93.353 |-0.063 |-0.107 |0.002 |0.235
control
Pt Mo
50.177 |52.099 |54.551 |-0.026 |-0.114 |0.002 |0.141
FesOq4
Al 0035 |0038 |0022 |-0.033 |-0.045 |114.310 |111.197
control
Au Mo 0007 |0008 |0002 |-0.032 |-0.105 |56.084 |53.984
F8304
Pd, Pt
Au 91.802 |93.853 |99.535 |105.546 | 110.378 | 115.625 | 111.195
mixture
control
Pd, Pt
Au Mo 60.661 |61.707 |66.652 |83.916 |85.835 |64.628 |63.977
Fe304
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Table A13: Recovery of precious metal ions using 0.065g of unmodified and modified

iron oxide at pH 2.7 from their individual solutions

Adsorbent %Recovery
Palladium Platinum Gold
340.458 265.945 242.795
Unmodified Fe3O4 46.9 52.4 47.9
nanoparticles
Modified Fez04 91.8 43.2 51.5
nanoparticles

Table Al14: Recovery of precious metal ions using 0.065g of unmodified and modified

iron oxide at pH 2.7 from a mixture (data for Figure 5.17 and 5.18)

nanoparticles

Adsorbent %Recovery
Palladium Platinum Gold
340.458 265.945 242.795
Unmodified Fe3O4 0.7 36.6 36.2
nanoparticles
Modified Fez04 20.5 33.9 42.5

Table A15: Analysis summary of precious metal ions using 0.065g of unmodified and

modified iron oxide at pH 2.7 (data for Figure 5.17 and 5.18)

Parameter on

Pt Pt Pt Pd Pd Au Au
QC1 265.945 | 214.423 | 299.797 | 340.458 | 363.470 | 267.595 | 242.795
RSD 0.9% 1.2% 0.9% 1.4% 9.7% 2.6% 1.5%
% Recovery 98.5 98 99.8 99.3 102.9 98.9 97.6
R 0.9928 | 0.9546| 0.9381 | 0.9999 | 0.0009 98.9 97.6
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Table A16: Concentrations in sample units of precious metal ions using 0.065g of

unmodified iron oxide at pH 1.5 (Figure 5.17)

Au
Pt Pt Pt Pd Pd Au
Sarl';p'e sggjs 265.045 | 214.423 | 299.797 | 340.458 | 363.470 | 267.505 | 242:795
(mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (MY/L)
BLK 0.000 |0.000 [0.000 |0.000 [0000 [0.000 |0.000 |0.000
PGM
01 0.100 |0.100 |0.100 |0.100 |0.100 |0.100 |0.100 |0.100
PGM
08 0.500 |0.500 |0500 |0500 |0500 |0.500 |0.500 |0.500
E%M 0.985 [0.980 |0.998 [0993 |1.029 |0.989 |0.976
QC1 passed | 0-994 [ 1.006 |1.007 |1.004 |1045 |1.002 |0.991
Pd -0.005 |0.000 |0.003 |102.022 |101.263 | 0.037 |0.033
control
Pd 0.076 | 0.000 |-0.020 |105.617 | 103.890 | 0.035 | -0.100
FesOq4
Pt 88.426 |93.307 |92.322 |-0.029 |-0.010 |0.034 |0.272
control
Pt 86.633 |88.658 |89.166 |-0.084 |0.066 |0.043 |0.139
FesOq4
Au 0.056 |0.032 |0.059 |[-0.033 |0.011 |105.477 | 103.768
control
Au 0.085 |0.002 |-0.011 |-0.033 |0.113 |81.939 |79.624
F8304
Pd, Pt,
Au 99.733 |99.828 |99.905 |94.779 |94.009 | 104.673 | 102.230
mixture
control
Pd, Pt,
Au 95.980 |98.098 | 100.407 | 96.036 | 96.630 |85.433 | 83.619
Fe304
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Table A17: Concentrations in sample units of precious metal ions using 0.065g of

modified iron oxide at pH 1.5 (Figure 5.18)

