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Abstract 

Water pollution due to natural and anthropogenic sources remains one of the global 

problems which require attention due to its long-term effect on human and the 

environment. Prolonged exposure to chemical and microbial contaminated water may 

cause both acute and chronic health hazards. The occurrence of arsenic, fluoride, and 

pathogen in drinking water has raised severe health issues to human beings. The 

health impact of consuming arsenite, fluoride, and pathogens has resulted in adverse 

health effects such as skin cancer, dental and skeletal fluorosis, and water-borne 

diseases. Thus, the present research has been conducted for their simultaneous 

removal from water bodies. Generally, various methods have been developed to 

remediate water pollution which includes membrane filtration, ion-exchange, and 

adsorption.  Within, these developed methods adsorption methods have gained 

attention due to the use of various materials including natural adsorbents such as 

clays, agro-waste, etc, and novel conjugated polymeric composites because they are 

easy to operate, less expensive, and eco-friendly. The use of hydrous oxides (Fe, Ce, 

and Mn) of rare earth elements have been studied and have shown high affinity for 

fluoride, arsenite, and other toxic elements.   

This study focused on the systemic synthesis of novel conjugated polymeric 

adsorbents by the incorporation of Fe/Ce oxides onto a phenylenediamine (pPD) 

polymer matrix through chemical co-polymerization route and its fluoride, arsenic and 

pathogen removal potentials at optimal conditions in an aqueous solution evaluation. 

The morphology and structural analysis of the synthesized Fe; Ce and Fe/Ce doped 

pPD were comparatively evaluated using the Fourier Transform Infrared (FT-IR) 

spectroscopy, scanning electron microscopy (SEM), energy dispersive-X-ray 

spectroscopy (EDS), X-ray diffraction (XRD), and transmission electron microscopy 

(TEM). Modified Fe/Ce was successfully incorporated onto the pPD matrix as 

confirmed by the different morphological characterizations. The functional groups of 

pPD were not altered by the incorporation of the metal oxides as shown by the FTIR 

results. The synthesized material has an irregular shape within an average particle 

size between 20 -100 nm, with a low crystalline phase pattern when compared to the 

amorphous plain pPD. Relatively, the optimized composite samples of 2.5 % Fe-pPD, 

5 % Ce-pPD and 1:1 Fe/Ce-pPD (2.5%) showed efficient and higher fluoride and 

arsenic sorption as well as disinfection ability against water borne pathogens. 
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Moreover, the effect of contact time, adsorbent dosage, pH, initial concentration, 

temperature, and co-ions was assessed to determine their significance in Fˉ and As3+ 

removal in aqueous solution. The obtained results revealed that all the reported 

experimental conditions have significant effect on pollutants uptake. The kinetic data 

for 2.5 % Fe-pPD, 5 % Ce-pPD and 1:1 Fe/Ce-pPD composite fitted well to pseudo-

second-order kinetic model for both Fˉ and As3+. Thus, chemo-sorption is the limiting 

step for fluoride and arsenite uptake. However, the intra-particle diffusion plot has 

shown three distinctive phases for the synthesized adsorbents, thus, the adsorption 

process occurs with more than one sorption mechanism step.  Equally, the Freundlich 

isotherm model better described the sorption process of the synthesized materials, 

hence, adsorption process was occurring on a heterogeneous surface. The fitness of 

the kinetics and isotherm data was validated by lower values of goodness of fit (error 

factors). Thermodynamically, the removal process for both pollutants when using the 

2.5 % Fe-pPD and 1:1 Fe/Ce-pPD adsorbents was endothermic, whereas for 5 % Ce-

pPD was exothermic and endothermic (As3+ (1.86, 2.11, 4.71 mg/g) and Fˉ(6.79, 

13.29, 14.75 mg/g)).  The synthesized adsorbents can be regenerated up to four 

cycles when using H2O, NaOH and HCL, with H2O being the best regenerant for both 

adsorbents. Further, antibacterial results showed that 2.5 % Fe-pPD, 5 % Ce-pPD and 

1:1 Fe/Ce-pPD (25 % :2.5%) composite inhibited the growth of common water-borne 

bacterial strains. Thus, the modified composites have not only portrayed the potential 

ability for metal ions removal but also showed strong antimicrobial activity against 

water-borne pathogens. 

