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ABSTRACT

In order to address the issue of water contamination by toxic and carcinogenic hexavalent
chromium and arsenite species, a new polymer nanocomposite (PNC) was fabricated with blend
of polypyrrole (PPy)/polyvinyl alcohol (PvOH) and reinforcement of magnetite nanoparticles
(Fe304). PNC was designed to selectively remove Cr (V1) and As (I11) ions from aqueous solutions
using adsorption and magnetic separation technology. The conductive electroactive PPy was
synthesized by in situ polymerization of pyrrole monomers using FeCls as an oxidant. the PvOH
was prepared by hydrolysing polyvinyl acetate dissolved in ethanol with potassium hydroxide and
Fe304 nanoparticle was synthesized by co-precipitation in the presence of Fe (I1) and Fe (111) ions
as precursors in solution with ration 1:2. Thereafter, the polymer nanocomposite was prepared
solution blending method.

The PNC was characterized using fourier transform infrared (FT-IR) to identify the functional
groups present in the compound, x-ray diffraction (XRD) to confirm the degree of crystallinity and
the crystal orientation, scanning electrode microscope (SEM) to determine the surface
morphology, transmission electron microscopy (TEM) for analysis of the internal morphology and
braunner emmet tellet (BET) for analysis of the pore size and surface area. The adsorption studies
will be carried out after optimization of effect of pH on adsorption kinetics experiment will be
conducted by varying adsorbent grade, adsorbent mass and initial Cr (V1) concentration.

Adsorption Kinetics studies were performed under batch operation mode and the influence of
PvOH polymer and magnetic content in the nanocomposite, individual constituent components,
adsorbent dose and initial Cr (VI) concentration were all explored at room temperature and
constant pH 12. It was revealed that the ratios of constituent components in the polymer blend
significantly increased the adsorption process whereby 56:42 PPy-PvOH nanocomposite
performed better [96%, 30 ppm] than 74:26, 64:36, and 52:48 polymer blend. The 56:44 polymer
blend performance was exemplary compared to its constituent components. Fe3O4 was introduced
to the blend in order to increase the polymer blend efficiency. However, a slight decrease in the
removal percentage was observed after adding 2% of FesO4 nanoparticle. This may be due to

particle agglomeration of the nanoparticle. Adsorption capacity of the nanocomposite increased

Vi



with increase in adsorbent dosage and increase in initial Cr (VI) concentration and reached
maximum at 91% removal efficiency. When adsorption kinetic data was fitted to both linear and
nonlinear kinetic models, it was established that adsorption of Cr (VI) on PPy-PvOH- Fe304 is
through a chemisorption process and that intra-particles played a key role in controlling the
adsorption process in both cases that includes Cr(VI) and As(l1l). Furthermore, results revealed
that by using 10 ml of 30ppm Cr (V1) aqueous solution with 0.12g at 45 minutes and pH 12
optimum conditions, the Cr (V1) removal of was sufficient and achieved 91.3%.And also using 10
ml of 150 ppm of As(lIl) aqueous solution with 0.10g at 30 minutes and pH 12 optimum
conditions. The removal of As(I11) from aqueous solution was also sufficient and 100% removal

under the optimal conditions.

Keywords: blend, nanocomposite, polypyrrole, polyvinyl alcohol, magnetite, adsorption, removal,

arsenic, chromium, isotherms.
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CHAPTER 1

1. Introduction
1.1. Background

Wastewater is spent or used water that has been discharged from industrial, domestic and
agricultural activities and contains contaminants such as bacteria, heavy metals and fungi. Unlike
most organic contaminants, heavy metals such as chromium, mercury, lead and arsenic are not
biodegradable and tend to bioaccumulate in living organisms. These toxic metals are known to be
mutagenic and carcinogen [1]. Heavy metals are regarded as environmental priority contaminants
and are becoming an ecological and environmental problem. Hence, it has become necessary to
remove, remediate and minimize the concentration of these metals in wastewater and water in
general.

Several techniques have been recommended for the removal of toxic metals from wastewater and
these include chemical precipitation, ion exchange, membrane filtration, adsorption and,
electrochemical technologies [2]. However, these techniques have specific limitations such as high
costs, low efficiency and production of sludge that ultimately requires disposal. Among these
techniques, adsorption offers flexibility in design and operation and, in most cases, produces high-
quality treated wastewater. As an added advantage, the adsorbents can be regenerated by suitable
desorption processes for multiple use. Lastly, many of these desorption processes have low

maintenance cost, are highly efficient and are easy to operate [3].

1.2. Problem statement

It is common knowledge that many industries in developed countries such as the United States of
America and other European countries discharge their chemicals into ground water sources [4],
while developing countries such as most African countries experience agricultural problems of
pesticide residues in soil, which run off into water sources. The wastewater from industries and
municipalities, which is discharged into the rivers or dams in both partially treated and untreated
form, ultimately affects the quality of the ground water. In many instances, this ground water of

poor quality is used for many agricultural and domestic purposes. Of the toxic metals that are



found in the groundwater, chromium and arsenic often exceeds the regulatory threshold limit, and
thus pose a threat to the immediate environment and aquatic life. Plants irrigated by water
contaminated with such pollutants are particularly harmful to animals and human beings. For
example, large consumption of contaminated plants may lead to cancer and reproductive disorders
in humans [5] [6].

Chromium (Cr) exist in aquatic environment as Cr(I11) and Cr(V1). In general Cr(\V1) is more toxic
than Cr(111), but the human body can convert some amounts of Cr(V1) to Cr(lll), since Cr(l1) is
an essential element in humans at trace level. According to United States Environmental Protection
Agency (US-EPA), the average daily intake of chromium from air, water, and food is estimated to
be less than 0.2-0.4 pg/L, 2.0 pg/L, 60 ug/L respectively [7]. The WHO recommends that the
maximum concentration of Cr(V1) in drinking water should not exceed 0.05 mg/L in the report
published in the year 1996 [8]. Any amounts exceeding the recommended concentrations will lead
to diseases that affect the human physiology and thus cause severe health problems that range from
skin irritation to lung carcinoma [1].

Arsenic (As) occurs in aquatic environment in two valent states, namely As(111) and As(V). As(I11)
is considered more toxic than As(V). As(V) acts as a nutrient to humans at trace levels, because it
behaves like a soft acid. According to the WHO, the maximum concentration recommended for
arsenic in drinking water is 0.01 mg/L [9]. Any amounts exceeding this limit causes severe
Osborne diseases such as cancers of the skin, bladder and lungs. Upon long-term exposure to high
levels of arsenic through drinking water, the first changes are usually observed in changes to the
skin: pigmentation followed by skin lesions, and thereafter hard patches on the palms of the hands
and soles of the feet [10].

As already mentioned, techniques that are currently used in the treatment of metal contaminated
waste discharges (e.g. coagulation, membrane filtration, centrifugation and reverse osmosis) have
disadvantages ranging from the use of expensive equipment to inefficiency in the removal of large
amounts of toxic metals. The formation of sludge formation in chemical precipitation and

adsorption makes these techniques expensive.

There are certain drawbacks for various separation techniques e.g. membrane filtration process
tends to leach and foul. They may absorb relatively large amount of filtrate and introduce metallic

ions into the filtrate, and allow viruses and mycoplasmas to pass through. The limitation for



coagulation ranges. Firstly, the performance substantially decreases at lower temperature and also
has poor efficiency attracting organic suspended solids. Lastly, determining portions for mixing
with inorganic coagulants is a setback due to lack of instrumentation that limits coagulation. With
reverse osmosis technique the shortcoming is that its membrane alone does not remove volatile

organic chemicals and after removing minerals, the water becomes acidic [11].

The development of nanomaterials and polymer blends for removing toxic metals from
wastewater/ synthetic wastewater have proven advantageous as compared to previously used
adsorption techniques due to very large surface area, porosity, swelling properties, and short
diffusion length [12].

The demand for water is exponentially increasing, while slowly the water source is becoming unfit

due to improper waste disposal [13] and not so feasible water treatment technologies.

To address the above stated problem in relation to the shortcoming and limitation of various
methods, a new polymer nanocomposite (PNC) has been fabricated with blend of polypyrrole
(PPy)/polyvinyl alcohol (PVOH) and reinforcement of magnetite nanoparticles (FesO4) as a
magnetic adsorbent for removing Cr (V1) ions from synthetic wastewater/ aqueous solution. We
propose the use of a polymer blend combined with magnetic properties on a pilot scale to try to
provide an application of nanomaterials in wastewater/ aqueous solution treatment for Cr(V1) and
As(111) removal.

1.3.  Justification

In one of the latest review, [14] Muthui studied the removal of Cr(VI) by FezOa/polypyrrole
nanocomposite with ration constituents in the polymer significantly the adsorption process
whereby 49.6:50.4 Fe304-PPy nanocomposites was used for the adsorption efficiency. The study
was successful with a batch separations indicating that 0.2 L/min was the optimum flow rate with
separation efficiency of 80% achievement. The magnetite content in the nanocomposite
significantly influenced the separation process whereby high separation efficiency of up to 98%
were achieved for 58.50% Fes3O4 containing nanocomposite. In 2012, Bhaumik et al. [15] ,

prepared polypyrrole/polyaniline (PPy/PANI) nanofibers for the removal of the Cr(VI) by



coupling or propagating without template of PPy/PANI free radicals by simultaneous
polymerization of pyrrole and PANI. The preparation was a success and yielded excellent results.
Earlier in 2008 Hossein [16] identified various adsorbent that could remove toxic metals such as
arsenic from wastewater. Adsorbent such as bentonite, activated carbon and the electroactive
conductive polypyrrole were used to remove the inorganic arsenic from wastewater. The
conducive electroactive polypyrrole was prepared using different surfactants such as poly (vinyl)

alcohol (PvOH) and poly (ethylene glycol) (PEG) in the presence of FeCls as an oxidant.

1.3.1. Polypyrrole (PPy)

PPy is a commercial available polymer, synthesized from polymerization of pyrrole monomers. In
this study PPy is used as a matrix polymer. PPy is a good organic polymer due to its ability to
provide many site for adsorption. It has amine functional groups and conjugated double bonds
which assists in the adsorption of heavy metals. Due to its lack of mechanical strength and thermal
stability, PPy is often blended with a host polymer that has mechanical strength and thermal
stability. Hence in this study, PPy is blended with PvOH. This is because PvOH offer both

mechanical strength and thermal stability [18]

1.3.2. Polyvinyl alcohol (PvOH)

PvOH is used together with a PPy to form a polymer blend (56:46, w/w) to enhance the
compatibility between the PPy and magnetite for adsorption capacity to remove the toxic metal
available in wastewater. PvOH is hydrophilic polymer which has hydroxyl functional group that
is available to assists in elimination heavy metals, it is also used as a coat to enhance thermal and

chemical stability of PPy for adsorption efficiency [19].
1.3.3. Magnetite (Fes04) nanoparticle
In this study magnetite nanoparticles are coated with a polymer blend (PPy/PvOH) to create more

site for adsorption and enhance adsorption efficiency. The magnetic nanoparticle are functionally

capable of adsorbing toxic metal present in wastewater, only when incorporated with stable



polymer or a polymer blend [20]. Encapsulating magnetic nanoparticles within a polymer or a
polymer blend not only stabilizes the nanoparticles but also provides various chemical

functionalization that enhances adsorption capacity [14].

1.3.4. Modification of magnetite nanoparticles incorporated by a polymer blend (polypyrrole

coated with polyvinyl alcohol) polymer nanocomposite

Nanocomposite (NC) are defined as polymer incorporated with a nanomaterial as filler to provide
materials with enhanced properties. Polymer nanocomposite (PNC) are synthesized by dispersing
a filler material into polymer blend/ composite that form flat platelets or nanopowder [17]. Based

on the above rationalization, the following aim and objectives were devised for this study.

14. Aim

1.4.1 To incorporate a polymer blend (polypyrrole (PPy)/polyvinyl alcohol (PVOH)) with
magnetite nanoparticles for studying the material properties and application to the removal of

chromium and arsenic from synthetic waste water.

1.5.  Objectives

1.5.1 To synthesis and characterize magnetite (FesO4) nanoparticle by sol gel method and identify
parameters (pH, concentration and time) that control the size of it.

1.5.2 To fabricate polymer nanocomposite using magnetic nanoparticle as filler, which should give
rise to improved material properties.

1.5.3 To apply the nanocomposites for uptake hexavalent chromium Cr(VI) from aqueous solution
the via adsorption technique.

