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ABSTRACT 

Deterioration of water quality due to the presence of toxic heavy metals in 

environmental water resources introduced by industrial pollution is a serious matter 

of concern today. Only around 20% of the global wastewater was properly treated 

until 2015. Furthermore, in developing countries, approximately 70% of the industrial 

wastewater is not properly discharged. Chromium is a common heavy metal 

contaminant with two major species that is the, trivalent Cr(III) and hexavalent Cr(VI). 

Due to its higher solubility and mobility in environments, Cr(VI) is highly toxic and 

carcinogenic while Cr(III) is an essential micronutrient in trace amount for mammals.  

 

Therefore, the objective of the study was to synthesize low-cost Fe0 nanoparticles 

(NPs) supported in polypyrrole (Ppy) to investigate their effectiveness in Cr(VI) 

removal from aqueous solutions. Moreover, the effect of temperature, contact time, 

pH, adsorbent dose, and effect of co-existing ions were assessed. Ppy/Fe0 

nanocomposite (NC) was characterized using various techniques such as attenuated 

total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR), field emission-

scanning electron microscopy (FE-SEM), high resolution-transmission electron 

microscopy (HR-TEM), Braunner-Emmet-Teller (BET) and X-ray diffractometry 

(XRD).  

 

An increase in Cr(VI) removal due to pH was observed when pH was increased, the 

removal decreased from 73 - 32% and the optimum was at pH 2.0. The kinetic 

adsorption data fitted the pseudo-second-order model. The adsorption isotherm 

followed the Langmuir isotherm model with the maximum sorption capacity of 305.8 

mg.g-1 at 25 ̊C and the adsorption process was endothermic. The specific surface 

area of the synthesized nanocomposite was calculated to be 80.53 m2.g-1 by the 

BET method. TEM images clearly showed the core/shell structure of the Ppy/Fe0 NC. 

Based on the findings from the study, it is hypothesized that results obtained may 

assist the wastewater treatment field with easy and safe removal of heavy metals 

from water. 

 

Keywords: Adsorption; nanocomposite; removal; wastewater; hexavalent chromium  
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CHAPTER 1 

INTRODUCTION 

 

1.1 General introduction 

One of the most important and basic natural resources is water [1]. Accessibility to 

clean and affordable water is a major challenge for the 21st century, and is 

considered one of the humanitarian goals [2]. It was estimated that 663 million 

people worldwide still used unimproved drinking water sources, including 

unprotected wells, springs and surface water in 2015 [3]. It is expected that the water 

supply will decrease by one-third in the coming years [4]. Groundwater has proven to 

be the most reliable source for meeting rural water demand in the Sub-Saharan 

Africa and supplies potable water to an estimated 1.5 billion people in the whole 

world. Nevertheless, groundwater resources are frequently vulnerable to pollution 

which lowers its quality [5].  

 

Waste streams from the leather tannery, metal-plating, mining, and power generation 

operations contain toxic heavy metals such as chromium (Cr), lead (Pb), cadmium 

(Cd), and mercury (Hg) [6]. Cr has great economic importance in industrial use, 

however, it is one of the heavy metal pollutants and in the last few decades, the 

amount of Cr in water has increased as a result of human activities [7]. Drinking 

water supplies in many geographic areas contain Cr(III) and Cr(VI) [8]. Cr(VI) is 

directly active as a carcinogen and, once ingested, it can travel to a variety of organs 

by ingestion [9]. Human contact with Cr(VI) is known to cause adverse health 

problems like liver damage, vomiting, pulmonary congestion, severe skin irritation 

and ulceration [10]. Some reported removal methods for Cr(VI) include adsorption, 

reverse osmosis, electrochemical precipitation, bioadsorption, foam separation, 

separation by freezing and evaporation [11]. These methods are sometimes 

expensive and often inefficient at low concentrations [12]. Among the several 

emerging technologies, the development in nanotechnology has proven to be an 

incredible potential for wastewater remediation and different other environmental 

water treatment challenges [13].  
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Nanotechnology is among the most progressive innovations in the world and it 

depicts a scope of advancements performed on a nanometre scale with far reaching 

applications as an empowering technology in different industries [14]. It is the ability 

to manipulate, measure and manufacture things at an atomic or molecular scale, 

usually between 1-1000 nanometres [15]. Currently, advances in nanoscale science 

and engineering suggest that nanomaterials (NMs) have great potential to improve 

water quality in a cost-effective way and at the same time, increasing the reduction 

level of water contaminants [16].  

 

Over the last decade, a great deal of research has focused on the removal of 

contaminants using the zero-valent iron nanoparticles (Fe0 NPs) due to its non-

toxicity, abundance, low cost, easy to produce, and also because its reduction 

process requires little maintenance. Due to the small particle size, large specific 

surface and high surface activity, Fe0 NPs have been considered to be an effective 

material for the removal of heavy metals [17]. A direct application of Fe0 NPs in 

water treatment system may cause iron pollution and loss of their particles due to 

their tiny particle size. Fe0 NPs are easily agglomerated which restricts their field of 

application [18]. Hence, it is necessary to load Fe0 NPs onto supporting materials for 

the treatment of pollutants [19]. The use of plants has proven to be an alternative to 

chemical and physical methods for the synthesis of NPs [20]. 

 

In this study rooibos extract was used to synthesize Fe0 NPs supported on 

polypyrrole (Ppy), denoted Ppy/Fe0 NC. Techniques such as attenuated total 

reflectance-Fourier transform Infrared spectroscopy (ATR-FTIR), field emission-

scanning electron microscopy (FE-SEM), high resolution-transmission electron 

microscopy (HR-TEM), X-ray diffractometry (XRD) and Braunner-Emmet-Teller 

(BET) and were used to characterize the nanocomposite (NC). Ppy was chosen due 

to its good environmental stability, non-toxicity, good biocompatibility and low cost. 

The performance of the obtained NC was investigated for removal of Cr(VI) from 

water. 

 

Aspalathus linearis (A. linearis) of the family Fabaceae, which is also known as 

rooibos, is a plant which originates in Southern Africa [21]. Rooibos has been used 
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for more than three centuries as a herbal tea by the local communities. Its phenolic 

composition gives it various health benefits such as antioxidant properties [22]. 

Spent rooibos biomass has been used as an adsorbent for dye removal [23]. 

 

1.2 Problem statement 

The world is faced with threatening challenges in meeting rising demands of clean 

water as the accessible supplies of freshwater are being reduced due to population 

growth, extended droughts and competing demands from a variety of users [24]. 

Heavy metal pollution is the most significant environmental problem nowadays, and 

endangers the lives of human beings worldwide [25]. Traditional treatment processes 

like ion exchange, electrochemical and chemical precipitation can be used for 

removal of heavy metal from inorganic effluent [26]. Nevertheless, these methods 

have drawbacks such as high reagent and energy requirements, incomplete metal 

removal and generation of toxic sludge or other waste products that need careful 

disposal [27]. 

 

North West province is predominantly a dry area with very few rivers running 

annually. The province therefore depends on underground water for both its 

domestic and industrial water requirements [28]. Gold mining activities in the North 

West province have been linked with varying levels of heavy metal contamination 

that have posed potential risks to residents of surrounding informal settlements[29]. 

Hence, there is a need of using low-cost nanocomposite (NC) for heavy metal 

removal in wastewater treatment to overcome the disadvantages of the conventional 

methods previously used.  

 

1.3 Research aim and objectives 

The aim of the proposed study was to synthesize Ppy/Fe0 NC for removal of Cr(VI) 

from aqueous solution. 

 

The objectives of the study were to: 

 Synthesize low-cost Fe0 NPs through the green synthesis method using rooibos 

plant extract. 

 Synthesize Ppy/Fe0 NC by an in-situ chemical oxidative polymerization method.  
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 Characterize Ppy/Fe0 NC using HR-TEM, FE-SEM, ATR-FTIR, BET, XRD and 

Malvern zetasizer. 

 Carry out batch adsorption studies - effect of pH, adsorbent dose, co-existing 

ions, adsorption kinetics, and adsorption isotherm on Cr(VI) removal by Ppy/Fe0 

NC. 

 

1.4 Outline of the dissertation 

This dissertation consist of five chapters 

Chapter 1: Gives a brief introduction of the study. It also highlights the global 

challenges concerning the quality of drinking water, and the aim and objectives of 

this study. 

 

Chapter 2: Provides a detailed literature review of the study. 

 

Chapter 3: Outlines all the materials used and the methodology followed.  

 

Chapter 4: Present the results and the discussion of the synthesized 

nanocomposite.  

 

Chapter 5: Focuses on the general conclusions drawn from the findings of the 

current research and provides recommendations for further studies. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Water treatment using nanotechnology 

It is estimated that 1.1 billion people lacked sufficient supply of drinking water as a 

result of growing population, the rising cost of potable water and variety of climatic 

and environmental concerns, according to World Health Organization (WHO) [1]. 