Keywords: Water treatment, Poly-phenylenediamine, adsorption, fluoride, arsenic 

and pathogen removal. 
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Thesis outline.  

The thesis is divided into six chapters, each chapter is explaining different aspects of 

the investigation. A summary of each chapter is given below: 

Chapter 1. Introduction 

A brief background of water pollution problems given was together with the different 

solution that was developed to attempt in reducing the challenge. An outline of the 

objectives, research questions, justification of the study, and the budget of the project.  

Chapter 2. Literature review 

An in-depth description of water pollution (arsenite, fluoride and pathogens) challenge 

and attempted solutions. A detailed pollutants sources, health impacts, and the 

available treatment technologies as well as various adsorbents that have been used 

in remediating the toxic metal ions and their associated problems. A brief review of 

polyaniline polymers specifically their properties, utilization, and various synthesis 

process was discussed in this chapter. The different sources, fate, impact of 

pathogens into the aquifers as well as the treatment methods were also elaborated. 

Chapter 3. Synthesis of Fe doped poly p-Phenylenediamine composite and its 

potential co-adsorption for arsenite, fluoride, and pathogens in aqueous 

solution. 

The chapter elaborates on the general problems regarding water pollution and bringing 

a flexible solution. The outline of this chapter is based on the synthesis of modified Fe-

pPD composites and the evaluation its fluoride, and arsenite remediation as well as 

pathogen removal. This section further describes the synthesis process of Fe-pPD 

composite, morphological analysis, experimental procedures for the pollutant’s 

removal and its obtained results. 

Chapter 4. Synthesis and characterization of Ce doped poly(para-

phenylenediamine) and its evaluation of fluoride, arsenite and pathogens 

removal in aqueous solutions 

The chapter pointed out the method of synthesis, characterization of the synthesized 

Ce-pPD adsorbent and evaluate the potential ability towards fluoride, arsenite and 

microbial removal efficiency in aqueous solution. The study employs a batch 
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experimental procedure to determine the removal conditions as well as minimal zone 

of inhibition method for pathogen removal. The chapter further compares removal 

potency of Fe-pPD and Ce-pPD composites towards fluoride and arsenite removal.  

Chapter 5. Synthesis, characterization of a sustainable Fe/Ce Doped Poly –

(para-phenylenediamine) adsorbent and its potential removal for chemical 

pollutants and pathogens in aqueous solutions. 

The chapter describes the process of synthesizing the Fe/Ce-pPD adsorbents and the 

adsorption process through batch experimental procedures. The obtained results were 

used to determine the removal performance and mechanism of the metal ions 

adsorption processes by the adsorbent.  Also, this chapter compares the removal 

efficiency of the Fe-pPD, Ce-pPD and Fe/Ce-pPD composites towards metal ions 

Chapter 6. Conclusions and recommendations.  

The chapter presents a detailed summary of the findings and results from the 

discussion of the study. It further makes recommendations for more research in the 

improvements of the synthesized materials for effective contaminated water 

remediation. 
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Chapter 1 

1.1. Introduction 

Water is an important resource to sustain life, and its supply must be satisfactory 

(adequate, safe, and accessible) available to all (WHO, 2011). Moreover, its scarcity 

is one of the biggest environmental problems faced by most regions of the world (Loos 

et al, 2010). Worldwide, groundwater accounts for about one-third of all freshwater 

resources and represents around 99% of available freshwater (Lemckert, 1999; 

Danielopol et al, 2003).  Equally, groundwater is used as a source of drinking water 

and the largest freshwater resource mostly in developing countries including South 

Africa. Several studies have emphasized groundwater quality to be better in terms of 

low microbial contamination and chemical composition, hence it has been used 

without purification. However, the introduction of microbial and chemical pollutants in 

groundwater due to natural and anthropogenic processes has negatively affected its 

quality for domestic purposes. The quality of groundwater depends on different 

chemical constituents and their concentrations (Brahman et al, 2013), which are 

mainly derived from the geology of the area. Therefore, majority of the communities 

must be provided with adequate knowledge and information by educating them about  

the danger of consuming untreated water. Furthermore, the development of 

sustainable technological systems to removing such pollutants must be considered for 

improved socio-economic impacts arising from consuming the water resources.  