1.5.4 To study adsorption dynamics and adsorption kinetics based studies will be carried out.
1.5.5 Characterize the resulting material (nanocomposite) using different techniques

1.5.6 To study and evaluate the effectiveness of the synthesized nanocomposite for removal of

Cr(VI1) from wastewater



1.6. Outline of the dissertation

This dissertation is divided into five chapters, a brief summary of each chapter is given below

Chapter 1 gives the background and the general introduction about Polymers, nanoparticle and
nanocomposite. Problem statement, aim and objectives, as well as the dissertation outline are also

discussed.

Chapter 2
This chapter gives a summary of the review articles of recently published work for the widely used
adsorption methods using PPy, PvOH and FezO4 for the removal of chromium and arsenic from

wastewater.

Chapter 3
This chapter provide the detailed synthesis procedures and characterization of the nanocomposite
(PPy-PvOH- Fes304), polymer blend (PPy-PvOH) and the filler material/ nanomaterial (Fe3O4)

Chapter 4
Chapter 4 provides the results of the uptake of hexavalent chromium in optimum conditions, using
nanocomposite (PPy-PvOH-Fe304)

Chapter 5
Chapter 5 presents conclusions and recommendations obtained from the results presented in
succeeding chapters. The chapter discusses the successes as they relate to the objectives of the

project and future research directions in the field of nanocomposite.
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CHAPTER 2

2. Literature review

Hexavalent chromium (Cr (V1)) and arsenide (As (111)) contamination poses a serious threat to
drinking water quality, which ultimately affects human life and sustainable aquatic biodiversity.
Reduced water quality may result from anthropogenic activities, which include mining, disposal
of untreated and treated waste effluents containing toxic metals, as well as metal-chelate
complexes from different industries such as electrical industries, tanneries, mechanical equipment
industries, and steel and thermal power plants. Anthropogenic activities and other natural
processes (e.g. weathering and dissolution of minerals) are therefore potential sources of metals in
water and sediment. The primary objective of this chapter is to review conventional methods for

the removal of hexavalent chromium and arsenide from wastewater.

2.1. Introduction

Environmental pollution is one of the most serious problems in the world. In particular, the
presence of toxic metals in drinking water poses a huge challenge to municipalities both in and
outside South Africa. Heavy metals are toxic and lethal to plants, animals, human beings and
aquatic life, hence the reason why they have attracted so much attention [1]. Sources of heavy
metal pollutants include industrial wastewater from the mining, metal processing, and tannery,
pharmaceutical and agricultural industries. This is because these metal pollutants are used in
various processes such as mining, ore smelting, and pesticide and chloro-alkali production. Most
of the major environmental pollutants are, however, from industrial effluents, sewage and farm
wastes. These industries typically discharge their metal-containing effluents into dams and rivers
without proper treatment and disposal. The toxic metals are thereafter transported by runoff water

and end-up polluting water sources downstream from the industrial site.

Heavy metals are the main contaminants in marine, ground, industrial and even treated wastewater.
To avoid health hazards, it is critical to remove these toxic heavy metals from wastewater before
their disposal. Most of the heavy metals found in industrial and mining effluent are known to be

poisonous and carcinogenic, and thus pose a serious threat to the plant, animal, human and aquatic
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life [1]. The release of large amounts of poisonous substances into the natural environment has
given rise to a number of environmental problems due to their non-biodegradability, persistence,

and ability to bio-accumulate in the environment.

2.2.  Arsenic and chromium: General occurrence, toxicity, biological importance and

occurrence in aquatic environment

2.2.1. Occurrence and toxicity

Heavy metals are mostly considered to be those elements whose density is above 5 g/cm?®. A large
number of metals fall under this category. The heavy metals listed in the Table 2.1 are regarded

as lethal even at low concentrations.

Table 2.1: The Maximum Contaminant Level (MCL) standards for the most hazardous

heavy metals
Heavy metals Toxicities MCL (mg/L), permissible limit ~ Ref
Arsenic Vascular disease, visceral ~ 0.05
cancer, skin manifestation
Cadmium Renal disorder, human 0.01
carcinogenic
Chromium Headache, vomiting, 0.05
diarrhea, nausea
Copper Liver damages, insomnia,  0.25 g
Wilson disease
Nickel Dermatitis, chronic asthma, 0.02
nausea
Mercury Rheumatoid, arthritis, 0.00003

kidney disease

Arsenic is a semi-metal but it is also regarded as a hazardous heavy metal. Arsenic (As) occurs in

aquatic environment in two-valence state as As (I11) and As (V); As (I11) is considered more toxic
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than As (V). As (V) acts as a nutrient at trace levels because it behaves like a soft acid. According
to the WHO, the maximum concentration recommended for arsenic in drinking water must not
exceed 0.01 mg/L [3]. An amount exceeding the limitation over a high consumption will cause
severe Osborne diseases such as cancers of the skin, bladder and lungs. During long-term exposure
to high levels of arsenic through drinking water, the initial changes are usually seen in the skin;
the pigmentation of the skin changes followed by skin lesions, and hard patches on the palms of
the hands and soles of the feet [3].

Chromium is obtained from chromite ore (FeCr.04) and is considered a priority pollutant, which
flows into the environment via both natural processes of weathering and dissolution of minerals.
Chromite ore is one of the leading metals manufactured in South Africa (SA); in 2015, SA held
about 70% of the world’s total chrome reserves. Metallic chromium is largely used for

manufacturing steel and other alloy.

Chromium has oxidation state from O up to 6. However, chromium exits mainly in two oxidation
states, namely hexavalent Cr (V) and trivalent Cr(111) states [4]. The chemical structures of Cr(l11)

and Cr(VI) are shown in Figure 2.1.

0 o\ o /o
Cr/ \Cr \Cr/ \Cr/
| N\
0] 0 0] 0

Trivalent chromium Hexavalent chromium

Figure 2.1: Chemical structure of Trivalent and hexavalent chromium

Chromium mixtures are mostly in hexavalent form and are used in chrome coating, as colourants
and pigments, and in leather and wood coating. Trivalent chromium is present in cationic form as
Cr¥* and it is a nutritionally vital component in humans and is frequently added to vitamins as a
dietetic enhancement. Cr (111) has moderately low toxicity and would be a worry in portable water

only at very high levels of concentration [5].

Cr (V1) is more toxic as compared to the Cr (111), and it poses potential health risk. Societies who
drink water having excess total chromium of the maximum contaminant level (MCL) over several

years possibly will experience sensitive dermatitis. Cr (VI) is also formed by the industrial
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practices and the processing events from steel and pulp mills among others. However, chromium
composites have been released into the eco-system by poor storage and leakage of pipes or
incorrect discarding practices. Hexavalent chromium (Cr®*) exists as an anion either as chromate
(CrO4%) or dichromate (CrO7%). Chromate (CrO4>) starts to form at pH 8, and it is the only species
of chromium that exists at pH 10 [6].

Some of chromium compounds are water insoluble. For example, Cr(I1l) compounds are water
insoluble because they are largely bound to floating particles in water. Cr(I11) oxide and Cr(ll1)
hydroxide are the only water soluble chromium compounds. Cr(VI) oxide is an example of a
remarkably water soluble chromium compounds, with solubility = 1, 68 mg/L [7].The speciation
of chromium under different pH conditions are shown in Figure 2.2 below.

Figure 2.2: A Diagram illustrating the Speciation of Cr (V1) as a function of pH [6].

Although Cr (VI) is more toxic than Cr (111), the human body can detoxify some amount of Cr
(V1) to Cr (1), since Cr (111) is an essential element in humans at trace level. According to US-
EPA, ‘The average daily intake of chromium from air, water, and food is estimated to be less than
0.2-0.4 pg/L, 2.0 pg/L, 60 pg/L respectively [5]. The WHO recommends that the maximum
concentration of hexavalent chromium in drinking water should not exceed 0.05 mg/L [5]. An
amount exceeding the recommended dosage often leads to diseases that affects the human

physiology and cause severe health problems ranging from skin irritation to lung cancer [8].
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Chromium can be detected in water/ and/or wastewater samples using various types of analytical
methods for determination of Cr (\V1), Cr (I11) or chelating chromium only; methods such as gas
chromatography (GC) (with several detection methods), polarography and spectrophotometry can
be used [2].

2.2.2. Biological importance of arsenic and chromium

Inorganic arsenic and its complexes are increasingly being metabolized to the less toxic form by
methylation [9] [10]. The organic complex of arsenic is found in some aquatic foods like fish and
algae, and in greater concentrations levels in mushrooms [11]. The typical person's intake of
As(I11) is about 10-50 pg/day; this amounts to 1000 pg, which is not usual following consumption
of fish or mushrooms. However, there is health risk in consuming fish because it contains small

amounts of arsenic compound which can be toxic when consumed over a large dosage [12].

In 2008, photosynthetic bacteria that use arsenite ions as electron donors to produce arsenate ions
in the absence of oxygen were discovered [13], And have estimated that these photosynthesizing
organisms produced the arsenates that permitted the arsenate to decreasing bacteria [14]. Arsenic
has been related to epigenetic changes which are transmissible changes in gene appearance that
take place without variations in DNA arrangement and contains DNA methylation [15].
Alternately, researchers have found ways in which they can reduce diseases by using arsenic and

its derivatives.

Inductive coupled plasma mass spectrometry (ICP-MS) is used to identify accurate levels of
intracellular of arsenic, chromium and other heavy metals. During the 19" and towards the 20"
centuries, a large amount of arsenic compounds were used as medicines [18], including
arsphenamine (by Paul Ehrlich) and arsenic trioxide (by Thomas Fowler). Both Arsphenamine and
neosalvarsan (also a synthetic organoarsenic-based drug), which were used for the treatment of

syphilis and trypanosomiasis, have been superseded by modern antibiotics [19].

Research has shown that Cr (I11) is an essential nutrients at trace level and its biological activity
depends on its valence state [20]. In simple salts, Cr (I11) has been shown to have some beneficial

value in humans. It has been elaborated in some lipids and sugar metabolism. The bioavailability
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of Cr (Ill) salts is known in many food supplements, most especially the liver, such as the
American cheese, wheat germs, meat, fish and, fruits. Cr (I1l) salts have been claimed to have
some beneficial effects for patients with diabetes and cardiovascular problems [21]. People with
heart diseases and lipprohens deformities may also need Cr (111) salts supplements. However, Cr
(V1) is known to be toxic and a mutagenic substance. There has been no carcinogenic reports

ascribed for the consumption of Cr (I1I).
2.2.3. Arsenic and chromium in aquatic environment

Arsenic contaminated water typically contains arsenic acid and arsenous acid (see Figure 2.3) or
their derivatives [18]. Arsenic acids tend to exist as ions such as [HAsO4]* and [H2AsO4] ~ in

neutral water, whereas arsenous acid is not ionized [10].

®)
|| ASI:,“
_AS o / OH
HO N HO -
OH
Arsenic acid Arsenous acid

Figure 2.3: Chemical structure of the poisonous arsenic acid and arsenous acid [22]

Concentration of naturally occurring arsenic in groundwater vary regionally due to a combination
of climate geographical location [23]. Arsenic released from iron oxide appears to be most
common cause of widespread arsenic concentration, which exceeds 10ug/L in groundwater. The
minimum intake of arsenic in portable water is 0.01 mg/L [24], this are guideline set by WHO and
they are similar to those of South African water guidelines [25]. Arsenic is dispersed in
groundwater by agricultural uses, where arsenic is being used as an insecticide [26]. Arsenic
contamination in groundwater is a high-profile problem due to the use of tube wells for water

supply in other areas around the world, causing serious poisoning to a large number of people [26].

In industrial wastewater, arsenic emanates from the electronics manufacturing industry in the
production of gallium arsenide wafers and electronic devices [27]. It can also be found in silicon

semiconductor operations that use high dose arsenic implants [28]. However, the highly needed
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biological properties of arsenic have enabled arsenic derivatives to be used in medicines and wood
preservatives and, as a coating material. Arsenate is mostly found in aerobic wastewater, while
arsenite is made from the oxidation of arsenate in the presence of oxygen, chlorine or potassium
permanganate [29]. The most regularly used technique for the elimination of arsenic and arsenic

compounds from wastewater is chemical-precipitation or iron exchange. [30].