Nanotechnology is a significant field of modern research dealing with the design, 

synthesis and manipulation of particle forms with size between the range of 

approximately 1 – 1000 nm [2]. Nanomaterial characteristics preferable for 

wastewater applications include high activity for photocatalysis, antimicrobial 

properties for disinfection, high surface area for adsorption, super-paramagnetism for 

particle separation and other unique properties for water quality monitoring [3].  

 

NPs have high surface reactivity, a large surface area available for interaction with 

contaminants, and could provide cost-effective solution to many challenging 

environmental remediation problems [4]. Table 2.1 shows different NMs that can be 

used in water and wastewater treatment.  
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Table 2.1: Examples of potential applications of nanotechnology in water/wastewater 
treatment [5] 

Applications  Examples of 

nanomaterials 

Some of novel properties 

Adsorption  CNTs/nanoscale metal 

oxide and nanofibers 

 

High specific surface area and 

assessable adsorption sites, selective 

and more adsorption sites, short 

intraparticle diffusion distance, tunable 

surface chemistry, easy reuse 

Disinfection 

 

Nanosilver/titanium dioxide 

(Ag/TiO2) and CNTs 

Strong antimicrobial activity, low 

toxicity and cost, high chemical 

stability, ease of use 

Photocatalysis 

 

Nano-TiO2 and Fullerene 

derivatives 

Photocatalytic activity in solar 

spectrum, low human toxicity, high 

stability and selectivity, low cost 

Membranes  

 

Nano 

Ag/TiO2/Zeolites/Magnetite 

and CNTs 

Strong antimicrobial activity, 

hydrophilicity, low toxicity to humans, 

high mechanical and chemical stability, 

high permeability and selectivity, 

photocatalytic activity 

 

Various methods can be utilized for the synthesis of NPs, but these methods are 

broadly divided into two main classes i.e. bottom-up approach and top-down 

approach [6]. The top-down approach principally works with the material in its mass 

shape, and the size reduction to the nanoscale is then achieved by particular 

ablations, e.g., thermal decomposition, lithography, laser ablation, sputtering, 

etching, and mechanical milling[7]. In bottom-up approach, NPs can be synthesized 

with the use of chemical and biological techniques by self-assembling atoms to new 

nuclei which grow into a particle of nanoscale [8].  
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Lately, there has been growing interest in the synthesis of environmentally friendly 

NPs that do not produce toxic waste products during the production process. This 

can only be accomplished through mild synthesis processes of biological nature 

which are considered safe and environmentally safe for developing nanomaterial as 

an alternative to normal methods [9]. Among other methods of synthesizing NPs, 

plant extracts seem to be the best option[10]. 

 

2.2 Green synthesis 

The need for safer methods of the synthesis of NPs have led to the growing interest 

in biological ways which are free from the use of toxic chemicals as by-products [11]. 

Various methods have been studied to synthesize NPs such as co-precipitation, sol-

gel synthesis, micro emulsion, and the reduction of metals to NPs [12]. However, 

these methods are often extremely costly and not environmentally friendly because 

of the use of hazardous, toxic and combustible chemicals which may possibly cause 

environmental and biological risk as well as high energy requirement [7]. The green 

synthesis of NPs has been proposed as a cost-effective, environmentally friendly 

and can be used to substitute the chemical and physical methods [13]. Green 

synthesis of NPs occurs with the help of reducing and stabilizing agents [14]. 

 

Green synthesis of NPs is a form of bottom-up approach that occurs mainly via 

oxidation and reduction processes [15]. This method makes use of aqueous extracts 

with high reduction abilities, which are obtained from natural products such as tea 

and bush extracts [16]. Metal compounds are reduced into their respective NPs by 

the antioxidant and reducing properties of plant extracts [17]. Plant metabolites such 

as terpenoids, polyphenols, sugars, alkaloids and phenolic acids have proven to play 

an important role in the reduction of metal ions into NPs and in supporting their 

successive stability as shown in Figure 2.1 [18]. The green synthesis method 

requires the use of water as an environmentally friendly solvent because water is 

more biocompatible than organic solvents [19]. 
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Figure 2.1: Synthesis of metallic NPs using plant extracts [20]. 
 

There are a number of plants that have been used to synthesize metallic NPs as 

presented in Table 2.2. Utilizing plants for the synthesis of NPs is emerging as an 

advantageous method compared to microbes because of the presence of variable 

bio-molecules in plants that can act as capping and reducing agents thus increasing 

the rate of reduction and stabilization of NPs [21]. Moreover, plant and plant derived 

materials eliminate the culture maintenance and are easy to handle [22]. 

 

Table 2.2: Plant extracts used for nanoparticles synthesis 

Plant Nanoparticle Size (nm) Reference 

Allium sativum Ag 12  [23] 

Opuntia ficus indica Ag-Cu 10 – 20  [24] 

Tie Guanyin tea Fe 6.58 ± 0.78  [25] 

Aloe vera Au 15.2 ± 4.2  [26] 

Acalypha indica Ag 20 – 30  [27] 
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2.3 Chemistry of Chromium 

Chromium is a chemical element found in the periodic table with atomic number 24 

and has symbol Cr. It is a steel-grey, hard, lustrous metal that has a high melting 

point (1 907 ̊C) [28]. It is a transition element located in the group VI-B of the 

periodic table with a ground-state electronic configuration of Ar 3d54s1. Louis 

Vauquelin who is a French chemist is first person to discover Cr in the Siberian red 

lead ore (crocoite) in 1798 [29]. It was named chromium (Greek chroma, “colour”) 

because of the various colours found in its compounds. Cr is the earth's 21st most 

abundant element (about 122 mg/L) and the sixth most abundant transition metal 

[30]. 

 

2.4 Chromium species 

Cr can exist in several chemical forms displaying oxidation numbers from 0 to VI. 

However, only two of them, Cr(III) and Cr(VI) are stable enough to exist in the 

environment [31]. The intermediate states: Cr(II), Cr(IV), Cr(V) are unstable products 

in oxidation and reduction reactions of Cr(III) and Cr(VI), respectively. 

 

Cr(III) 

Cr(III) exists in natural waters as hydrolyzed Cr(H2O)4OH2+ form and complexes. It is 

an essential micronutrient in the body and combines with various enzymes to 

transform protein, sugar and fat [32]. Cr(III) is strongly sorbed to mineral surfaces 

and sparingly soluble under acidic conditions [33]. Generally, Cr(III) compounds are 

relatively immobile and poorly soluble as compared to highly mobile, soluble and, 

consequently, more bioavailable Cr(VI) compounds [34]. 

 

Cr(VI) 

Cr(VI) occurs as highly soluble and toxic chromate anions (Cr2O7
2− or HCrO4

−), 

which causes vomiting, epigastric pain, nausea, hemorrhaging, severe diarrhea and 

is suspected to be mutagenic and carcinogenic [35]. Cr(VI) occurs in different ionic 

forms (HCrO4
−, CrO4

2− and Cr2O7
2−) at different pH ranges. HCrO4

− is the main form 

of Cr(VI) at pH < 6.0, and it converts into CrO4
2− with the increase in pH ( > 6.0) [36]. 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/mineral-surface
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The species distribution of Cr(VI) in aqueous solution at different pH values is 

illustrated in Figure 2.2 [37]. 

 

Figure 2.2: Cr(VI) species distribution at different pH [38]. 

 

2.5 Application and toxicity of chromium 

Water pollution by Cr is of considerable concern, as this metal is used in various 

applications [39]. Cr is widely used in electroplating, metal finishing, leather tanning, 

nuclear power plant as well as textile industries and occurs naturally at high 

concentrations in ultramafic rocks, hence it is a common contaminant in surface and 

groundwater [40].  

 

Cr has a potential to accumulate inside the human body and greatly affect the health 

of individuals. When Cr level reaches 0.1 mg/g body weight, it can ultimately become 

lethal [41]. United States Environmental Protection Agency (U.S EPA) has identified 

Cr(VI) to be one of the 17 chemicals posing great threat to human health [42]. The 

acceptable limit of Cr(VI) from industrial effluents to be discharged to surface and 

potable water is 0.1 and 0.05 mg/L, respectively [43]. According to World Health 

Organization (WHO), long term exposure of Cr(VI) levels of over 0.1 mg/L causes 

respiratory problems, liver and kidney damage [44]. 
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2.6 Overview of Asphalathus linearis 

Rooibos, Aspalathus linearis (Family Fabaceae; tribe Crotolarieae), is a hardy shrub 

that grows between 1.5 and 2 m in height with bright green, needle-shaped leaves 

and small, yellow flowers [45]. It is native to the Cedarberg region in the North-West 

of Cape Town, South Africa, where local communities have been using it for 

centuries to brew tea [46]. After harvesting, the needle-like leaves and stems can 

either be bruised and fermented before drying or can be dried immediately. The 

unfermented product remains green in colour and is called green rooibos. During 

fermentation, the colour changes from green to red with oxidation of the constituent 

polyphenols, so the final product is often referred to as red tea or red bush tea as 

shown in Figure 2.3 [47].  