Contamination of groundwater is mainly due to population growth, urbanization, 

agricultural activities, industrialization, and natural activities such as weathering, 

chemical leaching, and natural hazards such as volcanos (Bhatnagar et al, 2011). The 

occurrence of several natural and anthropogenic chemical pollutants such as nitrates, 

phosphates, arsenic, fluoride, and heavy metals, as well as microbial pollutants 

(pathogens), may greatly affect water quality (Yadhav et al, 2015). According to World 

Health Organization and United Nations International Children`s Emergency Fund 

(WHO and UNICEF, 2019) 2.2 billion people especially in rural areas and low-income 

communities, do not have access to safe drinking water. The presence of these 

chemical and biological pollutants in groundwater can pose public health hazards.   

The introduction of these pollutants is mainly due to natural systems but also includes 

anthropogenic as well as geological sources (Smedley, 2002 and Rfique et al, 2009). 



2 
 

The most significant inorganic pollutants in groundwater affecting human health 

globally, according to the WHO, are arsenic and fluoride (Thompson et al., 2007; WHO 

2011). High levels of fluoride have been reported worldwide and in the Southern region 

of Africa including the Republic of South Africa (Rai et al, 2013). The introduction of 

fluoride elements in groundwater is mainly due to the leaching of fluoride-containing 

minerals such as fluorspar as well as anthropogenic activities like agriculture and 

industrialization due to infiltration (Izuagie et al, 2016).  Intake of fluoride can be 

beneficial or injurious, but these depend on the concentration of constant consumption 

(Dhillon and Kumar, 2015). However, its excessive intake may result in detrimental 

health diseases such as cancer, molting teeth, brittle bones, neurological damages, 

etc) (Zhou et al, 2004). Due to such outcomes, the World Health Organization has set 

a recommended fluoride level of 1.5 m/L (WHO, 1993, 2011). Therefore, if the daily 

intake exceeds the recommended level it becomes toxic to human health (Thole, 

2013).   

Moreover, arsenic contamination of groundwater is a serious global health and 

environmental problem because of its toxic and carcinogenic nature. Arsenic can 

occur naturally in ground and surface water due to erosion and leaching from arsenic-

bearing rocks and volcanic eruption (Vaclavikova et al, 2007; Adio et al, 2017). The 

occurrence of arsenic in groundwater has gained attention worldwide due to its 

negative impacts on human health (Mudzielwani et al, 2018). About 200 million people 

worldwide are affected by high-arsenic groundwater (Shakoor et al, 2017). The 

presence of arsenic in groundwater can be due to infiltration of polluted water from 

anthropogenic activities such as mining, industrial developments including electronics 

manufacturing, fertilizers, pesticides, paints, pigmenting substances, wood 

preservative and other economic developments (Sud et al, 2008; Yadhav et al, 2015; 

Zare et al, 2018). Arsenic can be found both as organic and inorganic in the 

environment. It rarely exists in free form in nature, it slightly occurs in combination with 

other elements in more than 200 different mineral forms (Asere, 2019). It has been 

observed that inorganic arsenic is the one which is more toxic than organic. 

Furthermore, inorganic arsenic is the main cause of health problems such as 

cardiovascular, cancer and neurological effects (Naujokas et al, 2013; Basu et al, 

2014; Ye et al, 2017). Long-term exposure to arsenic may cause a disease called 

arsenicosis with general symptoms of red or swollen skin (Joshi and Chaudhuri, 1996; 
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Abdula et al, 2015; Elwakeel and Al-Bongami, 2017). As a result, the World Health 

Organization has set a permissible level of arsenic in drinking water to be 0.01 mg/L.  

The mentioned symptoms have been observed in various countries including South 

Africa (Mudzielwana et al, 2019).    

Equally, microbiologically infested water has resulted in a lot of water-related diseases. 