Chromium (Cr) generally exist in aquatic environment as Cr (1) and Cr (VI1). Cr(VI) being the
most toxic as compared to Cr(\V1).There is a lot of surveys done on the occurrences and toxicity
of Cr(VI). There are various ways in which Cr(VI) contaminates aquatic environment and
wastewater. Textile, leather tanning and electroplating are some of the good examples of industries
that causes water pollution. In most cases the contaminants enters water through improper waste
disposal in landfills [31], where the Cr(VI) residence time may be several years. According to

USEPA and WHO, the maximum permissible limit for Cr(\V1) in surface water is 100 ug/L [32]

In ground water, Cr(VI) has generally been expected to be anthropogenic contamination.
Contamination of ground water by Cr(VI) is similar to those of wastewater. Industries such as
petroleum refining, water cooling and pulp paper production use chromium to manufacture their
products. However, they don’t dispose wastewater in their proper disposal, which leads to
contamination of groundwater [33]. It has been found that the naturally occurring aqueous Cr(V1)
concentration in groundwater has been estimated to 73ug/L. which generally exceeds the value of

USEPA and WHO limits for drinking water of 50 pg/L [32]

2.3.  Conventional techniques for the removal of Cr(VI) and As(I11) metal ions from

aqueous solutions

In recent years, various conventional methods such as precipitation, ion exchange, filtration and,
coagulation-flocculation have been employed to remove heavy metals from industrial wastewater
and other aqueous streams. However, some of these technique (see Table 2.2) have significant
disadvantages ranging from partial removal of toxic metals, high energy requirement and
production of toxic sludge [34]. Amongst these methods, adsorption has been used the most. This

is because adsorption is inexpensive, require less energy and can eliminate both inorganic and
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organic contaminants from aqueous solution [35]. Various adsorbents such as activated carbon,
silicate, natural zeolite, polypyrrole, poly(vinyl)alcohol and chitosan polymers have been used for

the removal of heavy metals. [36].

Table 2.2: Advantages and disadvantages of conventional methods for the removal of heavy

metals from water

Conventional method Advantages Disadvantages
Photocatalysis e Can be improved by increasing the » In post treatment processes
surface area through reducing the  the segregation of residue
size of photocatalysts materials tends to be costly
e Enhancement of the overall due to labour, time and
quantum productivity of interfacial ~ chemicals utilized for ion
charge transfer exchange and decantation at
the end of treatment process.
» The subsequent low
qguantum-yield  of  this
treatment process inhibits
the kinetics and efficacy of
photocatalysis
Membrane filtration e Benefits of separating discrete e The process is very slow and
cluster of bacteria such as Coli- uses complicated plants,
form bacteria from drinking. which is very expensive
¢ Critical contaminants are not
removed
e Period of drying is very high
and water is usually acidic
(pH below 7.0)
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Coagulation and e Does not require addition of alkali e Poor efficiency for attracting
Flocculation to raw water for coagulation, and is  organic suspended solids

much less sensitive to pH, e Lack of instrumentation for

operating within pH 4.5 — 9.5. determining relative

amounts of organic and

inorganic suspended solids

in raw water

Adsoption is treated as a adjustment in concentration of a specified substances at all crossing point
with respect to its conentration in a majority part of the arrangement. It is the linkage of atoms,
ions, or molecules from a gas, liquid, or dissolved solid to a surface [37]. This procedure generates
a picture of the adsorbate on the surface of the adsorbent. Moreover the procedure of adsorption
contains separation of a material from one point supplemented by its growth or application at the
surface of another. The adsorbing material is known as the adsorbent, and the material determined
or adsorbed at the surface of that point is the adsorbate. Figure 2.4 shows a typical adsorption

process that involves the extraction of Cr(V1) and As(l11) from aqueous solution.

¥
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O
Figure 2.4: A schematic diagram of adsorption technique used to remove Cr(VI) and
As(111) by PPy-PvOH-Fe304

\‘A“ Targeted Species (Cr(IV) and As(lll))

The strategy that was adopted for this study involves blending of a conducting and hydrophilic

polymers followed by incorporation of an inorganic material to produce a polymer nanocomposite.
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The various components of this polymer nanocomposite are discussed briefly in the following

sections.

2.3.1. Organic adsorbents

Various organic adsorbents have been used in the treatment of industrial and agricultural
wastewater. Decontamination of water by means of organic adsorbent started in the early 19%"
centuries [38]. Since then, the application of organic adsorbent such as fly ash, carbon nanotube,
conductive polymers, and activated carbon in the removal of toxic contaminants from industrial

and agricultural wastewater has attracted a lot of attention from researchers.

Since the wide scale of coal firing for power generation began in the 1920s, many millions of
kilograms of ash and related by-products have been produced. It is approximated that 349 Mt was
manufactured in 2000 worldwide [32]. The disposal of fly ash in landfills ash is in due course

expected to be expensive if not prohibited by governments [39].

Since then, the application of organic adsorbent such as fly ash, carbon nanotube, conductive
polymers, and activated carbon in the removal of toxic contaminants from industrial and
agricultural wastewater has attracted a lot of attention from researchers. This study is focussed on
conducting polymers and hydrophilic polymer.

2.3.1.1.  Conducting polymers

Polymers have attracted a lot of attention from many researchers worldwide. This is due to their
flexibility and ability to form materials with different structures. Conducting polymers have many
uses. They have been used in corrosion inhibition, compact capacitors, antistatic coating,
transistors, organic light-emitting diodes (OLEDs), photovoltaics (OPVs), and thermoelectric
materials. They’re very cheap and they can be easily synthesized. Electro-conductive polymers
such as polypyrrole, polyaniline and many more are mostly used as adsorbent for the removal of

contaminants from aqueous and aquatic environment or as coats to stabilize magnetic
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nanoparticles. Polypyrrole (PPy) is an electro-conductive polymer from the class of exclusive
constituents, which has ironic and semi conductive properties with polymeric features such as
elasticity, biocompatibility, greater conductivity, strength and flexibility [40]. They can be used in
the transportation of drugs to various parts of the body and can also be used in rechargeable
batteries, supercapacitors, anhydrous electrorheological fluids, microwave shielding, and
corrosion protection. PPy is formed by oxidative polymerization of pyrrole monomers, which is

indicated in the scheme below [41].

Py oxidation

N

Dimerisation

Chain growth

g@ U&@*QOYJ

Scheme 2.5: Oxidative polymerization of pyrrole to form polypyrrole [42].

PPy is a type of organic polymer formed by oxidative polymerization of pyrrole as shown in
Scheme 2.5. PPy is used as a polymer matrix for reinforcement for magnetite, to enhance the
adsorption capacity by increasing the surface area. The optimum conditions for removal of Cr (V1)
was evaluated at pH 5.3, temperature 46.5 °C, initial Cr (VI) concentration of 187.5 mg/L,
adsorbent dose of 0.8 g and contact time of 15.4 min. The maximum amount of Cr (V) removed

under optimum concentration was obtained at 89.3% [43].

PPy can be formed chemically or electrochemically through oxidative polymerization of pyrrole
monomer, PPy is suitability built on using ionic conductivity and it is dependent on the polymer

composition, valence and, ability of reversibly oxidized or reduced

PPy is also accessible commercially. Thus, when PPy is compared to other polymers, PPy is

conductive electroactive and water soluble. PPy reactivity can be manifested in various ways;
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affecting polymer properties, such as, in modification of conductivity, chemical composition,
mechanical strength, the character of voltammetry curves and, open circuit potentials [19]. These
methods exerts an unfavourable impact on stability and operation of devices using conductive
polymers, for example, polymeric electronic devices or rechargeable batteries

Polypyrrole (PPy) draw unlimited attention due to of their vast potential applications, such as
rechargeable batteries [44], gas separation membranes [45], and gas sensors [46] However, their
usability remains narrow due to their poor mechanical properties. PPy is an easily synthesized
polymer hence its study is vast. The main limitation in the study of PPy is the mechanical properties
[47] which arises from their irregular structure. To improve the structural, physical, and
mechanical properties, several efforts have been made to synthesize blends or composite materials

containing PPy [48].

The chemical methods containing PPy can be attributed to some functional groups, since
conductive polymers are redox-active [49], these methods can either be oxidation/ reduction by
other components existing in the adjacent medium, e.g., metal ions, OH" ions, H2O molecules that
leads to the degradation of the polymer. The other groups of reactions is associated with acid/base
properties, addition of protonation/deprotonation of polymer chains especially important for
polypyrrole and its by-products complexes of metal ions from the medium by ligands included in
the polymer phases. lon exchange or adsorption it the last group of interfaces can be incorporated

in the medium of the polymer phase components [49].

2.3.1.2.  Hydrophilic polymers

Water-soluble polymers such as polyethylene glycol, polyacrylamides, polyacrylic acid
copolymer, and polyvinyl alcohol are organic polymers that dissolve, disperse, or swell in water
and consequently change the physical properties of aqueous systems undergoing gelation or
thickening. The water-soluble polymers carry out a variety of functions in aqueous media, which
include: dispersing and suspending agents, stabilizers, thickeners, flocculants and coagulants, film-

formers, humectants, binders, and lubricants.

They can be achieved from a wide range of sources. Moreover, they can be classified as natural

(isolated from plant, or animal sources), semisynthetic, or synthetic polymers. Natural water-
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soluble polymers may be used as is or can be modified. Semisynthetic water-soluble polymers are
derived from chemical alteration of natural polymers or from microbial sources. A large number
of natural and semisynthetic water-soluble polymers are polysaccharides, which may differ greatly
in their basic sugar units, linkages, and substituents. Figure 2.6 shows poly(vinyl) alcohol is

accessed.
H
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Figure 2.6: Preparation of PvOH [50]

Polyvinyl alcohol (PvOH) is a water-soluble synthetic polymer. It is prepared by hydrolyzing
polyvinyl acetate in ethanol with potassium hydroxide (see Figure 2.6). PvOH is a large volume
produced polymer with high tensile strength and hydrophilic. The hydroxyl groups on partial
hydrolyzed PvOH are expected to interact with the hydrophilic surfaces and the residual vinyl
acetate groups with the hydrophobic. A study for the possibility to use PvOH together with a PPy
blend (50:50, w/w) to enhance the compatibility between the PPy and magnetite for adsorption
capacity to remove the toxic metal available in wastewater. The calculated maximum amount
under optimum conditions for the removal of arsenic is 22112 mg/kg [51]. PvOH is used as a coat

to enhance thermal and chemical stability of PPy for adsorption efficiency.

Combining PPy with thermoplastic or water soluble polymers is one the ways to enhance their
processibility [52]. Moreover, mechanical behavior is improved by the preparation of grafted
copolymers having conventional and conducting sequences [53]. This is accomplished by
polymeric initiators with functional groups along the chain, which is polymerized in the presence
of the monomer of the conducting polymer. By introducing PPy in polymer matrix, researchers
have improved the limitation of PPy making it composite polymer with new characteristics. The
well-known matrixes of PPy studied include; poly(vinyl alcohol), PvOH [54], poly(acrylamide)
[55], and poly(vinyl chloride), PVC [56].
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The combination of polymer matrices changes the physical properties of the polymer blend, which

make the samples more resistive to chemicals, ambient and physical action.

Because of the water soluble, good polarity and good mechanical strength of PvOH has been the
main focus to be used as matrix in this study. Improvements were expected from composite
materials in which the PPy provides the required porous characteristics, while the PvOH polymer
enhances its mechanical properties [57]. In other words, a combination of a conventional polymer
such as PvOH with PPy allows the creation of new polymeric materials with specific Porosity and
good mechanical properties. The goal of the present work is to develop a multifunctional
composite with porous, swell-able, and enhanced physical properties; conducting polyvinyl
alcohol (PVA), which ensures suitable mechanical properties.

PvOH is widely used for diverse application such as adhesives of paper, coating etc. PvOH is used
for coating because it prevent interparticle agglomeration by reducing the crystalline surface
tension, to provide the particle with necessary functionality and in some cases, the coating layer
can also protect magnetite from attacks of corrosive media such as acidic and alkaline conditions
[58].

2.3.1.3.  Swelling studies of organic polymers

Hydrogels may be described as hydrophilic polymers that do not dissolve in water. Furthermore,
they can also be described as three dimensional hybrid polymeric structures that are able to swell
in an aqueous solution. However, many naturally occurring polymers may be used to produce these
types of materials. The synthetic hydrogels have distinctive properties, which in turn makes them
have enhanced practical utility. Due to properties such as swellability in water, hydrophilicity, lack
of toxicity and biocompatibility, hydrogels have been used in pharmaceutical and biological

environmental application [59]
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2.3.2. Inorganic adsorbents

Inorganic adsorbents such as polymeric adsorbents have gained popular awareness in water
decontamination recently. In modern assessment on inorganic adsorbent, there are suggestion of
detailed studies to explore the feasibility of changing activated carbon with low cost inorganic
adsorbent such as modified zeolites, nano metal oxides, functionalized inorganic polymers and,
modified clay for water and wastewater treatment that can be used for removal of metals and or
trace organics. The recent growth of inorganic, coated compounds, and nanomaterial adsorbent for
uses in removal organics and inorganics pollutants have been discussed by, demonstrating the

advantages of low dosage and high rate for nanomaterial as adsorbents. [60]

2.3.2.1.  Magnetite (FesO4) nanoparticle

Magnetite ca be categorised as one of the promising adsorbent for toxic metals removal from
wastewater due to its large surface areas, which increases their adsorption capacity caused by the
size-quantization effect. Nevertheless, as the size of metal oxides decreases from micrometer to

nanometer quantities, the amplified surface energy leads to their poor stability [61].