 

 

(a) 

 

(b) 

 

(c) 

Figure 2.3: (a) Rooibos plant, (b) fermented rooibos leaves and (c) unfermented 

rooibos leaves. 

 

The caffeine-free and relatively low tannin status of rooibos, combined with its 

potential health-promoting properties, most particularly antioxidant activity, 

contributes to its popularity [48]. Rooibos tea is not only consumed for the pleasure 

of its taste and aroma, but also for its medicinal properties. Rooibos has been found 

to alleviate dermatological problems, allergies, asthma, infantile colic and other 

gastrointestinal complaints, such as nausea and heartburn [49]. It is usually used for 

children suffering from allergic skin conditions, such as eczema and nappy rash. 

Rooibos tea is believed to increase appetite, therefore, it is very popular among 

mothers whose babies have difficulty breastfeeding in some of the rural black 

communities in South Africa [50]. As depicted in Figure 2.4, rooibos extract contains 
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among others, two unique phenolic compounds, namely dihydrochalcone C-

glucoside, aspalathin, aspalalinin and a cyclic dihydrochalcone [51]. 

 

 

Figure 2.4: Some of the major bioactive molecular compounds within the rooibos 

extract [52]. 

 

Kanu et al. [53] studied the biosorption of Pb(II) using rooibos shoot powder (RSP). 

The effect of experimental parameters such as solution pH, initial Pb(II) 

concentration, contact time, adsorbent dosage and temperature were investigated on 

biosorption process. The results showed that pH 6.7 was the most favourable and 

that biosorption uptake decreased with increasing biosorbent dosage and increased 

with increasing Pb(II) concentration. The outcomes from this analysis showed that 

RSP may be used as an eco-friendly, low-cost, and effective biosorbent for the 

removal of Pb(II) from environmental wastewaters. 
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2.7 Choice of polymer 

Conducting polymers such as polyaniline, polypyrrole, polythiophene, etc. have 

attracted considerable attention in many applications [54]. Recently, researchers pay 

their attention on Ppy in adsorption due to its useful properties for adsorbent 

synthesis, good environmental stability, non-toxic nature, good biocompatibility and 

relatively low cost [55]. Ppy is poorly dispersed in water and has a the tendency to 

agglomerate in irregular morphology, which occasionally reduces the surface area, 

hence, some researchers have focussed on the fabrication of nanostructured Ppy or 

Ppy based NCs with large surface area for highly efficient removal of contaminants 

from water [56]. Ppy offers a good potential for its applications in adsorption or 

filtration separation due to the existence of positively charged nitrogen atoms as 

shown in Figure 2.5 [57]. To maintain charge neutrality, some of the counter anions 

present in the polymerization solution are incorporated into the growing polymer 

during the polymerization [58]. 
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Figure 2.5: A probable mechanism for the removal of Cr(VI) ions from aqueous 
solution [59]. 

 

Figure 2.6 depicts that when Ppy is treated with an acid or alkali solution, it can 

proceed in protonation or deprotonation processes, resulting in doping or dedoping 

of counter ion. As a consequence of reversible transformation capability, adsorbents 
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based on Ppy can be regenerated in the adsorption process [60]. The ability of Ppy 

to reversibly change between its charged and neutral state has made it possible for it 

to be used as a functional material in the manufacture of ion-selective membranes, 

in the making of pH sensors and biosensor [58].  
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Figure 2.6: Protonation/deprotonation technique of Ppy [61]. 
 

2.8 Adsorption as an efficient method for removing pollutants 

Adsorption is a mass transfer process which involves the accumulation of 

substances at the mixing of two phases, such as, liquid–liquid, gas–solid, gas–liquid, 

or liquid–solid interface [62] and becomes bound by physical and/or chemical 

interactions. It is a partition process in which few components of the liquid phase are 

relocated to the surface of the solid adsorbents [63]. The solute retained (on the solid 

surface) in adsorption processes is called adsorbate, while the solid on which it is 

retained is called as an adsorbent [64]. The properties of adsorbates and adsorbents 

are quite specific and depend upon their constituents. The constituents of 

adsorbents are mainly responsible for the removal of any particular pollutants from 

wastewater [65]. Since adsorption is a surface phenomenon, nanoadsorbents offer 

high sorption efficiency and rapid process kinetics due to their large surface area and 

easily accessible sorption sites [66].  

 

Many treatment techniques such as adsorption, ion-exchange, membrane 

separation, electrodialysis and chemical precipitation (Figure 2.7) have been applied 
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for the elimination of Cr(VI) from aqueous solutions [67]. Despite their high efficiency 

and usefulness, these techniques also have some disadvantages that limit the 

application, such as considerable toxic waste production, high cost, and huge energy 

consumption [68]. Among them, adsorption is the most cost-efficient and a promising 

method due to its simplicity, flexibility and high efficiency in industrial application [69]. 

Adsorption method relies on several materials for decontaminating water, commonly 

used adsorbents are activated carbon, chitosan, zeolite and clay minerals [70].  

 

 

Precipitation 

 

 

 

                      Electrodialysis 

Membrane separation 
Adsorption 

Figure 2.7: Some of the methods for pollutant removal [71]. 

The constituents of adsorbents are mainly responsible for the removal of any 

particular pollutants from wastewater [72]. The mechanism of adsorption is divided 
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into three steps (a) diffusion of adsorbate to adsorbent surface, (b) migration into 

pores of adsorbent and (c) monolayer build-up of adsorbate on the adsorbent. Figure 

2.8 presents the process of adsorbate distribution. Adsorption mechanism starts by 

the diffusion of adsorbate on the adsorbent surface through intermolecular forces 

between adsorbate and adsorbent. The second step includes migration of adsorbate 

into pores of adsorbent. In the last step, when the adsorbate’s particles are 

distributed on the surface and filled up the volume of pores, particles of adsorbate 

are building up the monolayer of reacted molecules, ions and atoms to the active 

sites of adsorbent [73]. 

 

 

                     (a)                                      (b)                                         (c)   

Figure 2.8: Adsorption mechanism [73]. 

 

Factors affecting the adsorption process are: 

 initial concentration of adsorbate 

 solution pH 

 temperature 

 surface area 

 dose of adsorbent [72].  
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2.9 Adsorption isotherm models 

An adsorption isotherm is an invaluable curve describing the phenomenon 

controlling the release or mobility of a substance from the aqueous porous media or 

aquatic environments to a solid-phase at a constant temperature and pH [74]. The 

adsorption isotherm is a fundamental source of information on the adsorption 

process. The analytical forms of adsorption isotherm equations depend on the type 

of the surface phase that can be considered as a monolayer or multilayer, and as 

localized, mobile [75]. The connection between adsorbate and adsorbent can be 

explained by adsorption isotherms and provides the parameter for designing a 

desired adsorption isotherm model [76].  

 

Equilibrium studies determine the capacity of the adsorbent and describe the 

adsorption isotherm by constants which values express the surface properties as 

well as affinity of the adsorbents. The relationship between equilibrium data and 

either theoretical or practical equations is important for interpretation and prediction 

of the extent of adsorption [77]. Langmuir and Freundlich models are the most 

commonly used adsorption isotherms even though they were first introduced over 90 

years ago [78]. 

 

2.9.1 Langmuir isotherm model 

The Langmuir isotherm assumes that adsorption occurs at specific homogeneous 

sites within the adsorbent without any interaction between the adsorbed substances 

[79]. Graphically, a plateau distinguishes the Langmuir isotherm. Therefore, at 

equilibrium, a saturation point is reached where no further adsorption can occur [80].  

Once a site is filled, no further sorption can take place at that site. As such the 

surface will eventually reach a saturation point where the maximum adsorption of the 

surface will be achieved [81]. The linear form of the Langmuir isotherm is described 

in Eqn. (1): 

𝐶𝑒

𝑞𝑒
=  

𝐶𝑒

𝑞𝑚
+  

1

𝐾𝐿𝑞𝑚
                                                                                                          (1) 

Where qm is the maximum adsorption capacity (mg/g) and KL is a Langmuir constant 

related to the energy of adsorption [82]. A further analysis of the Langmuir equation 
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can be made on the basis of a limitless equilibrium parameter, RL, also known as the 

separation factor, given by Eqn. (2):  

RL = 
1

1+𝑏𝐶0
                                                                                                                   (2) 

2.9.2 Freundlich isotherm model 

The Freundlich isotherm gives an expression which defines the surface 

heterogeneity and the exponential distribution of active sites and their energies [83]. 