Bacterial contamination of drinking water is major public health in the world including 

South Africa. Consumption of water polluted by human and animal faeces is the major 

cause of various water-borne diseases (diarrhea, dysentery, typhoid fever, hepatitis, 

and others) caused by various pathogenic bacteria, viruses, and parasites (Rai et al, 

2012). Sources of faecal contamination in groundwater potentially include leakages 

from on-site sanitation systems such as septic tanks or sewers, underground storage 

tanks, disposal systems, animal manure and compost, as well as from (accidental and 

non-accidental) wastewater discharge or sewage sludge applied to fields in 

agricultural areas (Reynolds and Barrett 2003; Gerba and Smith 2005; Arnone and 

Walling 2007).  

Contamination of groundwater sources by arsenic, fluoride and pathogenic bacteria 

poses a public health concern to communities who depend totally on this water supply. 

The World Health Organisation (WHO) has indicated that approximately 1.8 million 

deaths and 61.9 million disability-adjusted life-years worldwide are attributable to 

unsafe water, sanitation, and poor hygiene (Mpenyana-Monyatsi et al, 2012).  

Therefore, it is essential to remove these chemical pollutants and pathogens in water 

before use to reduce water-related health problems from long term consumption of 

such polluted water resources. 

Various methods are available for the removal of fluoride, arsenic, and pathogens from 

water. Such techniques include ion-exchange, precipitation, membrane process, and 

adsorption among others (Amor et al, 2001 and Choong et al, 2007; Korotta-Gamage 

et al, 2017). The effectiveness of these technologies has been studied and reported 

(Waghmare and Arfin, 2015; Hao et al, 2018; Al-Gheethi et al, 2018). Researches 

have shown that adsorption technology for water purification has been far more 

embraced than any other technology (Izuagie et al, 2017). Various adsorbents have 

been used including polymeric composites such as poly-phenylenediamine isomers 

and other polymers doped with various elements (Mohaptra et al, 2010 and Zare et al, 
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2018). Nowadays, attention has been focusing on modifications of these adsorbents 

in order not only to enhance their adsorption capacity but also to improve their 

mechanical strengths and other physicochemical properties. Although these different 

adsorbents have yielded better results, some of them are not economically and 

environmentally friendly and they are mostly designed to remove one pollutant, hence 

this gives the motive to develop a multifunctional material. One which can efficiently 

and economically remove microbial pollutants pathogens, as well as co-adsorption of 

arsenic, and fluoride simultaneously from aqueous solutions. Therefore, the focus of 

this study was to synthesize an eco-friendly Fe/ Ce doped poly-phenylenediamine 

polymers adsorbent to enhance the removal rate of these toxic metal ions (fluoride 

and arsenic) and pathogens in groundwater.  

1.2. Problem statement. 

Water is a basic building block of life because it is the major component that maintains 

the quality of life. Water scarcity and water pollution are of the great problems in the 

world mostly in developing countries like South Africa. Recently, the World Health 

Organization, 2014 has reported that about 748 million people lack access to adequate 

and safe drinking water. The most appropriate and widely used source of drinking 

water for many rural communities in Sub-Saharan Africa and other developing 

countries like South Africa is groundwater (Masindi et al, 2013). 50-80% of global 

populations in rural and urban dwellers in developing countries are supplied with 

groundwater for domestic use (Ayoob et al, 2008; Jadhav et al, 2015). 

Currently, various studies have provided evidence that naturally occurring water 

contains high concentrations of chemical pollutants (inorganic and organic) and 

pathogens. Traces of chemical pollutants such as fluoride and arsenic also with 

pathogens have been identified in groundwater which may result in detrimental health 

impacts if daily intake exceeds permissible level (Thompson et al, 2007; Cheng et al, 

2012). Therefore, it is important to treat these contaminated water resources before 

consumption. 

The World Health Organization has reported that about more than 200 million people 

around the world ingest water containing inorganic pollutants mainly fluoride and 

arsenic(Guo et al, 2013; Hongtao et al, 2018).   Yadhav et al, (2015), further stated 

that fluoride pollution of drinking water receives much less attention than arsenic. 
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Arsenic is found to be frequently associated with fluoride in shallow aquifers around 

the world (Currell et al, 2011). Sources of fluoride and arsenic in water mostly geogenic 

and include several rock-forming minerals even though they are sometimes 

associated with anthropogenic activities such as mining and other economic 

developments (García and Borgnino, 2015, Ungureanu et al, 2015). Even though 

ingesting fluoride has some benefits stated by most studies, it is important to ingest 

water with fluoride less than 1.5mg/L to avoid health problems (dental and skeletal 

fluorosis) associated consumption of water with more than 1.5 mg/L  (WHO, 1970, 

2011). 