Au
Pt Pt Pt Pd Pd Au
Sarl';p'e sggjs 265.945 | 214.423 | 299.797 | 340.458 | 363.470 | 267.595 | 242795
(mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (MA/L)
BLK 0.000 |0.000 [0.000 [0.000 |0.000 |0.000 |0.000 |0.000
PGMO0.1 |0.100 [0.100 [0.100 [0.100 |0.100 |0.100 [0.100 |0.100
PGM 0.5 | 0500 [0500 [0.500 [0500 |0.500 |0.500 [0.500 |0.500
PGM 1.0 0985 [0980 [0998 [0.993 [1.029 [0.989 |0.976
QC1 passeq | 0-994 [1006 [1.007 |1.004 |1.045 |1.002 |0.991
Pd -0.005 |0.000 |0.003 |102.022 |101.263|0.037 |0.033
control
Pd 0.088 |-0.004 |-0.038 |99.216 |98.677 |0.037 |-0.120
MoFe304
Pt 88.426 |93.307 [92.322 |-0.029 |-0.010 |0.034 |0.272
control
Pt Mo 80.092 |81.194 |[83.492 |-0.057 |0.078 |0.040 |0.072
FesOq4
Au 0.056 |0.032 [0.059 |-0.033 |0.011 |105.477 |103.768
control
Au Mo 0.122 |-0.004 |-0.030 |-0.071 |0.133 |74.412 |72.935
FesOq4
Pd, Pt,
Au 99.733 |99.828 |99.905 |94.779 |94.009 |104.673 | 102.230
control
Pd, Pt,
Au Mo 94.092 | 96.773 |98.209 |93.893 |92.440 |74.800 |73.216
Fe304
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Table A18: Recovery of precious metal ions using 0.065g of unmodified and modified

iron oxide at pH 1.5 from their individual solutions

nanoparticles

Adsorbent %Recovery
Palladium Platinum Gold
340.458 265.945 242.795
Unmodified Fe3O4 0 2.0 23.3
nanoparticles
Modified FesO4 2.8 9.4 29.7

Table A19: Recovery of precious metal ions using 0.065g of unmodified and modified

iron oxide at pH 1.5 from a mixture (Figure 5.17 and 5.18)

Adsorbent %Recovery
Palladium Platinum Gold
340.458 265.945 242.795
Unmodified Fe304 0 3.8 2.1
nanoparticles
Modified FezO4 0.9 5.7 2.1
nanoparticles

Table A20: Analysis summary of precious metal ions using 0.065g of unmodified and

modified iron oxide at pH 2.7 (Figure 5.17 and 5.18)

Parameter on Pt Pt Pt Pd Pd Au Au
QC1 265.945 | 214.423 | 299.797 | 340.458 | 363.470 | 267.595 | 242.795
RSD 0.6% 0.1% 2.5% 09% | 12.1% 2.0% 1.1%
% Recovery 99.4 100.6 100.7 100.4 104.5 100.2 99.1
R? 0.9917 | 0.9499| 0.9357 | 0.9999| 0.0005| 0.9935| 0.9985
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Table A21: Concentrations in sample units of precious metal ions using 0.065g of

unmodified and modified iron oxide at pH 2.5 (Figure 5.17 and 5.18)

Au
Pt Pt Pt Pd Pd Au
Sarl';p'e sggjs 265.945 | 214.423 | 299.797 | 340.458 | 363.470 | 267.595 | 242795
(mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (MY/L)
g(i'v' 0100 |0100 |0.100 |0.100 |0.100 |0.100 |0.100
PGM
0 0500 |0500 |0500 |0500 |0500 |0.500 |0.500
PGM
o 1.000 |1.000 |1.000 |1.000 |1.000 |1.000 |1.000
QC1 | Passed | 1.006 | 1.015 |0999 |1.005 |1.003 |0994 | 1.000
Pd 0.003 |0002 |0000 |9817 |9256 |0001 |-0.002
control
Pd 0.003 |0020 |-0.002 |2.095 |1.990 |0.000 |0.001
Fes0q4
Pd Mo 0012 |0002 |0005 |2329 |[2.208 |0.000 |-0.011
FesOq4
Pt 8147 |8353 |8456 |-0017 |-0.037 |0.001 |0.021
control
Pt 1752 | 1754 |1.781 |-0.018 |-0.023 |0.000 |-0.004
FesOq4
Pt Mo
1.027 | 1.045 |1.065 |-0.010 |-0.033 |0000 |o0.001
FesOq4
AU 0.007 |0013 |0003 |-0014 |-0.033 |9.201 |9.401
control
Au 0.005 |-0.003 |-0.003 |-0021 |-0.025 |0.031 |0.029
FesOq4
Au Mo 0.001 |-0.001 |0.006 |-0013 |-0.027 |0.103 |0.105
FesOq4
Pd, Pt
Au 10.800 | 10.983 |11.138 |9.896 |9.189 |10.439 | 10.584
control
Pd, Pt
Au 2121 |2136 |2171 |4767 |4542 |0016 |0.020
F8304
Pd, Pt
Au Mo 2460 |2504 |2592 |1.129 |1.042 |0020 |0.025
Fe304
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Table A22: Recovery of precious metal ions using 0.065g of unmodified and modified