Magnetite is a ferromagnetic nanoparticle derived from precursors of FeClz and FeClz using co-
precipitation. FezO4 differs in size ranging from 22 to 56 nm, and it is synthesized chemically by
a modified sol gel or chemical precipitation. Magnetite targets certain elements (toxic metal) in
wastewater and removes them sufficiently using its good magnetism properties. Element such as

Ni, Cr, As and Cu are targeted and a large amount of the trace metals are removed [62].

The mixture of FesO4-(y-Fe203) was used for removal of Cr (VI) and As (III), ‘the results of the
study showed 96-99% arsenic and chromium uptake under controlled pH conditions. The
maximum arsenic adsorption occurred at pH 2 with values of 3.69 mg/g for As (I11) and 3.71 mg/g
for As (V). Magnetite nanoparticles present a higher performance in terms of chemical stability
and biocompatibility compared with the other metallic nanoparticles [63]. In addition, Magnetite
has advantages ranging from large surface area [64], no secondary pollutants are produced,
commercially available and reduces the risks of particle aggregation [65]. Moreover, the magnetic

nanoparticles are used for bio-applications which are usually made from biocompatible materials
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such as magnetite (FezO4) for which are susceptibility large [66]. Figure 2.7 shows the structure

of magnetite
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Figure 2. 7: The structure of Magnetite (Fe304) [85]

The understanding about magnetism dates back in 6™ century even though separation by magnetic
field has been a mystery until late 18" century [68]. The achievement of an English patent for
separating iron ore using magnetic filtration in 1792 by W. Fullerton led to practical importance

of magnetic attraction. Figure2.8 below shows the timeline of magnetic separation technology.
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1800
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Figure 2.8: Evolution of magnetic separation technology

The procedure of eliminating metal based on a magnetically enhanced separation technology as an
alternative to existing methods for separation of the targeted pollutants from waste water stream

is a usually applied in technique of recent water treatment. This technology uses specifically
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tailored exterior modified magnetic nanoparticles that have a high attraction for the target
impurities (trace metals, organic compounds etc.). These particles have a magnetic core that
enables their recovery, a shell that provides stability, shield from oxidation and a surface to which
contaminant specific ligands are attached. The benefits of this alternative are that it uses low cost

chemicals and magnets, can be applied in a continuous manner and can be target specific.

Developments in nanomaterial (NM) preparations enable the accurate control of surface active
sites by developing monodisperse and shape controlled iron oxide nanomaterials [69]. Some
developing techniques, like fungi or proteins refereed biological method and sono-chemical
method, which have expanded widely over the years. Studies in the future aim to address different
challenges to offer new efficient and specific magnetic nanomaterials. Moreover, the improvement
of iron oxide nanomaterials into a field scale may give useful range of exploration, and more
research is required to explore the uses of potential of these novel nanomaterials. Commonly,
NM’s must be stable to prevent accumulation and endow a low deposition rate [70], in order to
assure their reactivity and flexibility. In one of the latest review, Muthui et al studied the removal
of Cr (V1) by Fe3s04-PPy nanocomposite with ratio constituents in the polymer significantly the
adsorption process whereby 49.6:50.4 ratio of FezO4-PPy nanocomposites was used for adsorption.
The study was successful with ‘batch separations indicating that 0.2 L/min was the optimum flow
rate with separation efficiency of 80% achievement and the magnetite content in the
nanocomposite significantly influenced the separation process whereby high separation efficiency

of up to 98% where achieved for 58.50% FezO4 containing nanocomposite [71].

2.4.  Application of nanocomposites, composites and nanomaterials for removal of

hexavalent chromium and arsenide

2.4.1. Application of polymer nanocomposite in the removal of Cr(VI) from aqueous

solutions

In one of the latest review, Muthui et al [72] studied the removal of Cr(VI) by FesO04-PPy
nanocomposite with ration constituents in the polymer significantly the adsorption process

whereby 49.6:50.4 ratio of Fes04-PPy nanocomposites was used for adsorption. The study was
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successful with ‘batch separations indicating that 0.2 L/min was the optimum flow rate with
separation efficiency of 80% achievement’ and the magnetite content in the nanocomposite
significantly influenced the separation process whereby high separation efficiency of up to 98%
where achieved for 58.50% Fe3O4 containing nanocomposite.

Lo et al [73], reported the removal of heavy metals from industrial wastewater using maghemite
nanoparticle with a diameter of about 10 nm. The removal efficiency was highly dependent on pH
effect. The optimum pH for the removal of Cr(V1), Cu(ll) and, Ni(ll) was reached at 2.5, 6.5 and,
8.5 respectively resulting with a removal percentage of about 100% for Cr(V1), 96.2% for Cu(ll)
and, about 100% for Ni(ll). Recovery studies were made with 0.01 M NaOH as an eluent for
Cr(V1) for desorption and 0.05 M HCI as an eluent for both Cu(l1) and Ni(ll) desorption. 92 % of
Cr(1V) was recovered and 94 % of Cu(Il) and Ni(ll) was recovered. Maghemite nanoparticles were
able to remove heavy metal from wastewater, which reduced the waste discharge, pollution and,

be recovered for reuse purposes [74].

Mahmud et al reviewed composites of polypyrrole for removal Cr(\V1). One of the study reviewed
was Polypyrrole-Chitin (PPy/Ch) composites [75]. The composite was prepared in situ via
polymerization and batch tests were carried out to observe the adsorption efficiency of Cr(VI) ions
under different parameters. The study exhibited a maximum adsorption capacity of 35.22 mg/g for
an initial concentration of 50 mg/L at 323 K and pH= 4.8 within 60 minutes of contact time and
0.1 g adsorption dosage. When chitin is used alone as an adsorbent for toxic metals removal, it
appears to be insufficient because of its poor solubility in common solvents, low sorption capacity
and poor stability. As a result, it is hosted by polypyrrole structure to increase the sorption

efficiency of conducting polymer-based bio-adsorbent [76].

The adsorption of Cr(V1) with polypyrrole-glycol (PPy-gly) was also reviewed by Mahmud et al.
The sorption was highly dependent on pH. The optimal adsorption efficiency of PPy-gly was
observed at 217 mg/g, pH 2.0 and, 298 K. It is much better than the other reported polymer-based
materials [75]. A similar study was accomplished by Ballav et al. [77] using Fe304 coated glycine
doped polypyrrole magnetic nanocomposite for the elimination of Cr(V1). The experiment reached
an adsorption efficiency of 238 mg/g with the optimal removal percentage of 99.91%. pH was

27



highly regarded in the experiment. External magnetic field was used to elute the adsorbent from

the solution.

In the latest studies, Hsing-Lin Wang [78]reported the electro-conductive polymer blends of
polypyrrole and other various insulating polymers with the aim of the study was to enhance the
miscibility and homogeneity of the material, however in 2013 a similar study was reported, ‘the
removal of Ni(ll) from water by PPy/ PvOH composite’ which attained good results. Furthermore,
the optimal conditions of sorption were investigated and reported 0.4g sorbent dose in 100 ml of
Ni(Il) contact time of 14 min, pH 3 for the Ni (II). The results obtained from this investigation
were well described by the theoretical Freundlich. The kinetic showed that the adsorption process
was controlled by pseudo-second order equation.

In the present study by Mohammad Al-Hwaiti [79], an attempt to utilize a less expensive adsorbent
system for the elimination of metals including arsenic ions from phosphogypsum (PG) using
Polyethylene glycol (PEG) and poly(vinyl alcohol (PvOH). The objective of the study was to
examine the performance of two polymers blends (PEG and PvOH) in eradicating heavy metal
from PG with a batch reaction approach. The batch experiments’ result obtained showed that the
removal of Cd, Cr, Cu, Pb, Zn and Mo in these samples ranged from 57% to 70%, 80% to 94%,
90% to 96%, 7% to 11%, 55% to 74%, and 81% to 94%, respectively for PEG, and from 70% to
84%, 80% to 91%, 89% to 95%, 7% to 10%, 55% to 78%, and 82% to 93%, respectively for PvOH.
These results indicated that Cd, Cr, Cu, Pb, and Zn content removal using PEG-PvVOH polymers
were of great importance in environmental applications, and they can be considered a very suitable

safe use of PG in agriculture and soil amendment.

Terrence Burks [80].reported the removal of Cr (VI) by an application of surface modified
superparamagnetic iron oxide nanoparticles, separation science and technology. The adsorbent
used to modify the surface was polyacrylonitrile (PAN) nanofibers. The adsorption was highly
dependent on the pH. The experiment showed excellent results with maximum removal of Cr (V1)
at pH 2 and the equilibrium was reached at 90 minutes. Thus the experimental results followed the

pseudo-second order showing a chemisorption process.
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Kai Wang [81] experimented on the Removal of Cr(VI) from wastewater using FesO4 polymer
microspheres functionalized with amino groups. The outcomes showed that the initial solutions
pH had an effect on the adsorption capacity and the optimal pH measurement for Cr(\V1) adsorption
was obtained at pH 2. It was shown that adsorption process was a pseudo-second-order reaction
with an equilibrium establishment of 120 minutes. Langmuir isotherm model was an excellent
agreement with the experimental data and the maximum adsorption measurements was valued at
236.9 mg/g at 298 K.

The need to selectively segregate metal ions from a variety of pollutants is a fast rate development
and preparation of adsorbents that has been investigated in modern days. In the past, researchers
have seen that the unprotected iron oxide nanoparticles are prone to air oxidation and they easily
aggregate in aqueous solution systems. Thus, for these nanoparticles to be applicable in many
potential fields their stabilization by surface modification is essential. Due to these reasons the
main focus shifted on magnetic particles coated with functional polymer especially conducting
polymers which include among others polystyrene, polyaniline, poly (N-isopropylacrylamide) and
polypyrrole. These polymers have a spectrum of applications such as in batteries, molecular
electronics, separation material ion exchangers and chemical sensors. The works of Pyun gave a
detailed discussion on the preparation methods and properties of organic-inorganic hybrid
materials comprised of polymers and magnetic materials. Among the discussion, the
functionalization and modification of these nanocomposites materials surface using different

surfactants are used to improve their adsorption properties.

Bhaumik et al [82] worked on demonstrating the bench scale removal of Cr(VI) from aqueous
solution by use of PPy/Fez0O4 which had been prepared by using 0.8 ml of Py and 0.4 g of Fe3Oa.
Even though good withdrawal results were achieved, the study needed to be advanced to magnetic
separation in a flowing stream to suit industrial application. In addition, Bhaumik et al, prepared
polypyrrole/polyaniline (PPy/PANI) nanofiber for the removal of the Cr(\VI) by coupling or
propagating without template of PPy/PANI" free radicals by simultaneous polymerization of

Pyrrole and PANI. The preparation was a success and yielded excellent results.