This  model is considered to be appropriate for describing both multilayer adsorption 

and adsorption on heterogeneous surfaces [84]. The linear form of the Freundlich 

isotherm is as in Eqn. (3): 

  log 𝑞𝑒 = log 𝐾𝑓
1

𝑛
log 𝐶𝑒                                                                                               (3) 

 
where n is the heterogeneity factor denoting the adsorption intensity and KF 

[L/g(mg/L)–1/n] is the Freundlich constant [85].  

 

2.10 Kinetic models 

Kinetics is the study of the rate of chemical processes to understand the factors that 

influence the rate. Chemical kinetics study includes careful monitoring of the 

experimental conditions which influence the speed of a chemical reaction and hence, 

help achieve equilibrium in a reasonable length of time [86]. The kinetic parameters 

are useful in predicting the adsorption rate which can be used as important 

information in designing and modelling of the adsorption operation. The kinetics of 

removal of metal ions is fully explained in the literature using pseudo-first-order and 

pseudo-second-order kinetic models [87]. 

 

2.10.1 Pseudo-first order 

Lagergren described liquid–solid phase adsorption systems which consisted of the 

adsorption of oxalic acid and malonic acid onto charcoal as early as 1898 [88]. The 

kinetic data were treated with the Lagergren first-order model, which is the earliest 

known one describing the adsorption rate based on the adsorption capacity [89]. 

Lagergren pseudo-first order kinetic model is mathematically expressed by Eqn. (4): 



 

21 
 

log (qe-qt) = log qe - 
𝐾1

2.303
 t                                                                                         (4) 

where, qe and qt are the amounts of adsorbed Cr(VI) (mg/g) at equilibrium and at 

time t (min), respectively, and k1 (1/min) is the adsorption rate constant of pseudo-

first order kinetic model [90]. 

 

2.10.2 Pseudo-second order 

In study of adsorption kinetics, pseudo-second order kinetic equation has been most 

widely used to describe time evolution of adsorption under non equilibrium conditions 

[91]. Pseudo-second order kinetic model is given by Eqn. (5): 

𝑡

𝑞𝑡
=  

1

𝐾2𝑞𝑒
2 + 

1

𝑞𝑒
                                                                                                    (5) 

where qt is Cr(VI) uptake at time t, and k2 is the second order rate constant. From 

pseudo second kinetic model, the initial sorption rate, h0 (mg/g/min) can be defined 

by Eqn. (6) [92]: 

h0= k2qe
2 (t → 0)                                                                                                   (6) 

 

2.11 Current research approach 

A number of studies have been done on Ppy NC for removal of pollutants in water. 

Some of them are discussed below. 

 

In a study by Bhaumik et al. [93] Ppy/Fe3O4 magnetic nanocomposite was 

synthesized via in-situ oxidative polymerization of Py monomer using FeCl3 oxidant 

in aqueous medium in which Fe3O4 NPs were suspended. Up to 97% of the 

adsorbed fluoride on the Ppy/Fe3O4 NC was desorbed at pH 2. The adsorbent 

retained the original adsorption capacity after one complete adsorption-desorption 

cycle, confirming the reusability of the NC for fluoride removal. 

 

Setshedi et al. [94] prepared exfoliated polypyrrole-organically modified 

montmorillonite clay nanocomposite via in-situ polymerization of Py monomer for 

adsorption of toxic Cr(VI) from aqueous solution. The study revealed that adsorption 

of Cr(VI) increased with an increase in temperature and optimum Cr(VI) removal was 
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achieved at pH 2. Langmuir adsorption isotherm model fitted the data well and the 

maximum adsorption capacity was found to be 119.34 mg/g at 298 K.  

 

Kera et al. [95] reported 100% Cr(VI) removal at pH 2 using Ppy-PANI/Fe3O4 NC. 

The study revealed that co-existing ions did not affect Cr(VI) removal and that the 

NC was highly selective in the presence of other cations and anions. It was 

concluded that the incorporation of Fe3O4 NPs into Ppy-PANI NC resulted in a 

reusable magnetic adsorbent with a high adsorption capacity and selectivity for 

Cr(VI). 

 

2.12 Concluding remarks 

The literature reviewed herein has revealed that the traditional methods of 

synthesizing NMs for heavy metal contamination using chemical and physical 

methods have drawbacks such as production of toxic by-products and being 

expensive. It is for that reason that the cost-effective and environmentally friendly 

method of developing NC for Cr(VI) is of utmost importance. 

  

https://www.sciencedirect.com/topics/chemical-engineering/nanoparticles
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CHAPTER 3 

METHODOLOGY 

3.1 Materials 

Pyrrole monomer (Py) (98 %) and anhydrous ferric chloride (FeCl3) were purchased 

from Sigma–Aldrich (South Africa). Py was distilled under vacuum for purification 

and stored in the refrigerator until use. Potassium dichromate (K2Cr2O7) was 

obtained from Minema Chemicals (South Africa). Ferrous sulphate heptahydrate 

(FeSO4·7H2O) was acquired from Glassworld chemicals and suppliers (South 

Africa). Stock solution (1000 mg/L) of Cr(VI) was prepared by dissolving a pre-

determined amount of K2Cr2O7 in deionized water. Other chemicals used in this 

study were of analytical grade. Dried rooibos leaves were purchased from Checkers 

Hyper (South Africa). 

 

3.2 Experimental methods 

3.2.1 Preparation of Rooibos extract 

Rooibos leaves was extracted according to a modified procedure by Diallo et al. [1]. 

Dry leaves (15 g) of rooibos were weighed and transferred into 250 mL of deionized 

water in a beaker. The mixture was heated for 2 hrs at 80 oC and a deep orange 

coloured extract was formed during heating. The solution was left to cool at room 

temperature. Furthermore, the deep orange extract was filtered and stored in a 

refrigerator until further use. 

 

3.2.2 Synthesis of Fe0 NPs using rooibos extract 

Green synthesis method adapted from Wang et al. [2] was utilised for the 

preparation of NPs. For this purpose, rooibos extract was mixed with 0.1 M 

FeSO4·7H2O solution and there was an immediate colour change from deep orange 

to black, indicating the formation of Fe0 NPs. The solution was left to stir overnight. 

The resulting mixture was centrifuged and washed several times with deionized. 

Furthermore, it was dried at 60 °C using vacuum oven to obtain the Fe0 NPs. 
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3.2.3 Synthesis of adsorbent 

Ppy/Fe0 NC was prepared via in-situ chemical oxidative polymerization of Py 

monomer in the presence of FeCl3 oxidant. During the synthesis process, the amount 

of Fe0 NPs was varied from 0.1 - 0.2 g with the aim of optimizing the NC for an 

efficient Cr(VI) sorption. For polymerization, these amounts of Fe0 NPs were added 

into 80 mL of deionized water in separate 100 mL conical flasks and ultrasonicated 

for 30 min for better dispersion of the Fe0 NPs. Subsequently, 0.8 mL of Py monomer 

was syringed to each flask, followed by addition of 0.6 g of FeCl3. The mixture was 

stirred for 3 hrs at room temperature. The black product formed was then filtered and 

washed with deionized water until the filtrate became colourless and finally with 

acetone. The NCs were dried at 60 °C for 8 hrs in a vacuum oven. The total masses 

of the NC after drying were 1.0602 g, 1.1050 g and 1.1248 g for the Fe0 NPs loading 

percentages of 18.86 %, 13.57 % and 8.89 %, respectively. The NCs were termed 

Ppy/Fe0 NC1, Ppy/Fe0 NC2 and Ppy/Fe0 NC3 for 18.86%, 13.57% and 8.89% of Fe0 

NPs loading, respectively. 

 

3.3 Characterization instruments 

3.3.1 Ultraviolet-visible (UV-vis) spectroscopy 

Absorbance of Cr(VI) solution was carried out using UV-vis spectrophotometer 

(Perkin Elmar Lambda 750). The samples were analysed in the range 650 - 450 nm. 

Deionized water was used as a blank reference. 

 

3.3.2 Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) 

spectroscopy 

ATR-FTIR spectroscopy analysis of Fe0 NPs, Ppy/Fe0 NC before adsorption and 

Ppy/Fe0 NC after adsorption was carried out using a Spectrum 100 

spectrophotometer (Perkin Elmer, USA) equipped with a germanium crystal and an 

ATR accessory. The spectra were recorded in the 4000 - 400 cm-1 range with the 

resolution of 4 cm-1 and a number of scans per spectrum at 16.  

 

3.3.3 X-ray diffraction (XRD) spectroscopy 

XRD patterns for the Ppy/Fe0 NC were obtained from a PANalytical X’Pert PRO-

diffractometer (PANalytical, The Netherlands), which uses CuKα radiation (𝜆 = 

1.5406 Å) at 45 kV/40 mA and 2𝜃 values ranging between 5 and 90 ̊.  
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3.3.4 Field emission-scanning electron microscopy (FE-SEM) 

The surface morphology, structure and elemental composition of the Ppy/Fe0 NC 

and Ppy homopolymer were investigated using FE-SEM (Auriga Cobra focused-ion 

beam FIB-SEM). The samples were carbon-coated for SEM analysis and images 

were obtained using a JEOL-JSM 7500F (USA). 