iron oxide at pH 2.5 from their individual solutions

Adsorbent %Recovery
Palladium Platinum Gold
340.458 265.945 242.795
Unmodified
nanoparticles 78.7 79.0 99.7
Modified nanoparticles 76.3 87.7 98.9

Table A23: Recovery of precious metal ions using 0.065g of unmodified and modified

iron oxide at pH 2.5 from a mixture (Figure 5.17 and 5.18)

Adsorbent %Recovery
Palladium Platinum Gold
340.458 265.945 242.795
Unmodified
nanoparticles 51.8 80.4 99.8
Modified nanoparticles 88.6 77.2 99.8

Table A24: Analysis summary of precious metal ions at using 0.065g of unmodified

and modified iron oxide at pH 2.5 (Figure 5.17 and 5.18)

Parameter on

Pt

Pt Pt Pd Pd Au Au
QC1 265.945 | 214.423 | 299.797 | 340.458 | 363.470 | 267.595 | 242.795
RSD 1.3% 1.0% 0.7% 0.9% 7.7% 0.1% 0.6%
% Recovery 100.6 101.5 99.9 100.5 100.3 99.4 100
R 0.9867| 0.9473| 0.9223] 0.9998| 0.0035| 0.9987 | 0.9994
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Table A25: Concentrations in sample units of precious metal ions using different

dosages (g) of unmodified iron oxide at 10 mg/L (Figure 5.19)

Pt Pt Pt Pd Pd Au Au
Sample | QC | 265.945 | 214.423 | 299.797 | 340.458 | 363.470 | 267.595 | 242.795
Id Status | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L)
BLK 0.000 |0.000 |[0.000 |0.000 |0.000 |0.000 |0.000 0.000
PGM
01 0.100 |0.100 |0.100 |0.100 |0.100 |0.100 |0.100 0.100
PGM
08 0.500 |0.500 |0.500 |0.500 |0.500 |0.500 |0.500 0.500
i’%'\" 1.000 |1.000 |1.000 |1.000 |1.000 |1.000 | 1.000
QC1 Passed | 1:003 1.025 1.000 1.008 1.031 | 0.994 0.999
Pd, Pt,
Au 10.033 |10.322 |10.358 | 9.485 9.287 9.136 8.971
control
Pd, Pt,
Au 5.9 7.856 | 8.240 8.250 0.446 9.109 |5.797 5.807
FesOq4
Pd, Pt,
Au 25.0 3.123 [ 3.208 |3.240 8.370 8.076 | 0.402 0.401
FesOq4
Pd, Pt,
Au 45.5 1.877 1.901 1.936 7.040 6.899 | 0.040 0.035
F8304
Pd, Pt,
AU 65.2 1.223 1.223 1.241 5.625 5.466 | 0.015 0.012
F8304
Pd, Pt,
Au 85.7 1.198 1.239 1.255 | 3.099 |3.026 |0.005 0.002
Fe304
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Table A26: Concentrations in sample units of precious metal ions using different

dosages (g) of modified iron oxide at 10 mg/L (Figure 5.20)

Pt Pt Pt Pd Pd Au Au
Sample QC 265.945 | 214.423 | 299.797 | 340.458 | 363.470 | 267.595 | 242.795
\d Status | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L)
BLK 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
PGM 0.1 | 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100
PGM 0.5 | 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500
PGM 1.0 1.000 1.000 1.000 1.000 1.000 1.000 1.000
QC1 Passed 1.003 1.025 1.000 1.008 1.031 0.994 0.999
Pd, Pt,
Au 10.033 10.322 10.358 9.485 9.287 9.136 8.971
control
Pd, Pt,
Au 5.5 8.253 8.601 8.672 8.956 8.596 5.284 5.317
MoFe30;4
Pd, Pt,
Au 25.1 2.801 2.873 2.906 5.378 5.303 0.021 0.022
MoFe30;4
Pd, Pt,
Au 45.3 2.949 3.014 3.041 4.629 4.540 0.014 0.017
MoFe30;4
Pd, Pt,
AU 65.8 1.233 1.260 1.290 2.586 2.526 0.022 0.020
MOF8304
Pd, Pt,
Au 85.0 2.889 2.880 2.982 4.012 3.940 1.307 1.287
MOF8304
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Table A27: Recovery of precious metal ions at 10 mg/L using different dosages of