In the latest review, Karunakaran K [83], used polypyrrole/sawdust (PPy/SD) composite to remove

hexavalent chromium and other heavy metals from industrial wastewater. The high efficiency of
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the removal of hexavalent chromium is seen only under acidic condition for sawdust and has a pH
range of 1-2, but for the condition of PPy/SD composite reaches pH 10. The Cr (VI) was not
affected by the pH in the test solution. The optimal pH used for elimination of hexavalent
chromium by SD was established at pH 5 (see Table 2.3). This is because under alkaline
conditions, Cr (V1) elimination is insignificant. According to Karunakaran, the results showed that
the optimal pH is stationary at 50 mg due to the quality of Fe (111) uptake. The total optimal pH is
stable at pH4 because of the removal of all Fe (111) and the optimal time fixed was obtained at 30

min

Table 2.3: Effect on pH on removal of heavy metals form aqueous solutions.by PPy/SD

Metal Contact Metal Adsorbent pH Opti  Current work
time in concentration dose range mal
minutes pH
Cr(VI) 60 minutes 50ppm 0.60g 1-10 5 High  efficiency  removal
observed at pH 5 [84]
As(l11) 30 minutes 5 mg/L 0.25g - - Good results in such condition
with 30 [85]
m/ As
Fe(I11) 30 minutes 50 ppm 50-250 26 4 Unique results seen at pH 4,
mg but ranges from 2-6 [86]
Cr(VI) 30-180 200 ppm 0.1 gwith 2-11 2 Removal is more effective at
minutes 50 m/ pH 2 and gives 73.5%
Cr(VI) removal, when the pH

increases the removal %
decrease to 57% [82]

In 2010, Zhao et al [87] prepared characterized and applied magnetics polymers functionalized
with ethylene diamine on the elimination of Cr(VI) from industrial wastewater. The batch
equilibrium and kinetic studies indicated that the materials was effective in removing Cr(V1) from
aqueous solution. VSM characterization results indicated the magnetic property of the polymer

magnetic nanocomposite was less compared to that of naked magnetite.
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2.4.2. Polymer nanocomposite for the removal of As(l11)

Recently, arsenic occurrence in drinking water is regarded as a serious threat to human health [88].
The long term consumption of the highly concentrated arsenic contaminated water leads to
diseases such as cardiovascular, diabetes and cancer of the bladder. Several article have been
published for the removal of trivalent arsenic from waste water. In one of the recent publication,
K Simoenidis et al [89]reported the magnetic separation of hematite-coated FezO4 particles for
adsorption As(l11). The results obtained were efficient and reduced the level of arsenic below the
international regulation limit (0.01 mg/L) having an adsorption capacity of 2.1 g/mg. Feng L et al
[90] reported the removal of arsenic using superparamagnetic FesO4 nanoparticles as adsorbents.
FeszO4 nanomaterials presented excellent ability to remove arsenic ions in agueous solutions. They
obtained maximum adsorption capacity of 16.56 mg/g for arsenic (V), and 46.06 mg/g for arsenic
(1. In one of the latest publications, Peng B et al [91] studied the removal of arsenic using facile
synthesized FezOs-Cu(OH)2 composites. The results indicated that adsorption capacity was
increased about 10 times from 3.58 to 35.71 mg/g, which was greater than most of the reported
magnetic sorbents in literature. However, in 2015 Sadrolhosseini et al [92]reported Surface plasm
on resonance sensor for detecting arsenic in aqueous solution using polypyrrole-chitosan-cobalt
ferrite nanoparticles composite. The PPy-Chi/CoFe204-NPs composite adsorbed about 93.20% of
As(V) in agueous solution. Moreover, Zhao et al [93] studied the removal of arsenic by
zirconium/polyvinyl alcohol modified flat-sheet polyvinyldene fluoride membrane. The maximum
adsorption capacity of 128 mg-As/g was achieved at acidic condition at pH 2.0 which reached

equilibrium at t =24 hrs.

2.5.  Polymer nanocomposites

Polymer nanocomposites (PNC) are commonly defined as combination of a polymer matrix and a
filler material that has a dimension in the 10°m range. The nanomaterial is in one-dimension; two-
dimensional, three-dimensional such as nanotubes, layered silicate minerals and, spherical

nanoparticles, respectively. [94]
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2.5.1. Advantages and disadvantages of polymer nanocomposites

Nanoparticles poses a large high surface area to volume ratio [95], which changes their properties
when compared to their bulk sized proportionate. It also changes the way in which the
nanoparticles bond with the bulk material [95]. The result is that the composite can be many times

improved with respect to the component parts.

Nanoparticles have a few disadvantages [96], such as toughness and impact performance.
However, in recent work researchers have shown that modification of polymers such as
polyamides could even decrease impact performance of the nanoparticle. Hence, there is a need
for better understanding of structure and property relationships to dispersion of the nanoparticle.

The advantages and the disadvantages of the nanocomposites are shown in Table 2.4.

Table 2.4: Characteristics of nanocomposites Source [96]

Advantages Disadvantages Reference
Thermal expansion and thermal Viscosity increase (limits process ability) [96]

conductivity

Mechanical properties Black color when different carbon containing
(tensile strength, stiffness, nanoparticles are used
toughness)

Gas  barrier and  Improved

properties

Synergistic ~ flame  retardant Optical issues
additive

Ablation resistance Dispersion difficulties

Dimensional stability

Ideally applications for nanocomposites are coming slowly [96], and these is due this to the new
technology cost and variability in the quality of some of the products. Another challenge faced by
researchers and manufactures of nanocomposite is pre-polymerization and post polymerization for

preparing nanocomposites [95]. At industrial level, pre-polymerization preparations can disturb
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the polymerization process, which is critical and requires time and expense to achieve good yields,
and post polymerization requires a lot of time to achieve a good dispersion of the nanoparticles in

the composite. This then becomes an expensive and low cost-competitive process.
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CHAPTER 3

3. Experimental

In this chapter, an overview of the experimental procedures that were adopted in pursuance
of this study is presented. Specifically, the preparation and characterization of the
nanocomposites that are used for the extraction of the targeted pollutants is documented.
The chapter concludes with a description of a study on the extraction of Cr(VI) and As(l11)

from aqueous solutions using the synthesized nanocomposites.

3.1.Chemicals and reagents

Pyrrole monomer (98%) with density 0,967g/cm?, poly(vinyl)alcohol (PvOH), ammonium
hydroxide (NHsOH), potassium dichromate (K2Cr.Oy), ferric chloride (FeCls), ferrous chloride
(FeClz) and NaAsO, were purchased from Sigma Aldrich, South Africa. Deionized water was
collected from the lab. Pyrrole was stored in a dark place prior to use. All chemicals used in the

experiment were of analytical grade.

3.2. Synthetic procedures

3.2.1. Preparation of the PPy-PvOH polymer blend

Different masses (1.0, 2.0, 3.0, and 4.0 g) of the PvOH were accurately weighed using an analytical
weighing balance (HR 250 A MODEL) as illustrated in Table 2.1 and dispensed into 50ml of
distilled water for 1 h at 90°C. The solution was then cooled down to room temperature using cool
water bath. To this mixture, of pyrrole (0.6 ml) was syringed using a micropipette and hand shaken
for 2 minutes. To initiate co-polymerization, anhydrous ferric chloride (5g) of was added to the
mixture, while shaking and this resulted in the formation of a black precipitate of polypyrrole-
polyvinyl alcohol blend. The black mixture was left for 5 hrs at room temperature for completion
of the polymerization process [2].
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Table 3.1: Calculation of the ratio of PvOH and PPy used for the polymer blend.

Pyrrole (ml) PVOH (g) PPy loading (g) PPy/PvOH (total) Ratio (PPy: PvOH)

0.6 mi 1g 2.799 3.799 74:26
0.6 ml 29 3.49¢ 5.49¢ 64:36
0.6 ml 3g 3.84g 6.84g 56:44
0.6 ml 49 4.365¢ 8.365¢ 52:48

The following equation was used for calculating the exact amount of PPy available in PPy/PvOH
blend

PPy = (PPyPvOH total) — PvOH
Y _ %100 OR PPy loading = 100 — (—221

PPy+PvOH PPy+PvOH

PPy loading = 100) (3.1)

3.2.2. Preparation of the iron oxide nanoparticles

Fe304 nanoparticles (NPs) were prepared by using a method described in the literature [1]. About
200 cm® of distilled water was measured and placed into a three necked flask. Nitrogen gas was
bubbled into this solution throughout the experiment. A 1:2 ratio of FeCls (5.2 g) and FeCl; (2.0
g), respectively, were dissolved in deaerated water (200 mL) and stirred for a period of 30 minutes.
This was followed by a drop-wise addition of the 1.5 mol/L solution of NH4OH (40 ml) under inert
and stirring conditions. The pH of the solution was monitored using a universal pH paper. When
the pH of 9 was reached, the solution was allowed to settle for 3 hours and the precipitate was
isolated using external magnetic field, followed by the decanting of the supernatant liquid. The
resulting wet nanogel was rinsed twice with water followed by freeze-drying for 24 hours to obtain
the nanocrystals. Figure 3.1 shows the experimental set-up for the preparation of the iron oxide

nanoparticles.
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Bubbling gas Precursor NHs+OH added Freeze dried

Figure 3.1: An image of the set up for the preparation of magnetite

3.2.3. Preparation of the FesOs-PPy-PvOH polymer nanocomposites

To fabricate the nanocomposites, a previously synthesized magnetite nano-powder (0.4g) was
dispensed into the PPy-PvOH polymer blend during copolymerization and thereafter ultra-
sonicated (Sciencetech, South Africa) for 30 minutes in order to achieve better dispersion of the
nanoparticles [1]. The precipitate of PPy-PvOH-Fe304 nanocomposite was washed repeatedly and
sequentially with distilled water and acetone to purify the material by removing any residual
oligomers. The resultant nanocomposites powder was freeze-dried for 24 hrs.

3.3.Characterization techniques

3.3.1. Fourier transform infra-red (FT-IR)

Fourier Transform Infra-Red (FT-IR) was used to evaluate the structures of compounds that were
synthesized and were measured using a Perkin—ElImer PE 1600 FTIR spectrophotometer [4]. The
KBr pellets were used to take the spectra in the range of 4000-400 cm™.
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3.3.2. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)

The morphology of the PPy-PvOH-FezO4 polymer nanocomposite was studied using scanning
electron microscopy (SEM), (JEOL model JSM 6260 LE) [5] and transmission electron
microscopy (TEM), (JEOL JEM-2100F) [6]. The SEM and TEM were operated with accelerating
voltage of 20 KV and 90 KV, respectively. The samples were coated with carbon for SEM analysis.

3.3.3. X-ray diffraction (XRD) studies

The crystalline and amorphous character of the FesO4 nanoparticles and the PPy-PvOH-Fe3O4
nanocomposite were investigated by using the Rigaku Ultima IV diffractometer. The XRD data

were collected at a 26 range of 20° to 90°.

3.3.4. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) (SDT-Q600) was used to study the thermal
decomposition of the samples. Thermal studies were conducted in a temperature range of 0 °C to

900 °C in a nitrogen atmosphere and a heating rate 10°C/min [7].

3.3.5. Brunauer—-Emmett-Teller (BET)

The changes in the surface area, pore size, and pore volume of the polymer matrix after the
formation of nanocomposite were monitored using the surface area and porosity analyzer
(Micromeritics, ASAP 2020) [8]. Measurements were taken through the nitrogen isothermal

adsorption technique.
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3.3.6. Inductive coupled plasma (ICP)

ICP-EOS is an analytical method utilized to detect trace metals such as Cr, As, Pb, and many
others [9]. The post adsorption concentration for both As(111) and Cr(V1) were analysed by ICP-
OES (700 series, Agilent technology) using Cr(VI) standard solution of wavelength 37,868 nm
corresponding to the maximum absorbance of Cr(IV) and As(l11) standard with a wavelength 19.3

nm corresponding the maximum absorbance of As(l11)
3.3.7. Zeta potential measurements

The Zetasizer is used to the measure the zeta potential and electrophoretic mobility in aqueous and
non-aqueous dispersions using Laser Doppler Micro-Electrophoresis. The charge on the surface
of an adsorbent is very important in order to explain the mechanism of interaction between the
adsorbent and the dye and it was calculated using zeta potential measurements at different pH
using Zetasizer Nano-ZS, ZEN3600 (Malvern Instruments Limited)[10].

3.4.Adsorption studies

3.4.1. Preparation of synthetic solutions contaminated with model pollutants of As(lll) and
Cr(VI)

To prepare the As(l1l) sample solution, a 100 ppm stock solution of As(I1l) was prepared by
dissolving NaAsO> (3.745 g) in deionized water (1000 ml). Similarly, the 100 ppm stock solution
of Cr(VI) was prepared by dissolving K2Cr207 (4.9 g) in deionized water (1000 ml). From the
stock solution 50 ppm to 150 ppm were prepared for As(l11) and 10 ppm to 50 ppm standards were
prepared for Cr(V1). The post adsorption concentrations of As(l11) and Cr(V1) were determined by
ICP-EQOS at their respective wavelength of 193 nm (corresponding to the maximum absorbance of
As(111)) and 37,868 nm (corresponding to the maximum wavelength of Cr(VI))

To analyze the As(lll) and Cr(VI) absorbance, 0.10 g and 0.12 g of PPy-PvOH-Fe304

nanocomposite was added to 10 ml of the different standards, respectively. The adsorbent was
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measured against the calibration standards. The adsorption efficiency of PPy-PvOH-Fe3O4

nanocomposite towards the Cr(V1) ions were calculated by using the following equation.

% Cr(VI)removal = 100 (3.1)

(Co-Ct) %
Co
PPy-PvOH-Fez04 nanocomposite where Co initial concentration of the Cr(V1) ions and Ct is

the equilibrium concentration of Cr(VI) at time t

3.4.2. Effect of pH

The adsorption capacity of the PPy-PvOH-FesO4 nanocomposite was determined by varying
the pH of the Cr(\V1) and As(I11) solution at a range of 2,4,8, and 12 while the other parameters
were maintained as explained in abovementioned experiment. The solutions used to control
pH of the solution were 0.125 M HCI and 0.125 M NaOH.