 

3.3.5 High resolution-transmission electron microscopy (HR-TEM) 

High-resolution-transmission electron microscope (HR-TEM) was used to investigate 

the internal morphology of Ppy/Fe0 NC. Samples for HR-TEM were dispersed in 

ethanol by ultrasonication and dropped onto a carbon coated copper grid. TEM 

studies were performed on a JEOL-JEM 2100 (Japan) microscope operated at 200 

keV. 

 

3.3.6 Malvern Zetasizer 

The average particle size of the NPs was determined by using Malvern Zetasizer 

(Nano ZS; Malvern Instrument, Malvern, United Kingdom) at 25 oC. The NPs were 

filtered using polytetrafluroethylene (PTFE) 0.45 µL pore size membrane and 

experiment was done in triplicate. 

 

3.3.7 Brauner-Emmett-Teller (BET) surface area analysis 

BET analysis provides precise specific surface area evaluation of materials by 

nitrogen multilayer adsorption measured as a function of relative pressure using a 

fully automated analyzer. The technique includes external area and pore area 

evaluations to determine the total specific surface area in m2/g yielding important 

information in studying the effects of surface porosity and particle size in many 

applications. BET surface area measurements were obtained from a Micromeritics 

ASAP 2020 gas adsorption apparatus (Micromeritics, USA) by using the low-

temperature N2 adsorption–desorption technique.  
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3.4 Optimization of adsorbent  

A comparison of the Cr(VI) removal efficiencies of Fe0, Ppy homopolymer, and 

Ppy/Fe0 NC was done to determine which adsorbent has the highest removal 

efficiency. The results indicated that Fe0 NPs, Ppy and Ppy/Fe0 NC had Cr(VI) 

removal efficiencies of 50.05, 43.14 and 70.4 %, respectively. Ppy/Fe0 NC had 

higher Cr(VI) removal efficiency as compared to Fe0 NPs and Ppy homopolymer. 

This might be due to the existence of Ppy polymer matrix around the Fe0 NPs, which 

increased the mass transfer resistance and then prolonged the time for Fe0 to 

contact with Cr(VI). Consequently, Ppy/Fe0 NC was chosen as the optimized 

adsorbent for Cr(VI) removal in the study. 

 

3.5 Batch adsorption experiments 

Batch adsorption studies were performed to study the effect of adsorption 

parameters such as adsorbent dose, solution pH, initial Cr(VI) concentration, 

temperature and co-existing ions on Cr(VI) adsorption by Ppy/Fe0 NC. To evaluate 

these parameters, different concentrations of Cr(VI) solution were prepared by 

diluting the K2Cr2O7 stock solution (1000 mg/L). For adsorption equilibrium 

experiments, a fixed amount of Ppy/Fe0 NC (0.025 g) was contacted with 50 mL of 

Cr(VI) solution in 100 mL plastic bottles in a thermostatic shaker agitated at a speed 

of 200 rpm for 24 hrs. Thereafter, the samples were filtered using syringe filters and 

the residual Cr(VI) concentration was measured by the Perkin Elmer Lambda 35 

UV–vis spectrometer at 540 nm using 1,5-diphenylcarbazide method. The effects of 

pH, contact time, adsorbent dose and temperature on Cr(VI) adsorption capacity 

were explored. The Cr(VI) percentage removal was determined using Eqn. (7): 

% removal = 
𝐶𝑜−𝐶𝑒

𝐶𝑜
 × 100                                                                                           (7) 

Where Co and Ce are the initial Cr(VI) concentration and the equilibrium Cr(VI) 

concentration, respectively, in mg/L.  
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3.5.1 Effect of different compositions of the Ppy/Fe0 NC 

Assessment of the effect of different compositions of the Ppy/Fe0 NC on removal of 

Cr(VI) from water was done by contacting 50 mL of 200 mg/L Cr(VI) solution (pH 2) 

with 0.2 g of Ppy/Fe0 NC1, 015 g of Ppy/Fe0 NC2 and 0.1 g of Ppy/Fe0 NC3 in 100 

mL plastic bottles. The bottles were placed in a thermostatic shaker, set at 25 °C and 

shaken for 24 hrs at 200 rpm. Thus, NC2 which resulted in highest % Cr(VI) removal 

efficiency was chosen for all the experiments. 

 

3.5.2 Effect of pH 

The effect of pH on Cr(VI) adsorption by the Ppy/Fe0 NC was studied by varying the 

solution  pH from 2.0 - 12.0. The pH of Cr(VI) solution was adjusted using HCl or 

NaOH solutions of concentrations 0.01 - 1M.  

 

3.5.3 Effect of contact time 

In a typical kinetics study, a mixture of Ppy/ Fe0 NC (0.5 g) and Cr(VI) solution (50 

mL, pH 2), was stirred in a temperature-controlled water bath at 25 oC. Aliquots (6 

mL) were collected at time zero and at selected time intervals, and filtered. For 

kinetic studies, the capacity of the adsorbent qt at time t was obtained using Eqn. (8):  

qt = 
(𝐶𝑜−𝐶𝑡 ) 𝑉

𝑚
                                                                                                                (8) 

where qt (mg/g) is the amount of Cr(VI) adsorbed per unit mass of adsorbent at time 

t and ct (mg/L) is the Cr(VI) concentration at time t. 

 

3.5.4 Effect of temperature 

Adsorption isotherm data was generated by performing experiments at 25, 35 and 45 

oC. At a given temperature and pH 2.0, the initial Cr(VI) concentration was varied 

from 50 to 500 mg/L. The equilibrium sorption capacity was determined using Eqn. 

(9): 

qe = 
(𝐶𝑜−𝐶𝑒  ) 𝑉

𝑚
                                                                                                             (9) 

where qe is the adsorption capacity of Cr(VI) adsorbed, m is the mass of adsorbent 

and V is the sample volume (L). 
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3.5.5 Effect of adsorbent dose 

The effect of Ppy/Fe0 NC dosage on adsorption of Cr(VI) was examined by varying 

the mass of adsorbent from 0.025 - 0.1 g. The Cr(VI) initial concentration was 200 

mg/L and pH 2.0. The sample volume was 50 mL. The adsorption procedure was 

similar to that for the effect of pH.  

 

3.5.6 Adsorbent regeneration studies 

Adsorbent regeneration studies were carried out in order to investigate the potential 

re-usability of spent Ppy/Fe0 NC. In this study, Cr(VI) was loaded onto Ppy/Fe0 NC 

by shaking the adsorbent (0.025 g) with Cr(VI) solution (50 mL, 200 mg/L, pH 2) in 

plastic bottles for 24 hrs. The Cr(VI) loaded Ppy/Fe0 NC was treated with 50 mL of 

Na2CO3 solution (0.1 M) by shaking for 24 hrs to desorb the Cr(VI) from the 

adsorbent. The adsorbent was regenerated after desorption by shaking with 2 M HCl 

for 4 hrs. Three treatment cycles were carried out in order to study the potential of 

re-using Ppy/Fe0 NC for Cr(VI) removal from aqueous solution. All the adsorption, 

desorption and regeneration steps were performed in a temperature controlled 

shaker set at 25 °C. 

 

3.5.7 Effect of co-existing ions 

The effect of co-existing ions (Cu2+, Zn2+, Co2+, Ni2+, Cl
−
, NO3

−
, PO4

2- and SO4
2-) 

were selected at different concentrations in solutions on Cr(VI) adsorption by 

Ppy/Fe0 NC. In a typical experiment, 50 mL of 200 mg/L Cr(VI) solutions containing 

the ion of interest was contacted with of Ppy/Fe0 NC (0.025 g) by shaking for 24 hrs 

in a thermostatic shaker at 25 °C. The concentration of the co-existing ions in the 

Cr(VI) solution was varied from 50 - 200 mg/L. After equilibrium was reached the 

solutions were filtered and the Cr(VI) concentration of the solutions determined as 

previously described.  
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CHAPTER 4 

RESULTS AND DISCUSSION 

SECTION 1: Characterization of Fe0 NPs, Ppy and Ppy/Fe0 NC 

 

4.1 ATR-FTIR 

The ATR-FTIR spectra of Fe0 NPs, Ppy/Fe0 NC before and Ppy/Fe0 NC after 

adsorption are shown in Figure 4.1. The spectra displayed a stretching vibration at 

1600 cm-1 for the -C=C, 1000 cm-1 for C-O-C absorption peak. A broad peak in the 

range of 3000 - 3500 cm-1 appeared in the spectra of Fe0 NPs and the Ppy/Fe0 NC 

after adsorption which corresponds to the -O-H of the polyphenols. Moreover, the 

broad peak in the Ppy/Fe0 NC after adsorption had its intensity decreased due to the 

Ppy polymer matrix. Peak shifting were observed in the Ppy/Fe0 NC after adsorption 

as compared to the Ppy/Fe0 NC before adsorption. This clearly showed that a 

chemical reaction has taken place. Interestingly, a small peak at 1500 cm-1 in the 

Ppy/Fe0 NC before adsorption disappeared in the Ppy/Fe0 NC after adsorption. 