unmodified iron oxide nanoparticles (Figure 5.19)

Dosage (9) Palladium Platinum Gold
0.0059 0.4 21.7 35.3
0.0250 11.8 68.9 95.5
0.0455 25.8 81.3 99.6
0.0652 40.7 87.8 99.9
0.0857 67.3 88.1 100

Table A28: Recovery of precious metal ions at 10 mg/L using different dosages of

modified iron oxide nanoparticles (Figure 5.20)

Dosage (9) Palladium Platinum Gold
0.0055 5.6 17.7 40.7
0.0251 43.3 72.1 99.8
0.0453 51.2 70.6 99.8
0.0658 72.7 87.7 99.8
0.0850 57.7 71.2 85.6
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Table A29: Concentrations in sample units of precious metal ions at different agitation

time (min) using unmodified iron oxide (Figure 5.21)

Pt Pt Pt Pd Pd Au Au
Sarl‘zip'e Sg&S 265.945 | 214.423 | 299.797 | 340.458 | 363.470 | 267.595 | 242.795
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
BLK 0.000 0000 |0000 |0.000 |0.000 |0000 |0.000 |0.000
PGMO01 | 0100 |0100 |0100 |0.00 |0.100 0100 |0100 |0.100
PGM 05 | 0500 | 0500 |0500 |0500 |0500 |0500 |0500 |0.500
PGM 1.0 1.000 | 1000 | 1000 | 1.000 | 1.000 |1.000 | 1.000
QC1 Passed | 0.098 | 0.999 |1.004 |1.013 |1.009 |0999 | 1.012
Pd, Pt
Au 8499 9138 9002 |8718 |8606 |10.736 |10.791
control
Pd, Pt
ﬁ?ngo 8096 |8.033 |8253 |0.868 |0901 |4560 |4.550
Fes0q4
Pd, Pt
2‘;}60 8085 |7965 |8157 |0705 |0664 |3.826 |3.794
FesOq4
Pd, Pt
g?nlzo 8148 8008 |8167 |0752 |0765 |4.283 |4.295
FesOq4
Pd, Pt
Q‘ijnz“o 8028 |7928 |8188 |0642 |0621 |4.289 |4.279
FesOq4
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Table A30: Concentrations in sample units of precious metal ions at different agitation

time (min) using modified iron oxide (Figure 5.22)

Pt Pt Pt Pd Pd Au Au
Sarl';p'e Sg&g 265.945 | 214.423 | 299.797 | 340.458 | 363.470 | 267.595 | 242.795
(mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L)
BLK 0.000 0000 |0000 |0.000 |0.000 |0000 |0.000 |0.000
PGMO01 | 0100 |0100 |0100 |0.00 |0.100 0100 |0100 |0.100
PGM 05 | 0500 | 0500 |0500 |0500 |0500 |0500 |0500 |0.500
PGM 1.0 1.000 | 1000 | 1000 | 1.000 | 1.000 |1.000 | 1.000
QC1 Passed | 0.098 | 0.999 |1.004 |1.013 |1.009 |0999 | 1.012
Pd, Pt
Au 8499 9138 9002 |8718 |8606 |10.736 |10.791
control
Pd, Pt
2{;”30 3579 3492 |3579 |5158 |[5166 |1.728 |1.713
MoFes04
Pd, Pt
2‘;}60 5684 |5627 |5678 |5977 |6.014 |2415 |2.402
MoFe304
Pd, Pt
g?nlzo 4277 |4216 |4304 |5154 |5144 |1.801 | 1.808
MoFe304
Pd, Pt
Q‘ijnz“o 4278 14197 |4249 |5153 |5.001 |1.507 | 1.495
MoFe304
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Table A31: Effect of time on recovery of precious metal ions using unmodified iron

oxide nanoparticles (Figure 5.21)