3.4.3. Effect of concentration

The effect of the initial concentration of the model pollutants on the adsorption capacity of the
PPy-PvOH-Fez04 nanocomposite was studied by varying the initial concentrations of As(l11) and
Cr(VI) ions from 50-150 ppm and 10-50 ppm respectively. The respective optimum masses of the
adsorbent, which were found to be 0.10 g and 0.12 g for As(I11) and Cr(\V1) , where kept constant
throughout the experiment. Furthermore, the experiment were conducted at pH 12 and reaction

time of 30 and 45 minutes for As(l11) and Cr(V1) experiments, respectively.

3.4.4. Effect of dosage

In order to investigate the effect of adsorbent mass on the rate of adsorption,150 ppm of As(l11)
and 30 ppm Cr(VI) solution were used as initial concentration at pH 12. To initiate the adsorption
process,PPy-PvOH-Fez04 nanocomposites (0.12g and 0.10g) were added into the 30 ppm solution

of Cr(V1) and 150 ppm solution of As(l11), respectively. The post adsorption concentration of each
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nanocomposite sample, the sample was then removed from the aqueous solution filtration using
Whatmann filter paper) and thereafter analyzed for the model pollutant at 5 minute intervals from
time t=0 up to time t=60 minutes. This experiment was subsequently repeated under similar
conditions using 0.01g, 0.02g, 0.03g, 0.04g, 0.10g, and 0.12g of PPy-PvOH-Fe304

nanocomposites

3.4.5. Effect of time

Time was also varied for adsorption capacity using PPy-PvOH-Fe304 hanocomposite with ratio

56:42:2 respectively. Time range of 5 15 3. 45 120 240 minutes was used.

3.5.  Adsorption isotherm models

An adsorption isotherm study was carried out using two isotherm models, namely Langmuir and
Freundlich isotherms models. More details are provided in the relevant discussion section in

chapter.
3.6.  Adsorption kinetics models

Adsorption kinetics studies consist of theoretical studies and gas adsorptions. The purpose of the
present work is to develop pseudo-first-order and pseudo-second-order models for sorption

processes from aqueous solutions by a general kinetic method.

3.7.  Swelling studies of the nanocomposites

The swelling properties of the PPy-PvOH-Fes04 nanocomposites were determined by immersing
the nanocomposite in distilled water at variable pH and time periods. 0.12g of nanocomposite
sample was accurately weighed and dispersed in 10ml deionised water over a period of time [3].

The swelling [S%] of the nanocomposite was calculated using the following equation:
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Mt—-Mo
Mo

where M is the mass of the swollen gel at time t and Mo is the dry gel at time 0.

5% =

100 (3.5)
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CHAPTER 4

4. Results and discussion

This chapter involves a discussion of results of this study. Specifically, the synthesis,

characterization and application of PPy-PvOH-Fe3O4 nanocomposites in the extraction of Cr(V1)

and As(I11) from aqueous solutions are discussed.

4.1.

Incorporation of FesO4 particles onto the PPy-PvOH blend to form FesOs-PPy-PvOH

polymeric nanocomposites
Synthesis of PPy-PvOH blend

PPy-PvOH polymer blend were synthesized by co-polymerization in the presence of FeCls

as an oxidant.
Synthesis of FesOgparticles

Fe304 nanoparticles (NPs) were prepared by using a method described in the literature [1].
About 200 cm?® of distilled water was measured and placed into a three necked flask.
Nitrogen gas was bubbled into this solution throughout the experiment. FeClz and FeCl;
were used as pre-cursors to initiate the synthesis.

Incorporation of FesOs particles onto the PPy-PvOH blend to produce the FezOs-PPy-

PvOH polymeric hanocomposites

Prepared magnetite nano-powder was dispensed into the PPy-PvOH polymer blend during
co-polymerization and thereafter ultra-sonicated (Sciencetech, South Africa) for 30

minutes in order to achieve better dispersion of the nanoparticles
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4.2.  Characterization of the PPy-PvOH polymer blend, FesOs and Fes304-PPy-PvOH

polymer nanocomposites

4.2.1. Fourier transform infra-red (FTIR) analysis

The results from FTIR analysis of magnetite (FesO4) nanoparticle illustrated in Figure 4.1, PPy-
PvVOH polymer blend, and FezOs-PPy-PvOH nanocomposite are shown in figure 4.2 above. A
strong adsorption peak of FesO4 is observed at 554 cm™ in the figure corresponds to Fe-O
stretching [1]. In Figure 4.2 FTIR analysis of PPy-PvOH was determined to observe the functional
group of the samples in which provided information regarding the formation of blend. At 1044
cm* the peak can be assigned to the C=C formation related to aromatic ring of PPy. The peaks at
1450 cm (C-N stretching vibration), 1292 cm™ (C-H in-plane deformation), 3185 cm™ (N-H in-

plane deformation), and at 3402 cm™ there is an overlap assigned to OH-functional group [2].

The FTIR spectra of PPy-PvOH-Fe30O4 was also analysed, the samples exhibit the characteristic
peaks of PPy-PvOH blend, of which a strong vibration band about 3185 and 3402 cm™ corresponds
to the overlapping absorption of NH and OH group of the blend composite respectively. It can be
noticed that the incorporation of Fe3O4 to blend causes some observable changes in the spectrum
of composites. It brings new absorption bands at 667 cm™ which exhibits Fe-O group and small
shift in the intensity of some absorption bands. The new absorption bands may be correlated to
defects brought by the ligand to metal charge-transfer reaction between the blend chains and Fe3O4
nanoparticle. From the results it can be concluded that the polymerization was carried out and the

Fe304 nanoparticles were successfully incorporated in the blend.

Table: 4.1 Summary table of IR spectra
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In Table 4.1, the wavenumber of Fe3O4 and PvOH-PPy-FesO4 nanocomposites are illustrated with

their corresponding

% TRANSMITTANCE

Compound Wavenumber (cmt) and Band Assignment
FesOa 1641 1568 - -
VvC=N str vN-H bend
PVOH-PPy-FesOs 3206-3210 | 1631-1629 | 1531-1536 | 3338
VN-H str VC=N str vN-H VN-H str
bend
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Figure 4.1: FTIR analysis of FesO4 nanoparticle
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Figure 4.2: FTIR analysis of PPy-PvOH blend, and Fe3O4-PPy-PvOH nanocomposite

Figure 4.3 illustrate the TGA analysis of Fe3O4 nanoparticle, PPy-PvOH polymer blend, and
Fe304-PPy-PvOH nanocomposite. The <10 nm sample of Magnetite (FesOs) is also indicated in
in Figure 4.3 with an indication of two degradation occurring in the stages at two different
temperature. The initial stage is observed at the region of 60 to 100°C with the weight loss of 2 %,
which is attributed to the loss of moisture. The second step of degradation at the range of 150 to
300°C attributes to the structural backbone, the elimination of the Fe-O, and Fe-OH functional

groups. From 300 to 900°C shows the residual of FesO4 nanoparticle that is left is around 55%

The PPy-PvOH (56:44) polymer blend thermal stability was also measured. The composite showed
similar characteristics at the first stage of degradation, with a gradual weight loss assigned to the
evaporation of water molecules at a range of 70 to 100°C. The second weight loss is at a range of
100 to 300°C which is assigned to degradation of the composite functional groups, including OH,
N-H, and C=C. The final stage of the (PPy-PvOH) polymer composite is attributed to the structural
back bone, with the elimination of C-H and C-C bonds.
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Finally PPy-PvOH-Fe304 (56:42:2) nanocomposite does not show any loss of water molecules but
instead, starts degrading at a high temperature of 320°C. The degradation of Fe-O, OH, N-H and,
C=C functional groups is observed at 320 to 650°C with a mass loss of 57% and no composition
is noticeable after 650°C, and residual left is around 40%. From the results it can be concluded
that the incorporation of the FesOs nanoparticle into the blend brought thermal stability to the
composite. Observations from figure 4.3 illustrates the thermal stability of the composite, which
shows that after the incorporation of the FesO4 nanoparticle, the composite degrades at a high

temperature of 330°C.

4.2.2. Thermo-graphic analysis (TGA) analysis
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Figure 4.3: TGA analysis of Fe3sO4, PPy-PvOH, and Fe3O4-PPy-PvOH
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4.2.3. Differential scanning calorimetry (DSC)

The results of measurement of the PPy-PvOH-Fe304 nanocomposite containing ratio with 2% of
magnetite present in the nanocomposite and the results of FezO4 are measured by means of DSC
method are presented in Figure 4.5 above. The DSC curve of FezO4 shows the low temperature
maximum at 70 °C which can be related to the elimination of absorbed water, whereas the two
maxima at higher temperatures of 225 °C and 323 °C are assigned to melting and the
decomposition of the functional groups (Fe-O and Fe-OH). The PPy-PvOH-Fe304 nanocomposite
does not show any low temperature maximum but the DSC curve of nanocomposite exhibits
endothermic maxima at about 417°C, 466 °C and 554 °C[3].
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Figure 4.1: DSC analysis of PPy-PvOH (56:44) polymer blend
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Figure 4.2: DSC analysis of the PPy-PvOH-Fe3O4 (56:42:2) nanocomposites and the filler

material

4.2.4. Zeta potential

The observed results of surface charge clear indicates that with the increase in pH, the surface
charge of Fe30s-PPy-PvOH nanocomposite decreases. The surface becomes more negative as the
pH increases. At pH 2 the zeta potential is measured to be -0.2 mV. At pH 12 zeta potential is
recorded to be -4.1 mV. To initiate adsorption, the adsorbent should be highly negative in order to
attract positively charged ions from the aqueous solution. Fe30s-PPy-PvOH nanocomposite is
expected to yield good efficiency at pH 12 for the removal of Cr(V1) and As(l11) since it has a high
negative at that point.
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Figure 4.1: The Zeta potential of FesOs-PPy-PvOH

4.2.5. Scanning electrode microscopy (SEM) analysis

Figure 4.7 shows the surface morphology of the synthesized (a) PPy-PvOH polymer blend and (b)
Fe304-PPy-PvOH nanocomposites. The images shows the flake like particles with holes in
between, clearly observed in image (c). The figure4.7 indicates rough surface morphology with
porous exhibition and good uniformity and adhesiveness samples. However, after the
incorporation of the FesO4 nanoparticle, small white spots were observed and can be related to the
FesOs nanoparticles dispersed in the PPy-PvOH matrix. Fez0s-PPy-PvOH nanocomposites
showed uniform distribution of the nanoparticle on the surface of the blend [3]. Figure 4.7.1 below
shows the EDS obtained for FezOs-PPy-PvOH nanocomposites which clearly indicated the

presence of all components (elements) for the formation of FezOs-PPy-PvOH nanocomposites.
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Figure 4.7. 1: An EDS image of Fe3sOs-PPy-PvOH
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4.2.6. Transmission electrode microscopy (TEM) analysis

Figure 4.8 shows the TEM imaging of Fe304-PPy-PvOH nanocomposite. In the image PPy-PvOH
forms two types of structures, one is neatly spherical which appears as light spots and the other
has semi-dark spots which can be attributed to PPy and PvOH respectively. PPy polymer seems to
have formed an inter-connection network to each other, and the PvOH assists in the formation of
the network. The darker spots observed in FesOs-PPy-PvOH nanoparticle image can due to the
presence of Fe3O4 nanoparticle.