Another peak at around 500 cm-1 appeared in the Ppy/Fe0 NC after adsorption which 

is not present in the Ppy/Fe0 NC before adsorption. Peaks observed between 850 - 

1000 cm-1 in the Fe0 NPs spectrum corresponds to –C=H and –CH2 bending of the 

aromatic groups present in the plant extract, which are being adsorbed by the NPs in 

the form of polyphenols during its synthesis. All these groups present in the surface 

of NPs act as stabilizing agents after its synthesis. 
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Figure 4. 1: ATR-FTIR spectra of Fe0 NPs, Ppy/Fe0 NC before and after adsorption. 
 

4.2 X-ray diffraction 

The XRD was used to confirm the incorporation of Fe0 NPs in the Ppy matrix upon 

the synthesis of the NC before and after adsorption and the results are shown in 

Figure 4.1. A broad peak at approximately 2θ = 25° was observed in Ppy/Fe0 NC 

before adsorption, which is a characteristic peak of amorphous Ppy matrix [1] and a 

strong peak at 2θ = 44.8° corresponding to the 110 plane for crystalline Fe0 NPs [2]. 

It is interesting to notice that the peak at 2θ = 25° in the Ppy/Fe0 NC after adsorption 

has disappeared. This may be due to the adsorption of Cr(VI). Additionally, the broad 

shoulder peaks at 2θ = 10° in the spectra of Ppy/Fe0 NC before and after adsorption 

was proposed to be as a result of the presence of organic materials like polyphenols 

and flavanoids from leaf extract which are responsible for capping/stabilizing the Fe0 

NPs [3].  
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Figure 4. 2: XRD patterns of Ppy/Fe0 NC before and after adsorption. 

 

4.3 SEM analysis 

Figure 4.2 presents the surface morphology of the Ppy and Ppy/Fe0 NC obtained 

using FE-SEM. The Ppy image shows that the Ppy homopolymer consists of highly 

agglomerated spherically shaped particles (see Figure 2(a)), which is similar to 

previous studies by Ballav et al. [4] and Bhaumik et al. [5]. Upon NC formation, it is 

noticeable that the particle size was reduced as is shown in Figure 4.3(b). After an 

in-situ polymerization process, an agglomeration of smaller sizes were observed in 

Ppy/Fe0 NC. Moreover, the NC displayed some interstices between particles which 

could influence the increase in metal adsorption. These findings are similar to a 

study done by Kera et al. [6] where Ppy was modified with m-phenylenediamine 

(mPD). The surface morphology of the nanocomposite after polymerization did not 

change. 
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Figure 4. 3: SEM images of a) Ppy homopolymer and b) Ppy/Fe0 NC. 

 

4.4 EDX 

The energy dispersive X-ray (EDX) was utilized to confirm the adsorption of Cr(VI) 

ions by Ppy/Fe0 NC before and after adsorption as depicted in Figure 4.4. For 

Ppy/Fe0 NC before adsorption, the spectrum showed peaks due to C, O and Cl 

appearing at 0.3, 0.5 and 2.62 keV, respectively. It is interesting to note that after 

adsorption of Cr(VI), the nanocomposites showed two additional peaks at 5.4 and 

5.8 KeV for Cr. These peaks suggest successful adsorption of Cr(VI) ions onto the 

Ppy/Fe0 NC. 

(A) (B) 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/adsorption
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Figure 4. 4: EDX of Ppy/Fe0 NC before and after Cr(VI) adsorption. 

 

4.5 TEM analysis 

The HR-TEM was used to examine the structure of the prepared Ppy/Fe0 NC, as 

depicted in Figure 4.5 (a) and (b). The figure shows that Fe0 NPs are distributed 

across the Ppy polymer matrix. The darker core is Fe0 NPs and light coloured shell is 

amorphous Ppy polymer. TEM image shows a composite layered structure 

comprising of a dense metallic centre enclosed by a thin layer. Similar findings were 

reported by Bhaumik et al. [7] describing that the Fe3O4 NPs were embedded in the 

Ppy matrix for the Ppy/Fe3O4 NC. 
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Figure 4. 5: HR-TEM images of Ppy/Fe0 NC. 

 

4.6 Particle size of Fe0 NPs 

Malvern Zetasizer was used to measure the particle size of the synthesized NPs. 

Figure 4.6 shows the size distribution of the NPs. The NPs have a mean size of 

121.9 nm. The obtained results indicated that the Fe0 NPs are entirely within the 

nanoscale range. These results are similar to a study by the Katata-Seru et al.[8] 

were Moringa oleifera leaves (MOL) and Moringa oleifera seeds (MOS) were used to 

synthesize FeNPs for nitrate removal from water. The particle size found was in the 

range 138-474 nm. 

(A) (B) 
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Figure 4. 6: Particle size distribution of Fe0 NPs. 

 

4.7 BET 

The surface area of the Ppy/Fe0 NC was measured from the BET method using the 

N2 adsorption-desorption curves. The BET specific surface area, average pore 

volume and average pore diameter, were found to be 45.13 m2/g, 14.72 cm3/g and 

0.12 nm, respectively. In comparison, Kera et al. [6] found BET specific surface area, 

average pore diameter, and average pore volume of 5.0 m2/g, 49.45 nm and 0.01 

cm3/g respectively, for Ppy. Therefore, these results show that the incorporation of 

Fe0 into Ppy resulted in a significant increase in the BET surface area and average 

pore volume, and a corresponding decrease in the average pore diameter. The 

increase in BET surface area corresponds well to the smaller particle size observed 

from the SEM image of Ppy/Fe0 NC. 
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SECTION 2: Evaluation of the Ppy/Fe0 NC on Cr(VI) adsorption 

 

4.8 Effect of pH 

The pH of a solution is one of the most important parameters that governs metal 

adsorption on an adsorbent, due to its controlling effect on the nature of the physico-

chemical interaction of the species in the solution and the adsorption sites of the 

adsorbents [5]. The effect of initial solution pH on Cr(VI) removal efficiency by 

Ppy/Fe0 NC is shown in Figure 4.6. The pH studies were carried out between 2.0 - 

12.0, the adsorption of Cr(VI) by Ppy/Fe0 NC largely depends on the pH of the 

solution. As the pH of the solution was increased, the Cr(VI) removal decreased (73 - 

32%). A reduction in the removal efficiency at higher pH values may be due to the 

deprotonation of the nitrogen atoms of the Ppy matrix and competitive interaction 

between Cr(VI) anions and hydroxyl ions molecules present in the reaction solution 

[9]. The high removal observed at low pH is probably due to reduction of Cr(VI) to 

Cr(III) [10]. 

 

Figure 4.7: Effect of pH on Cr(VI) removal using Ppy/Fe0 NC. 
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Furthermore, the maximum Cr(VI) adsorption by Ppy/Fe0 NC was achieved at pH 

2.0. At pH 2 – 6, the most prevailing Cr(VI) species in solution are the HCrO4
- and 

Cr2O7
2- oxyanions, which become CrO4

2- as the pH increases above 6 as seen in 

Figure 4.7 [11].  

 

Figure 4.8: Cr(VI) speciation in an aqueous environment as a function of Cr(VI) 

concentration and pH [12]. 

 

4.9 Effect of adsorbent dose 

The effect of adsorbent dose was performed in order to determine the minimum 

amount of Ppy/Fe0 NC required to remove all the Cr(VI) from the solution at pH 2.0 

(200 mg/L, 50 mL) and the results are depicted in Figure 4.8. The removal efficiency 

increased from 60.78% - 98.81% with an increase in Ppy/Fe0 NC dose from 0.01 - 

0.1 g as a result of accessibility of more adsorption sites for Cr(VI). As the Ppy/Fe0 

NC dose was increased from 0.05 g - 0.1 g, the removal efficiency remained 

constant as the Cr(VI) in solution was the limiting factor. An adsorbent dose of 0.05 g 

per 50 mL of 200 mg/L Cr(VI) solution was therefore the optimum adsorbent mass 

required for complete removal of Cr(VI) from solution. In a similar study to investigate 

the effect of adsorbent dose on Cr(VI) removal, Kera et al. [1] used Ppy/DABSA and 

found that 0.05 g of Ppy/DABSA composite for the treatment of 50 mL of a 100 mg/L 

Cr(VI) solution was required for 100% removal of Cr(VI) from aqueous solution. At 

lower adsorbent concentration number of active sites in PpyFe0 NC is higher. With 

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjl-vz3iurcAhVF0RoKHYLjDPoQjRx6BAgBEAU&url=https://www.hindawi.com/journals/jpol/2013/798368/fig6/&psig=AOvVaw2AvSo8VKaojD4O2R5gmpDv&ust=1534251435732600
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increasing the adsorbent dosage, there is formation of aggregate of particles, which 

has a greater influence on the Cr(VI) uptake [13]. 