Time(min) Palladium Platinum Gold
0 0 0 0
30 90.0 4.7 57.8
60 91.9 4.9 64.8
120 91.4 4.1 30.2
240 92.6 55 60.3

Table A32: Effect of time on recovery of precious metal ions using unmodified iron

oxide nanoparticles (Figure 5.22)

Time(min) Palladium Platinum Gold
0 0 0 0
30 40.8 57.9 84.1
60 314 33.1 7.7
120 40.9 49.7 83.2
240 40.9 49.7 86.1
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Table A33: Concentrations in sample units of precious metal ion at different initial

concentration (mg/L) using unmodified iron oxide (Figure 5.23)

Pt Pt Pt Pd Pd Au Au
Sample | QC | 265.945 | 214.423 | 299.797 | 340.458 | 363.470 | 267.595 | 242.795
Id Status | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L)

BLK 0.000 |0.000 |0000 |0000 |0000 |0000 |0000 |0.000
PGM 0.1 |0.100 |0.100 |0.100 |0.100 |0.100 |0.100 |0.100 |0.100
PGM 05 | 0500 |0500 |0500 |0500 |0500 |0500 |0500 | 0.500
PGM 1.0 1.000 | 1.000 |1.000 |1.000 |1.000 |1.000 |1.000
QC1 Passed | 0.998 | 0.999 | 1.004 | 1.013 | 1.009 |0.999 | 1.012
Metals
control 8499 9138 [9.002 |8718 |8606 |10.736 |10.791
10mg/L
E"e“j"s 8148 |8008 |8167 |0752 |0.765 |4283 | 4.295

6304
10mg/L
Metals
control 26.879 | 28322 |28.274 |30.344 |30.005 |33.489 |°3:219
30mg/L
Metals
FesOq 25444 | 25645 | 26105 |4312 |4454 |16701 | 16:677
30mg/L
Metals
control 41918 | 44118 |44.423 |48508 |47.355 |52083 |°0-815
50mg/L
Metals
FesOq 39.948 |39.907 |40.756 |0.128 |0.156 |25200 |24:834
50mg/L
Metals
control 58.636 | 61.982 |62.881 |69.329 |68.095 |73.941 | /3083
70mg/L
Metals 17.902
FesOq 51.061 |51.890 |51.941 |0246 |0275 |18.012 :
70mg/L
Metals 99.703
control 98.737 | 103.666 | 103.735 | 103.395 | 101.870 | 102.385 | 9°-
100mg/L
Metals
FesO, 72321 | 74812 |75.789 |38.992 |39.065 |57.368 |°6:490
100mg/L
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Table A34: Concentrations in sample units of precious metal ion at different initial

concentration (mg/L) using modified iron oxide (Figure 5.24)

Pt Pt Pt Pd Pd Au Au
Sample QC 265.945 | 214.423 | 299.797 | 340.458 | 363.470 | 267.595 | 242.795
Id Status | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mgiL)
BLK 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
PGM 0.1 | 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100
PGM 0.5 | 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500
PGM 1.0 1.000 1.000 1.000 1.000 1.000 1.000 1.000
QC1 Passed 0.998 0.999 1.004 1.013 1.009 0.999 1.012
Metals
control 8.499 9.138 9.092 8.718 8.606 10.736 10.791
10mg/L
Metals 8148 |8008 |8167 |0752 |0.765 |4283 | 4.295
F6304
10mg/L
Metals
control 26.879 28.322 28.274 30.344 30.005 33.489 33.219
30mg/L
!'eitg:s 14780 | 14.938 |15.002 |9.837 |9841 |5917 |5.986
30mg/L
Metals
control 41,918 44,118 44,423 48.508 47.355 52.083 50.815
50mg/L
Metals
FesO, 24.383 24,982 25.393 18.917 19.091 16.287 16.281
50mg/L
Metals
control 58.636 61.982 62.881 69.329 68.095 73.941 73.083
70mg/L
Metals
FesOs 43.373 44.887 45.474 48.450 49,189 45.374 44,302
70mg/L
Metals
control 98.737 103.666 | 103.735 | 103.395 | 101.870 | 102.385 | 99.703
100mg/L
Metals
FesOu 72.321 74.812 75.789 38.992 39.065 57.368 56.490
100mg/L
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Table A35: Effect of initial concentration on the recovery of precious metal ions using

unmodified iron oxide nanoparticles (Figure 5.23)