Figure 4.8 1 TEM imaging (a) 200 nm Fe3Os-PPy-PvOH, and (b) 50 nm Fe304-PPy-PvOH

4.2.7. Brunauer—-Emmett—Teller (BET) analysis

The surface area and the particle size of FesOs nanoparticles and Fes3O4-PPy-PvOH
nanocomposites were achieved using BET analysis. The particles size was measured to be <10 nm
at pH 9 using 1.5 M NH4OH. The surface area of Fe3O4 nanoparticles was achieved at 50 m?/g.
Surface area of the polymer blend was found to be 0.2356 m#/g with Adsorption average pore
width (4V/A by BET) of 126.7589 (see Table 4.2). With the addition of FezO4 to the blend, there
was an increase of the surface area and pore size of the Fes04-PPy-PvOH nanocomposite. The
surface area of the FesO4-PPy-PvOH nanocomposite was found to be 1.2646 m2/g with Adsorption
average pore width (4V/A by BET) 130.7667 A
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Table 4.2: BET analysis showing the values obtained for surface area, pore size, and pore

volume of FesO:q filler, PPy-PvOH polymer blend and FesO4-PPy-PvOH nanocomposites

Sample Surface area Pore size Pore volume
FesO4 nanoparticle 50 m?g?t 300.537 A 0.034270 cmd/g
PPy-PvOH  polymer | 0.2356 m%g* 490.413 A 0.000747 cmd/g
blend

Fe304-PPy-PVOH 1.2646 m?g™ 417.470 A 0.004134 cm?/g
nanocomposites

4.2.8. X-ray diffraction (XRD) analysis

X-ray diffraction analysis was carried out to approve the crystalline nature of the FezOs
nanoparticles. The comparison of the XRD spectrum with the standard XRD data for bulk of
magnetite was confirmed from literature that the magnetite particles formed in our experiments
were in the form of nanocrystals, as proved by the peaks at 20 values of 23.13°, 32.88°, 35.76°,
47.03°, 54.59°, 58.45° and 63.34° equivalent to (111), (220), (311), (222), (400), (422) and (511)
[1] Bragg's reflections. The XRD results clearly show that the FezO4 nanoparticles formed by co-
precipitation method are crystalline in nature. It was found that the average size from XRD data
and using Debye-Scherer equation was approximately 10 nm. The average particle size of
magnetite nanoparticles synthesized by co-precipitation was measured using the Debye-Scherrer

equation:

= KA
~ fcosé

Where d is the mean diameter of nanoparticles, f is the full width at half-maximum value of XRD
diffraction lines, A is the wavelength of X-ray radiation source 0.15405 nm, 6 is the half diffraction

angle —Bragg angle, and K is the Scherrer constant with value from 0.9 to 1.
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Figure 4.9: The XRD pattern of Fe3O4
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Figure 4.10: The XRD pattern of PPy-PvOH polymer blend

The XRD pattern of Fe304-PPy-PvOH in figure 3.10 show some additional peak around 26 =
16.8°, 20.9°, 32°, 30.3°and 43.3° as reported in literature suggesting that the crystalline nature of
Fes304 imparts crystallinity to the semi-crystalline PPy-PvOH chains by the strong intermolecular
interaction between FesO4 chains and PPy-PvOH through the intermolecular hydrogen bonding
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[4]. The incorporated FesO4 nanoparticle showed all the peak in the polymer along with the
characteristic peak of PPy-PvOH [3].

PPy-PvOH-Fe3O4 nanocomposite
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Figure 4.11: The XRD pattern of Fe3sO4-PPy-PvOH nanocomposites

4.2.9. Swelling studies of Fe3O4-PPy-PvOH nanocomposites

In Figure 4.11, PPy-PvOH-Fe304 nanocomposite with ratio 56:42:2 was introduced to distilled
water in order to measure the swelling capacity of the material. The sample was measured over
time in hours. The analysis indicated a gradual increase at time range of 4 hours to 12 hours, with
an increase of about 270% of the swelling capacity. From 12 to 24 hours the nanocomposite
swellability increased drastically. The optimum swellability was reached at 24 hours. The
improvement in water solubility are due to the solubility of the complex formed during
polymerization of PPy and due to the binding of NH3" species which contributes to swelling and

the strong hydroxyl groups located on the polymer crystallite surfaces
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Figure 4.11: Swelling capacity of PPy-PvOH-Fe3O4 nanocomposite with ratio 56:42:2 in

deionized water

Figure 4.12 shows the swelling of PPy-PvOH-FesOs4 nanocomposite prepared at different
alkalinity in water [5]. The figure indicates that there is an overall increase in the swelling
percentage in the pH range 2 to 12. This may be due to the addition of hydrophilic polymer (PPy)
to PvOH which increases the water absorption due to binding of NHs* species which contributes
to swelling. Swelling is maximum at pH 12 and reach minimum swellability at pH 2. At low pH,
the high swellability can be due to amine groups (NHs*) of PPy being protonated; which favours
the chain [6]. At high pH, high swelling capacity may be due to the hydration water bonding, which
involves two Kkinds (strong and weak); the strong one contains OH™ groups sited on the polymer
crystallite surfaces, and the weak one contains other available OH™ groups. Water that has not
bonded with polymer OH" groups forms a condensation water species; it is located in the polymer

with an enhanced equilibrium swellability.
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Figure 4.12: Swelling capacity of PPy-PvOH-Fe3O4 nanocomposite with ratio 56:42:2 with
variation of pH

4.3.  Adsorption studies

4.3.1. Effect of pH

Figure 4.13 illustrates the variation of pH in Cr(V1) metal ions removal at 30ppm, contact time of
45 min. pH variation is one of the most important parameters controlling removal of metallic ions

from aqueous solutions
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Figure 4.13: pH dependent performance characteristics of PPy-PvOH-FesOs (56:42:2)
nanocomposite, on Cr(VI) and As(l11) adsorption, using 0.12g ; 0.10g; and 30 ppm and 150

ppm respectively

Fig. 4.13 shows the effect of pH on As(l1l) and Cr(VI) metals removal efficiencies using PPy-
PvOH-Fe304 nanocomposites adsorbent. The percentage of adsorption increases with pH to attain
a maximum at pH 12 for both metal ions. However, as pH decreases there is a drastic drop in the
adsorption efficiency. The maximum removals of Cr(V1) ions at pH 12 were found to be 91.3%
and the maximum removal of As(I11) was also obtained at pH 12 with 99.8 %. This may be due to

the swellability and the porosity of PPy-PvOH-Fes04 nanocomposites at pH 12.

4.3.2. Effect of pH of Cr(VI1) concentration using different polymer blend ratio

The effect of concentration was estimated using various ratio. The ratio was a combination of
PvOH polymer on PPy loading in the prepared polymer blend [7]. The sample was weighed and
the percentage was accurately calculated based on final mass weighed, indicated in figure 4.14.
The figure 4.14 above shows the percentage removal of Cr(VI). The polymer blend was labelled
based on the ratio of PPy to PvOH (wt %) as 74:26, 64:36, 56:44, and 52:48. These results were
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similar with a study of Muliwa et al (2016) [7], where by Py was used at 0.6 ml while the
nanoparticle content was varied at different masses. The effect of concentration was measured at
0.12g adsorbent dose, pH 2 and 45 min contact time. The effect of initial concentration on the
percentage elimination of Cr(V1) by PPy/PvOH polymer blend is illustrated in Figure 4.14. It can
be observed from the figure that the percentage elimination efficiency increases with the increase
of initial metal ions concentration, the percentage of removal is highly effective on 50 ppm initial
concentration after which percentage removal decreases slowly to below 60%. At lower initial
concentrations Cr(VI) metals have lower percentage removal. At higher initial concentrations of
metal ions, sufficient sites for adsorption are available for the uptake of the heavy metals ions.
Hence, the fractional adsorption is independent of initial metal ion concentration. The maximum

removal of Chromium is 96% at 50 ppm concentration using ratio 56:44
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Figure 4.14: concentration dependent performance characteristics of 74:26, 64:36, 56:44,
and 52:48 polymer blend on Cr(VI1) adsorption, temp 25 C at pH 2
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4.3.3. Effect of initial concentrations of Cr(VI) and As(l11)

The effect of concentration at 0.12g and 0.10g adsorbent doses for Cr(V1) and As(I11) respectively
was observed at pH 12 and 45 min contact time is shown in Fig 4.15. The effect of initial
concentration on the percentage removal of Cr(VI) and As(lll) by PPy-PvOH-Fe304
nanocomposites is shown in Figure 4.15. It can be seen from the figure that the percentage removal
of every dose increases with the increase in initial Cr(VI) ion concentration, the percentage
removal is highly effective on the 30 ppm initial concentration after which percentage removal
decreases as the concentration gradually decrease to an efficiency below 75% at dose 0.12g, this
is due to sufficient adsorption sites available for adsorption of the Cr(VI) metal ions at high
concentration and the adsorbent being negatively charged. At higher initial concentrations Cr(\V1)
metals drastically increase in percentage removal and at low initial metal ion concentrations. The
maximum removal of Cr(VI) ion is 90.3% at 30 ppm concentration. However, As(l11) shows a
major drop in percentage removal at 100 ppm and reaches optimal at 150 ppm with 100% removal

efficiency when the concentration is increased.
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Figure 4.15: Concentration dependent performance characteristics of PPy-PvOH-Fe3O4
56:42:2 nanocomposite, on Cr(VI) and As(l11) adsorption, temp 25 C at pH 12
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4.3.4. Effect of dose

The results for adsorptive removal of heavy metals with respect to adsorbent dose are shown in
Fig.4.16 over the range 0.02 to 0.12g, at pH 12 and 45 minutes contact time for Cr(VI) and for
As(l11) ion the range of dose and pH were kept the same but other parameters where different from
Cr(VI) ions. The concentration was 150 ppm with contact time of 30 min. The percentage removal
of Cr(VI) metal ions is observed to increase with the increase of adsorbent dose. There is a gradual
increase in percentage removal from 0.04 to 0.12g with adsorbent dose for Cr(VI) metal ions. The
optimum removal of Cr(V1) is 90.3% at 0.12 g dose amount of PPy-PvOH-Fe304 nanocomposites
adsorbent. The percentage removal of As(l11) reached optimal at 0.10g with percentage removal
of 97.5%. It is apparent that the percent removal of heavy metals increases rapidly with increase
in the dose of the adsorbents due to the greater availability of the exchangeable sites and
swellability characteristics. In figure 4.17 the graph illustrates the amount of Cr(VI) adsorbed in

mg/g . The amount of Cr(V1) adsorbed increases gradually with time and reach optimum at 45 min

with 1.2 mg/g.
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Figure 4.16: Dose dependent performance characteristics of PPy-PvOH-Fe3Os 56:42:2
nanocomposite, on Cr(VI) and As(l11) adsorption, temp 25 C at 30 ppm and 150 ppm
respectively, and pH 12
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Figure 4.17: Variation of Cr(VI) amount adsorbed with time using 56:42:2 PPy-PvOH-Fe304

nanocomposite.

4.3.5. Effect of contact time

Fig.4.18 shows the variation in the percentage removal of Cr(VI) and As(l11) over a period of time
range (5, 15, 30, 45, 60 min) using 0.12 g for Cr(V1) and 0.10g for As(l1l) of Fez0s-PPy-PvOH
nanocomposites adsorbent at pH 12 and 30 ppm Cr(VI) initial concentration and 150 ppm of
As(111). From figure 4.18 it can be observed that maximum removal of Cr(VI) ions were nearly
91,3% in 60 min at pH 12. The graph shows that as the time is increased the percentage removal
increases. For As(l1l) there is no much change in the in the removal efficiency. At 5 min the
percentage removal is about 95.6% and at optimal time the percentage only increased with 1% to
reach 96.8%.
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Figure 4.18: Time dependent performance characteristics of 56:42:2 nanocomposite, on
Cr(VI) and As(l11) adsorption at temp 25 °C, pH 12, 0.12g and 0.10g , 30ppm and 150ppm

respectively.

4.4.  Adsorption isotherm models

Some of the adsorptions transformation processes of various solid phases are time dependent. To
understand the dynamic interactions of Cr(VI) with FezOs-PPy-PvOH nanocomposite and to
calculate their outcome with time, understanding the kinetics of these processes is essential.
Various kinetic models, for example, Lagergren rate expression and pseudo second order models
have been utilized with the experimental adsorption data for the Cr and As(l11) onto FezOs-PPy-
PvOH nanocomposite. Hence, kinetic can be studied from the remaining metal ions concentration
in the aqueous solution. The study of adsorption kinetics defines the solution removal rate. To
examine the change in the concentration of Cr(VI) and As(lll) onto Fe30s-PPy-PvOH
nanocomposite with shaking time, the kinetic data of Cr(\V1) and As(I11) ions sorption onto Fez0:-
PPy-PvOH nanocomposite were subjected to Lagergren rate expression and pseudo second order

models
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4.4.1. Langmuir isotherm model

The Langmuir model is based on the assumption that maximum adsorption occurs when a saturated
monolayer of solute molecules is present on the adsorbent surface, that the energy of adsorption is
constant and that there is no migration of adsorbate molecules in the surface plane. The nonlinear

form of Langmuir isotherm is given by Gupta and Babu as:

1 1 1

qe - Q? KQ e

(4.0

Where Ce is the equilibrium concentration of metal in solution (mg/L), ge is the amount absorbed
at equilibrium, and K is the Langmuir constants, representing the maximum adsorption capacity
for the solid phase loading and the energy constant related to the heat of adsorption, respectively.
The constants in the Langmuir isotherm can be determined by plotting 1/ge versus 1/Ce which

gives a linear plot whereby Langmuir parameters can be extracted.