 

Figure 4.9: Effect of adsorbent dose on Cr(VI) removal by Ppy/Fe0  NC. 

 

4.10 Adsorption isotherm 

Adsorption isotherms provide a crucial information about interaction between the 

adsorbent and adsorbate, as well as to evaluate the maximum capacity of the 

adsorbent [14]. The isotherm studies were performed at pH 2 and various 

temperatures of 15, 25, and 45 ̊C for the removal of Cr(VI) using Ppy/Fe0 NC and the 

results are presented in Figure 4.9. It can be seen that the adsorption capacity 

increased with increasing the temperature. This may result from an increase in 

thermal energy of the adsorbing species which leads to higher adsorption capacity 

[15]. The Cr(VI) adsorption capacity increased with temperature suggesting the 

endothermic nature of the adsorption process.  
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Figure 4.10: Effect of temperature on Cr(VI) removal by Ppy/Fe0 NC. 

 

In this study, the adsorption data were fitted into two commonly used isotherm 

models, namely, Langmuir and Freundlich models. The non-linear forms of Langmuir 

and Freundlich models are presented in Eqs (10) and (11), respectively [16]. 

𝑞𝑒

𝑞𝑚
=  

𝑏𝐶𝑒

1+𝑏𝐶𝑒
                                                                                                             (10) 

𝑞𝑒 =  𝐾𝑓𝐶𝑒
1/𝑛

                                                                                                             (11) 

where qm (mg/g) is the Langmuir maximum adsorption capacity, KF (mg/g) is the 

Freundlich constant related to the adsorption capacity, b (L/mg) is the Langmuir 

constant related to the energy of adsorption, and 1/n is the Freundlich constant 

related to the intensity of adsorption. Eqs (12) and (13) present the linear forms of 

Langmuir and Freundlich models, respectively [17]: 

𝐶𝑒

𝑞𝑒
=  

𝐶𝑒

𝑞𝑚
+  

1

𝐾𝐿𝑞𝑚
                                                                                                                                  (12) 

 ln 𝑞𝑒 = ln 𝐾𝑓
1

𝑛
log 𝐶𝑒                                                                                                 (13) 
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Figure 4.11: Fit of data to linearized Langmuir isotherm model. 
 

 

Figure 4.12: Fit of data to linearized Freundlich isotherm model. 
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Figure 4.13: Fit of data to Langmuir and Freundlich isotherm kinetic model. 

 

The isotherm data obtained was further analysed by using both Langmuir and 

Freundlich models (linear and non-linear) which are illustrated in Figures 4.10 – 4.12. 

Table 4.1 presents the parameters calculated by fitting the data to the Langmuir and 

Freundlich isotherm models. From the correlation coefficient (R2) values obtained, it 

is noticeable to observe that the Langmuir isotherm model gave a better description 

of adsorption data in this study, with higher R2 values for the linear and non-linear 

fitting. A higher value of n (n > 1) indicates favourable adsorption, whereas n < 1 

represents poor adsorption characteristics [18]. These results also suggest that 

Cr(VI) adsorption occurs by the formation of a monolayer in a finite number of 

identical adsorption sites on a homogeneous surface. 
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Table 4. 1: Isotherm parameters for Cr(VI) adsorption by Ppy/Fe0 NC 

Isotherm model Temperature 
 

  

  
 

      

15 °C 25 °C 45 °C 

Langmuir    

Linear 
 

    

qm 202.02 305.8 505.05 

b 0.54 0.33 1.17 

R² 0.99974 0.99915 0.99991 

Non-linear       

Best-fit values       

qm 201.6 309.7 480.6 

b 0.579 0.3059 16.26 

Std. Error       

qm 0.8691 13.85 23.33 

b 0.0271 0.09332 5.222 
95% Confidence 
Intervals       

qm 199.6 - 203.6 277.7 - 341.6 426.8 - 534.4 

b 0.5165 - 0.6415 0.09071 - 0.5211 4.213 - 28.30 

Goodness of Fit       

Degrees of Freedom 8 8 8 

R² 0.9952 0.7927 0.8458 
Absolute Sum of 
Squares 46.1 9130 30071 

Sy.x 2.401 33.78 61.31 

Number of points       

Analyzed 10 10 10 

Freundlich       

Linear       

KF 109.185 0.928 278.8 

n 8.686 3.031 7.88 

R² 0.76742 0.97372 0.72378 

Non-linear       

Best-fit values       

KF 121.8 161 303.9 

n 10.77 8.388 9.578 

Std. Error       

KF 12.92 29.57 25.21 

n 2.419 2.649 1.693 
95% Confidence 
Intervals       

KF 92.03 - 151.6 92.85 - 229.2 245.8 - 362.0 

n 5.195 - 16.35 2.281 - 14.50 5.675 - 13.48 

Goodness of Fit       
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Degrees of Freedom 8 8 8 

R² 0.773 0.6221 0.8651 
Absolute Sum of 
Squares 2178 16646 26295 

Sy.x 16.5 45.62 57.33 

Number of points       

Analyzed 10 10 10 

Units: qm = maximum adsorption capacity (mg/g), n = adsorption intensity,KF = 
adsorption capacity (mg/g), b = Langmuir constant (L/mg). 

 

The adsorption capacity of Ppy/Fe0 NC was compared with other adsorbents 

reported in literature [5, 19-23] in Table 4.2. It can be observed that the adsorption 

capacity of the Ppy/Fe0 NC is relatively higher than other adsorbents. The results 

shows that PpyFe0 NC is therefore a promising adsorbent for the removal of Cr(VI) 

from aqueous solutions due to its high adsorption capacity and relatively easy and 

low-cost synthesis. 

 

Table 4. 2 : Comparison of the Cr(VI) adsorption capacity of Ppy/Fe0 NC with other 

adsorbents 

Adsorbent qm (mg/g) Optimum pH Reference 

Ppy/OMWCNTs 294 2 [5] 

Ppy-OMMT 119.34 2 [19] 

Ppy-PANI  227 2 [20] 

Ppy-Fe3O4/rGO 293.3 3 [21] 

Ppy/Fe3O4 208.77 2 [22] 

PAN/Ppy 61.80 2 [23] 

Ppy/Fe0 NC 305.8 2 Present work 

 

4.11 Adsorption kinetics 

The effect of contact time on Cr(VI) adsorption is depicted in Figure 4.13. At low 

initial concentration, the adsorption capacity increased quickly with an increase in the 

concentration of Cr(VI). However, there was a delay in tendency of increase at high 

initial concentration. The reason could be that most of the adsorption sites had been 

occupied and it was difficult for Cr(VI) anions to enter the vacant sites for adsorption 

[24]. The figure shows that Cr(VI) adsorption capacity increased with an increase in 
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contact time and with an increase in initial concentration. For the initial Cr(VI) 

concentration of 25 mg/L, equilibrium was reached within 75 min. The time required 

to reach equilibrium increased with an increase in initial concentration from 50 - 100 

mg/L. 

 

Figure 4.14: Effect of contact time on Cr(VI) removal by Ppy/Fe0  NC. 

 

In order to investigate the adsorption kinetics further, the pseudo-first-order and 

pseudo-second-order kinetic model were applied to evaluate the adsorption process 

of Cr(VI). Figure 4.14 and 4.15 shows the linear fit of the pseudo-first-order and 

pseudo-second-order kinetics, while Figure 4.16 represents the non-linear pseudo-

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

pseudo-second-order kinetic model areas shown by Eqs. (14) and (15), respectively 

[25]: 

𝑞𝑡= 𝑞𝑒 (1−𝑒−𝑘1𝑡)                                                                                                        (14) 

 

𝑞𝑡
= 

𝑘2𝑞𝑒
2𝑡

1 + 𝑘2𝑞𝑒𝑡

                                                                                                              (15) 

 
where qe (mg/g) and qt (mg/g) are the adsorption capacities at equilibrium and time t 

(min) and k1 (1/min) and k2 (g/mg/min) are the pseudo-first-order and pseudo-
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second-order rate constants, respectively. Eqs. (16) and (17), respectively 

represents the linear forms of the pseudo-first order and pseudo-second order kinetic 

models [26]: 

log (qe-qt) = log qe - 
𝐾1

2.303
 t                                                                                       (16) 

𝑡

𝑞𝑡
=  

1

𝐾2𝑞𝑒
2 + 

𝑡

𝑞𝑒
                                                                                                       (17) 

From pseudo second kinetic model, the initial sorption rate, h0 (mg/g/min) can be 

defined as [27]: 

h0= k2qe
2 (t → 0)                                                                                                    (18) 

 

Figure 4.15: Fit of data to linearized pseudo-second order kinetic model. 
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Figure 4.16: Fit of data to linearized pseudo-second order kinetic model. 