Concentration
(mg/L) Palladium Platinum Gold
10 91.4 4.1 10
30 85.8 5.3 30
50 99.7 4.7 50
70 99.6 12.9 70
100 62.4 26.8 100

Table A36: Effect of initial concentration on the recovery of precious metal ions using

unmodified iron oxide nanoparticles (Figure 5.24)

Concentration
(mg/L) Palladium Platinum Gold
10 40.9 49.7 83.2
30 67.6 45 82
50 61.0 41.8 68
70 30.8 26 39.4
100 35.1 32 42.3

Table A37: Langmuir isotherm data for the adsorption of platinum (1) on unmodified

iron oxide nanoparticles

Dosage | Co Ci/Ce 1/Ce Qe

) (mg/L) | (mg/L) Celge (9/L) | (L/mg) 1/ge(g/mg) | (mg/g)
0.0059 | 10.033 7.9 0.4 0.1273 0.05 18
0.0250 | 10.033 3.1 0.2 0.3202 0.07 14
0.0455 | 10.033 1.9 0.2 0.5328 0.11 9
0.0652 | 10.033 1.2 0.2 0.8177 0.15 7
0.0857 | 10.033 1.2 0.2 0.8347 0.19 5
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Table A38: Langmuir isotherm data for the adsorption of platinum (1) on modified

iron oxide nanoparticles

Dosage | Co CilCe 1/Ce Qe

(9) (mg/L) | (mg/L) Ce/Qe (9/L) | (L/mg) 1/ge(g/mg) | (mg/g)
0.0055 | 10.033 8.3 0.5 0.12 0.06 16
0.0251 | 10.033 2.8 0.2 0.36 0.07 14
0.0453 | 10.033 2.9 0.4 0.34 0.13 8
0.0658 | 10.033 1.2 0.2 0.81 0.15 7
0.0850 | 10.033 2.9 0.7 0.35 0.24 4

Table A39: Langmuir isotherm data for the adsorption of palladium (11) on unmodified

iron oxide nanoparticles

Dosage | Co CiCe 1/Ce Oe

(9) (mg/L) | (mg/L) Celqe (9/L) | (L/mg) 1/ge(g/mg) | (mg/g)
0.0059 9.485 9.4 28.6 0.11 3.03 0
0.0250 9.485 8.4 3.8 0.12 0.45 2
0.0455 9.485 7.0 2.6 0.14 0.37 3
0.0652 9.485 5.6 1.9 0.18 0.34 3
0.0857 9.485 3.1 0.8 0.32 0.27 4

Table A40: Langmuir isotherm data for the adsorption of palladium (11) on modified

iron oxide nanoparticles

Dosage | Co Ci/Ce 1/Ce Qe

) (mg/L) | (mg/L) Celge (9/L) | (L/mg) 1/ge(g/mg) | (mg/g)
0.0055 9.485 9.0 1.9 0.11 0.21 5
0.0251 9.485 5.4 0.7 0.19 0.12 8
0.0453 9.485 4.6 0.9 0.22 0.19 5
0.0658 9.485 2.6 0.5 0.39 0.19 5
0.0850 9.485 4.0 1.2 0.25 0.31 3
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Table A41: Langmuir isotherm data for the adsorption of gold (111) on unmodified

iron oxide nanoparticles (Figure 5.25)

Dosage | Co CilCe 1/Ce Qe

(9) (mg/L) | (mg/L) Ce/Qe (9/L) | (L/mg) 1/ge(g/mg) | (mg/g)
0.0059 8.971 5.8 0.2 0.1722 0.04 27
0.0250 8.971 0.4 0.0 2.5 0.06 17
0.0455 8.971 0.0 0.0 28.6 0.10 10
0.0652 8.971 0.0 0.0 83.3 0.15 7
0.0857 8.971 0.0 0.0 500.0 0.19 5

Table A42: Langmuir isotherm data for the adsorption of gold (I11) on modified iron

oxide nanoparticles

Dosage | Co CiCe 1/Ce Qe

(9) (mg/L) | (mg/L) Celde (9/L) | (L/mg) 1/de(9/mg) | (My/g)
0.0055 8.971 5.3 0.2 0.1881 0.03 33
0.0251 8.971 0.0 0.0 45.5 0.06 18
0.0453 8.971 0.0 0.0 58.8 0.10 10
0.0658 8.971 0.0 0.0 50.0 0.15 7
0.0850 8.971 1.3 0.3 0.8 0.22 5