The equilibrium behaviour of adsorption processes has been widely described by the Langmuir
model. The Langmuir isotherm is useable only for monolayer sorption because it has a surface
with a finite number of identical sites [8]. A linear form of the Langmuir isotherm [9] is given by

equation 4.1 below

e ey L (4.1)

Where the constant Qo can be assigned for the adsorption capacity (mg/g), and k is the energy of
adsorption (L/mg) [9]. Whenever the plot fits a Langmuir isotherm, a plot of Ce/ge versus Ce is
linear Fig. 4.18 (a). The R? values show that the adsorption data for PPy/PvOH follows the
Langmuir model. The correlation coefficients are given in Fig. 4.18 (b) where N-H and O-H
functional groups have been applied for the uptake of Cr(VI) from aqueous solutions; and, the
results thoroughly followed the Langmuir adsorption model [10]. The important feature of the
Langmuir sorption model is the R.. RL a dimensionless constant stated to as an equilibrium
parameter for calculating whether a sorption system is satisfactory or disapproving [11]. The

constant R is calculated from the initial concentration by equation 4.2 below [12]. Since R ranges
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between 0 and 1, the adsorption is classified as favourable [12]. Favourable adsorption means that

adsorption takes place at specific homogeneous sites within the adsorbent [12].

1
RL =
1+KCo

(4.2)

Where K is related to the energy of adsorption (L/mg) and Co is the initial concentration.

4.4.2. Freundlich isotherm model

The Freundlich isotherm model is obtained from a correlation relating the adsorption of solutes
from a liquid to a solid surface and assumes that the adsorbent surface is heterogeneous, (e.g.
different sites with numerous adsorption energies are involved). The nonlinear form of Freundlich

isotherm is given by Choy, McKay and Porter as:

ge=KfCeln (4.3
Logarithmically equation (2.2) above can be transformed to:

logge = logKf + %logCe (4.4)
Where Kr and n are the Freundlich constants. A plot of log Ce vs. log ge yields a linear curve with
the intercept value of Ky and the slope of n. Kr Value shows the adsorption capacity of the
adsorbent; the slope 1/n specifies adsorption intensity. Freundlich isotherm model is commonly
used but does not provide much information on the monolayer adsorption capacity in contrast to

the Langmuir model.

The linearized logarithmic form of the Freundlich model is given by equation 3.4 [13];

Logqe = logKf + %logCe (4.4)
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Where Kk is the Freundlich constant and n is a dimensionless constant indicating the extent of
nonlinearity between analyte concentration and adsorption. A plot of log ge vs. log Ce is shown in
Fig. 4.19 (b) PPy/PvOH polymer blend and 4.20 (b) PPy-PvOH-Fe304 nanocomposites. The linear
plots with good correlation coefficients (>0.900) indicate that the adsorption conformed to the

Freundlich isotherm model.
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Figure 4.19: Linearized fits for (a) Langmuir and (b) Freundlich isotherm 150 ppm of As
(111), 0.10 g of 56:42:2 PPy-PvOH-Fe304 polymer nanocomposites
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Figure 4.20: Linearized fits for Langmuir and Freundlich isotherm 30 ppm of Cr (V1), 0.12
g of 56:42:2 PPy-PvOH-Fe304 nanocomposite, 25C
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Table 4.1: Isotherms constants and correlation coefficients for adsorption of Cr(VI) and
As(111) from aqueous solution
Sample Langmuir model Freundlich model

Qo K Re R? K N R?

PPy(56%) PvOH (44%) 1.4 0.08 0294 009981 1.13 0.16 0.9979
Polymer  composite  for

Cr(VI)

PPy (56%) PvOH (42%) 3.31 0.257 0.115 0.9859 0.082 0.403 0.9651
Fes04 (2%)

Nanocomposites for Cr(VI)

PPy (56%) PvOH (42%) 155 0.374 0.005 1 2915 0.403 0.7525
Fe304(2%)

Nanocomposites for As(I11)

4.5.  Adsorption Kinetics model

The adsorption kinetics of the pollutant uptake by the adsorbent in aqueous medium depends on
the contact time between the pollutant and the adsorbent. The adsorption process constitutes the
movement of the pollutant from aqueous solution to the external surface of adsorbent and then
from the adsorbent surface into the inner sites that are responsible for pore diffusion. The pseudo
first-order, pseudo second-order and intra-particle diffusion models were employed to understand

the adsorption mechanism.

The pseudo first-order Kkinetic rate [14] equation is expressed as follows:

log(q. — q¢) = l0gq. — ——t (4.5)

2.303
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where ge is adsorption capacity of pollutant onto adsorbent at equilibrium, gt is adsorption capacity
of the pollutant onto the adsorbent at time t, K1 (min) is the pseudo-first-order Kinetic rate

constant.

The pseudo second-order kinetic model is given by the following equation:

t 1 t
t__1 .t 4.6
¢ K292  qe (4.6)

where K2 is pseudo second-order kinetic adsorption rate constant.

The pseudo first-order parameters K1, ge and correlation coefficient (R2) were calculated from
Figure 4.5 and are described in Table 4.2. The inapplicability of this model was confirmed by the
disagreement between the estimated ge values and experimental values. The pseudo second-order
parameters Kz, ge and R2 were examined from the linear plot of t/qt vs t (Figure 4.21b) and they
are listed in Table 4.2. The good agreement of the pseudo second-order kinetic model is supported
by the high R> values and the similarity between the calculated and experimental adsorption
capacities. It can be seen that pseudo second-order rate constant decreases with an increase in the
initial pollutant concentration, which may be due to the competition amongst the pollutant
molecules for the nanocomposite surface active sites at a high initial pollutant concentration.

The transfer of pollutant from the outside surface to the pores of the adsorbent can be explained
by using the intra-particle diffusion model. The linear form of intra-particle diffusion kinetic model

IS given as:
q:. = Kst*/?2 + C (4.7)

where K3 is rate constant of intraparticle diffusion kinetic model, C is equal to the thickness of the
boundary layer.

First order is a reaction rate that depends on a single reactant and the value of the exponent is one,
it is expressed as
r = KJ[A]
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For a reaction to be second order the overall order should be two. One concentration squared may
be proportional to he rate of a second-order reaction r = k[A]?, or generally to the product of two

concentrations r=k[A][B]

The linear form of Lagergren et al, equation was used for pseudo-first-order as:
Kad
log(qe — qt) = logqe — ﬁt (4.8)

Where ge and gt refer to the amounts of Cr(V1) and As(I11) (ppm) adsorbed on the nanocomposites
at equilibrium time and time t (min), Kag representing the pseudo-first-order constant (min). The
rate constant, Kag and correlation coefficients for different concentrations of the Cr(V1) and As(I11)
ions were calculated from the linear plots of log (ge-qt) versus t. A best fit line was plotted and the
correlation coefficient (R?) was obtained as shown in Fig.4.20 and Fig 4.21. The correlation
coefficient did not fit, which indicated that the adsorption of Cr(VI) ions onto polymer
nanocomposites could not obey pseudo-first order kinetics on both occasion of As(l11) and Cr(VI)

adsorbate. The pseudo-second-order equation is expressed as [14]:

1 1 1
E_Z-'-;tl (4.9)

Where h= kge? (mg/g min) and k (g/mg min) is the pseudo second- order rate constant of

adsorption.
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Figure 4.21: First and Second order kinetic model of As(l11) removal from aqueous solutions
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Figure4.22: First and Second order kinetic model of Cr(V1) removal from aqueous solutions
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If the 2" order kinetics is applicable, the plot of t/q(t) versus t should shows a linear relationship.
Figure 4.22 (b) shows the plot for pseudo-2"-order model. The linear fit with correlation
coefficient, R = 0.986 for Cr(VI1) and R?= 1 for As(lIl) which illustrates that the adsorption
follows the pseudo-second-order model indicated in figure 4.21 (b). The correlation coefficients
for the second-order kinetic model are greater than 0.9 indicating the applicability of this Kinetic
equation and the second-order nature of the adsorption process of Cr(VI) ions and As(l11) on PPy-

PVOH-Fe304 (56:42:2) polymer nanocomposites.

The rate constant for Cr(VI) adsorption was measured from the gradient of the straight line
(Fig.4.22 b). The rate constant k = 0.257 min"* was measured from the gradient of the straight line
with a correlation factor of 0.9807. The mechanism suggests the assumption behind the pseudo-
second-order model that the Cr(VI1) removal process was because of chemisorption. The theory
behind the pseudo-second-order kinetic model was that the rate-limiting step is a chemisorption
involving valence forces through exchange of electrons between nanocomposite and Cr(VI).
Similarly, The rate constant for As(l11) adsorption was measured from the gradient of the straight
line (Fig.4.21 b). The rate constant k = 0.374 min! was measured from the gradient of the straight
line with a correlation factor equals to 1. The mechanism also suggested that the pseudo-second-
order model was carried out for As(111) removal process due to chemisorption. The theory behind
the pseudo-second-order kinetic model was that the rate-limiting step is a chemisorption involving

valence forces through exchange of electrons between nanocomposite and As(l11).
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CHAPTER 5

4. Conclusions and Recommendations

4.1. Conclusions

This study demonstrates the application of nanocomposite for the removal of highly toxic
hexavalent chromium [Cr (V)] ions from aqueous solution using polypyrrole-poly (vinyl) alcohol-
magnetite (PPy-PvOH-Fe304) nanocomposite as an adsorbent. First, Fes04 was prepared by co-
precipitation, using FeCls and FeCl> as precursors at a ratio 1:2. Furthermore, PPy-PvOH-Fe3z04
nanocomposite was synthesized via in situ polymerization in the presents of FeCls as an oxidant.
It was established that PPy loading in the nanocomposite depends on the ratios of the constituent
components during synthesis. X-ray diffraction (XRD) characterization revealed that the
nanocomposite is crystalline in nature regardless of the ratios alteration between the three
components. Fourier transform infra-red (FTIR) spectrum confirmed that indeed Cr (VI) was
adsorbed in the nanocomposite. SEM, TEM and Zeta potential confirmed the external, internal
morphology, and surface charge of the PPy-PvOH-FesOs nanocomposites, respectively.
Adsorption Kinetics studies were performed under batch operation mode and the influence of
PvOH polymer and magnetic content in the nanocomposite, individual constituent components,
adsorbent dose and initial Cr (VI) concentration were all explored at room temperature and
constant pH 12. It was revealed that the ratios of constituent components in the polymer blend
significantly increased the adsorption process whereby 56:42 PPy-PvOH nanocomposite
performed better [96%, 30 ppm] than 74:26, 64:36, and 52:48 polymer blend. The 56:44 polymer
blend performance was exemplary compared to its constituent components. Fe304 was introduced
to the blend in order to increase the polymer blend efficiency. However, a slight decrease in the
removal percentage was observed after adding 2% of FesO4 nanoparticle for Cr (V1) removal. This
may be due to particle agglomeration of the nanoparticle. Adsorption capacity of the
nanocomposite increased with increase in adsorbent dosage and increase in initial Cr(VI)
concentration and reached maximum at 91% removal efficiency of Cr(VI), however, As(IlI)
showed constant removal as the percentage of removal did not change drastically. When

adsorption kinetic data was fitted to both linear and nonlinear kinetic models, it was established
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that adsorption of Cr (V1) on PPy-PvOH-Fe304 is through a chemisorption process and that intra-
particles played a key role in controlling the adsorption process. Furthermore, results revealed that
by using 10 ml of 30ppm Cr (V1) aqueous solution with 0.12g at 45 minutes and pH 12 optimum
conditions, the Cr (V1) removal of was sufficient to achieve 91.3%. And also using 10 ml of 150
ppm of As(I1l) aqueous solution with 0.10g at 30 minutes and pH 12 optimum conditions. The
removal of As(I11) from aqueous solution was also sufficient and 100% removal under the optimal

conditions.

4.2. Recommendations

This research is at its early stages and therefore there were a number of challenges encountered
throughout the experimental studies, which prompt us to recommend the following for future
works. The morphology studies of the nanocomposites indicated that an incorporation of FezO4
NPs was not homogenously dispersed among the polymer matrix. Hence, it is important to improve
the surface chemistry properties of FesOs NPs by incorporating nanomaterial such as
functionalized carbon based material (graphene oxide and carbon nanotubes). This will result in
Fe3O4 NPs with improved properties; these include surface area, active sites (surface chemistry)
and their dispersion. These properties will minimize the agglomeration of FesO4 NPs within the
polymer thus enhancing the adsorption capacity for removal of heavy metals in wastewater.
Mostly, it is important to use real wastewater samples from the industries in order to gather more
information regarding the adsorption ability and selectiveness of this nanocomposites towards

removal of Cr (V1) ions and other heavy metals.
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