 

 

Figure 4.17: Fit of data to pseudo-first-order and pseudo-second-order kinetic 
models. 



 

55 
 

It can be observed from Table 4.2 that the high values of the correlation coefficients 

(R2), for the linear and non-linear pseudo-second-order model gave better 

description of the Cr(VI) adsorption by Ppy/Fe0 NC compared to pseudo-first-order 

model. The data fitted the pseudo-second order better that the pseudo-first order. 

 

Table 4.3: Kinetic parameters for Cr(VI) adsorption by Ppy/Fe0 NC 

Kinetic model Initial Cr(VI) concentration     

          
  25 ppm 50 ppm 75 ppm 100 ppm 

Pseudo first order 
Linear 

        

        

qe 3.89 7.599 11.309 8.733 

k1 0.0565 0.249 0.019 0.0129 

R² 0.95092 0.61549 0.50183 0.47881 

Non-linear         

Best-fit values         

qe 48.47 86.28 117.3 136.3 

k1 0.1703 0.07318 0.0282 0.08586 

Std. Error         

qe 0.9721 2.377 4.722 4.223 

k1 0.01679 0.009164 0.004395 0.01371 
95% Confidence 
Intervals         

qe 46.43 - 50.51 81.36 - 91.20 107.6 - 127.1 127.6 - 145.0 

k1 0.1350 - 0.2056 
0.05422 - 
0.09214 

0.01915 - 
0.03726 

0.05773 - 
0.1140 

Goodness of Fit         
Degrees of 
Freedom 18 23 25 27 

R² 0.9192 0.8798 0.845 0.7803 
Absolute Sum of 
Squares 201.5 1803 5669 8932 

Sy.x 3.346 8.854 15.06 18.19 

Number of points 
 

      

Analyzed 20 25 27 29 
Pseudo second 
order 
Linear 

        

        

qe 51.05 100.3 141.04 164.47 

K2 0.00672 0.000725 0.000232 0.000311 

h0 17.51 7.29 4.62 8.41 

R² 0.99965 0.99674 0.98322 0.99157 

Non-linear         
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Best-fit values         

qe 0.005495 0.001033 0.0003045 0.0007723 

k2 51.5 94.62 131.1 147.3 

Std. Error         

qe 0.0006722 0.00012 0.00005365 0.0001287 

k2 0.8997 1.866 4.551 3.675 
95% Confidence 
Intervals         

qe 
0.004082 - 
0.006907 

0.0007846 - 
0.001281 

0.0001939 - 
0.0004150 

0.0005081 - 
0.001036 

k2 49.61 - 53.39 90.76 - 98.48 121.7 - 140.5 139.8 - 154.9 

Goodness of Fit         
Degrees of 
Freedom 18 23 25 27 

R² 0.9568 0.9593 0.9281 0.8968 
Absolute Sum of 
Squares 107.8 610.8 2628 4196 

Sy.x 2.447 5.154 10.25 12.47 

Number of points         

Analyzed 20 25 27 29 

Units: qe: mg/g, k1: 1/min, k2: g/mg.min, h0: mg/g/min. 

   

4.12 Adsorbent regeneration studies 

Regeneration studies help with the recovery of the adsorbent from wastewater and 

the reusing of the adsorbent. Regeneration ability of adsorbents is an essential factor 

for the development of cost effective removal process. The Ppy/Fe0 NC after Cr(VI) 

adsorption was treated with 50 mL of Na2CO3 solution (0.1 M) by shaking for 24 hrs 

to desorb the Cr(VI) from the NC. Regeneration studies were carried out by shaking 

NC with 2M HCl (50 mL) for 4 hrs. Three treatment cycles were carried out in order 

to study the reusability of Ppy/Fe0 NC for Cr(VI) removal from aqueous solution. It 

can be seen in Figure 4.17 that the removal efficiency for the cycle was 65%, 

however, the removal efficiency was reduced to 34% and 26% in the second and 

third cycles, respectively. The decrease in adsorption capacity may be due to the 

deterioration of the polymer chain by repeated oxidation reaction with highly 

oxidizing Cr(VI) species, thereby reducing the sorption sites available for the used 

adsorbent [20]. These results suggests that the Ppy/Fe0 NC can be reused 

successfully for the removal of Cr (VI) for one cycle without loss of its removal 

efficiency. 



 

57 
 

 

Figure 4.18: Adsorption cycles for Cr(VI) removal by Ppy/Fe0 NC. 

 

4.13 Effect of co-existing ions 

Mining, electroplating and other industries produce wastewater that contains high 

levels of Cr(VI) as well as other dissolved anions and cations [28-30]. Therefore, it is 

essential to investigate the competition between co-existing ions and Cr(VI) in 

solution for adsorption sites by Ppy/Fe0 NC. The effect of selected ions (Ni2+, Cu2+, 

Zn2+, Co2+, NO3
-, Cl-, PO4

2- and SO4
2-) on Cr(VI) removal by the synthesized NC was 

studied by varying the co-existing ions concentrations in solution from 50 – 200 

mg/L, with the Cr(VI) at 200 mg/L and the results are presented in Figure 4.18.  The 

results revealed that both anions and cations in solution at varying concentrations do 

not have a significant effect on the removal of Cr(VI) by Ppy/Fe0 NC. At low pH, 

cations in solution are repelled from the positively charged surface of the NC, and 

therefore, do not affect Cr(VI) removal. It was expected that anions such as Cl−, 

NO3
−
, PO4

2− and SO4
2− would compete with Cr(VI) because they are negatively 

charged. One possible reason is that Cl−, NO3
−
, PO4

2− and SO4
2− are weaker 

oxidizing agents than HCrO4
−, i.e. they are not reduced by Ppy/Fe0 NC and therefore 
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do not affect Cr(VI) adsorption [31]. Thus, it can be concluded that the removal of 

Cr(VI) by Ppy/Fe0 is selective in nature. 

 

 

Figure 4.19: The effect of co-existing ions on Cr(VI) adsorption by Ppy/Fe0 NC 
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CHAPTER 5 

CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

In this study, green synthesized Fe0 NPs encapsulated in Ppy polymer, Ppy/Fe0 

NCs, was successfully prepared by the in-situ chemical oxidative polymerization 

method for the removal of Cr(VI) from aqueous solution. The removal efficiency of 

the NC was evaluated on Cr(VI) removal from aqueous solution at laboratory scale. 

Different parameters like effect of pH, adsorbent dose, temperature, time and co-

existing ions were studied to investigate the removal of Cr(VI) by Ppy/Fe0 NC. 

 

SEM images showed that Ppy homopolymer and Ppy/Fe0 NC consists of spherical 

and aggregated particles.The core/shell structure of the NC can be clearly seen from 

the TEM images. The specific surface area of the synthesized NC was found to be 

80.53 m2.g-1 by the BET method. EDX confirmed the attachment of Cr(VI) ions onto 

the Ppy/Fe0 NCs after adsorption. Additionally, the XRD confirmed the incorporation 

of Fe0 NPs in the Ppy polymer matrix and peak shifting were observed in the Ppy/Fe0 

NC after adsorption as compared to the Ppy/Fe0 NC before adsorption in the FTIR 

spectra.  

 

The initial solution’s pH had a noticeable effect on the Cr(VI) removal, which 

increased as the pH decreased. The Cr(VI) removal efficiency increased with an 

increase in Ppy/Fe0 NC dose. The adsorption data fitted the pseudo-second-order 

model and Langmuir isotherm model. The Ppy/Fe0 NC is highly selective and could 

only be used for one cycle. Therefore, further studies are required to study the 

potential of the NC for removal of Cr(VI) from industrial wastewater. Based on the 

findings from the study, it is believed that results obtained may assist the wastewater 

treatment field with easy and safe removal of heavy metals from water. These 

findings suggest that Ppy/Fe0 NC has potential to be used in Cr(VI) removal from 

water. 
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5.2 Recommendations 

The following recommendations were drawn from results and suggested as follow up 

to this study: 

1. Though the NC showed satisfactory results in the removal of Cr(VI) from 

aqueous solutions, the results showed that the NC can be used for only one 

cycle. Hence there is a need to study the encapsulation of Fe0 NPs onto other 

polymers. 

2. Perform experiments below pH 2. 

3. Characterize using thermal gravimetric analysis (TGA) to study the thermal 

stability of the NC. 

4. Study the thermodynamic parameters and mechanical properties of NC. 

5. Use IC-ICP-MS to study the speciation of Cr(VI) at different solution pH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