Table A43: Freundlich isotherm data for the adsorption

unmodified iron oxide nanoparticles

of platinum (IV) on

Dosage | Co CilCe Qe

(9) (mg/L) | (mg/L) In Ce In ge 1/Ce 1/ge (mg/g)
0.0059 | 10.033 7.856 2.06 2.92| 0.1273 0.05 18
0.0250 | 10.033 3.123 1.14 2.63 | 0.3202 0.07 14
0.0455 | 10.033 1.877 0.63 2.19| 0.5328 0.11 9
0.0652 | 10.033 1.223 0.20 1.91| 0.8177 0.15 7
0.0857 | 10.033 1.198 0.18 1.64 | 0.8347 0.19 5

108




Table A44: Freundlich isotherm data for the adsorption of platinum (1) on modified

iron oxide nanoparticles

Dosage | Co CilCe Qe
(9) (mg/L) | (mg/L) In Ce In ge 1/Ce 1/qe (mg/g)
0.0055 | 10.033 8.253 2.11 2.78 0.12 0.06 16
0.0251 | 10.033 2.801 1.03 2.67 0.36 0.07 14
0.0453 | 10.033 2.949 1.08 2.06 0.34 0.13 8
0.0658 | 10.033 1.233 0.21 1.90 0.81 0.15 7
0.0850 | 10.033 2.889 1.06 1.44 0.35 0.24 4
Table A45: Freundlich isotherm data for the adsorption of palladium (Il) on
unmodified iron oxide nanoparticles
Dosage | Co CilCe Qe
(9) (mg/L) | (mg/L) In Ce In Qe 1/Ce 1/qe (mg/g)
0.0059 | 9.485 9.446 2.25 -1.11 0.11 3.03 0
0.0250 | 9.485 8.370 2.12 0.80 0.12 0.45 2
0.0455| 9.485 7.040 1.95 0.99 0.14 0.37 3
0.0652 | 9.485 5.625 1.73 1.09 0.18 0.34 3
0.0857 | 9.485 3.099 1.13 1.32 0.32 0.27 4
Table A46: Freundlich isotherm data for the adsorption of palladium (1) on modified
iron oxide nanoparticles
Dosage | Co CilCe Qe
(9) (mg/L) | (mg/L) In Ce In ge 1/Ce 1/ge (mg/g)
0.0055| 9.485 8.956 2.19 1.57 0.11 0.21 5
0.0251 | 9.485 5.378 1.68 2.10 0.19 0.12 8
0.0453 | 9.485 4.629 1.53 1.68 0.22 0.19 5
0.0658 | 9.485 2.586 0.95 1.66 0.39 0.19 5
0.0850 | 9.485 4.012 1.39 1.17 0.25 0.31 3
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Table A47: Freundlich isotherm data for the adsorption of gold (I11) on unmodified

iron oxide nanoparticles (Figure 5.26)

Dosage | Co CilCe Qe
(9) (mg/L) | (mg/L) In Ce In ge 1/Ce 1/qe (mg/g)
0.0059 | 8.971 5.807 1.76 3.29 | 0.1722 0.04 27
0.0250 | 8.971 0.401 -0.91 2.84 25 0.06 17
0.0455| 8.971 0.035 -3.35 2.28 28.6 0.10 10
0.0652 | 8.971 0.012 -4.42 1.93 83.3 0.15 7
0.0857 | 8.971 0.002 -6.21 1.65| 500.0 0.19 5
Table A48: Freundlich isotherm data for the adsorption of gold (111) on modified iron
oxide nanoparticles
Dosage | Co CilCe Qe
(9) (mg/L) | (mg/L) In Ce In ge 1/Ce 1/ge (mg/g)
0.0055| 8.971 5.317 1.67 3.50 | 0.1881 0.03 33
0.0251| 8.971 0.022 -3.82 2.88 45.5 0.06 18
0.0453| 8.971 0.017 -4.07 2.29 58.8 0.10 10
0.0658 | 8.971 0.020 -3.91 1.92 50.0 0.15 7
0.0850 | 8.971 1.287 0.25 1.51 0.8 0.22 5
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