Thole, (2013) reported that in some parts of Africa groundwater is contaminated with 

fluoride, which is high than the recommended levels by World Health Organization 

guidelines. The Republic of South Africa is falling within the range where fluoride levels 

are much high than the permissible levels in Sub-Saharan Africa. High fluoride and 

arsenic levels have been reported in the Republic of South Africa (Rai et al, 2013, 

Mudyazhezha and Kanhukamwe, 2014). 

Furthermore, the occurrence of arsenic in natural waters is associated with the 

leaching from minerals, sediments and rocks containing arsenic (Choong et al, 2007). 

The existence of As in groundwater poses an even greater danger than fluoride 

hazards due to its excessive toxicity at a low concentration which goes unobserved 

especially in As(III) form (Camacho et al, 2011). Prolonged exposure to arsenic may 

pose severe human health impacts such as gastrointestinal problems and arsenicosis 

(Villaescusa and Bollinger, 2008; Sharma and Sohn, 2009). 

Consumption of contaminated water resources with human and animal faeces is the 

major cause of various water-borne diseases (diarrhea, dysentery, typhoid fever, 

hepatitis, and others) caused by various pathogenic bacteria, viruses, and parasites 

(Craun et al, 2010; Edokpay et al, 2018). In 2000, an annual mortality rate of 2.2 million 

people associated with contaminated water consumption was recorded with the 

epidemic currently responsible for about 90% of all deaths of children under five years 

in developing countries (WHO/UNICEF JMP, 2010; WHO, 2000). Also, South Africa 

has experienced a water-borne disease epidemic in the recent past due to failing water 

treatment facilities in rural areas (WHO/CCU/18.02/ South Africa, 2018). 
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Various methods are available for the removal of fluoride, arsenic, and pathogens from 

water. Although, some of these methods have yield better results some are expensive 

to conduct and process, introduce toxic ions through leaching, produce sludge and 

increases water turbidity, etc. Additionally, various adsorbents have been used, which 

includes rare earth metal oxides (Fe, Ce, Al, Mn, etc) agricultural waste, etc. The rare 

earth metal oxides (Fe and Ce) have been reported as the potential sorbents due to 

their strong affinity towards fluoride and arsenic (Raichur and Basu et al, 2004; Chiban 

et al, 2012). However, the use of Fe and Ce metal oxides are commercially expensive, 

result in leaching problem, and their optimum adsorption pH is mostly in acidic ranges 

which restricts their utilization in domestic water purification (Wu et al, 2007).  

The polymeric composite has acquired much attention compared to others due to its 

multifunction, high adsorption capacity, easy operation and environmental 

consideration which is mainly enhanced by the doping process. Moreover, it is 

advisable to choose an efficient, sustainable, and cost-effective method to have an 

optimum yield that will promote environmental stability (Sanghratna, 2015).   As a 

result, this study will focus on synthesizing efficient and cost-effective Fe/Ce doped 

poly-phenylenediamine for highly selective of fluoride, arsenic, and the disinfection of 

pathogens in a water treatment system to produce potable water for household use.  

1.3. Objectives 

1.3.1. General objective 

The overall objective is to synthesize, characterize and evaluate the co-adsorption 

properties of Fe/Ce doped poly-phenylenediamine composite for toxic metal ions 

(arsenic and fluoride) as well as pathogens removal in groundwater resources. 

1.3.2. Specific objectives 

1. To Synthesize Fe/Ce doped poly-phenylenediamine adsorbent.  

2. To evaluate the morphological and physicochemical properties of the 

synthesized Fe/Ce doped poly-phenylenediamine and compare its efficiency 

towards the simultaneous removal of fluoride, arsenic, and pathogens from 

groundwater. 

3. To test the adsorption performances of the adsorbent through batch 

experiments for fluoride and arsenic removal as well as to elucidate its 
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adsorption mechanisms through different isotherms and kinetic sorption 

processes.  

4. To determine the antimicrobial property of the synthesized adsorbent on a 

laboratory scale.  

5. To examine the applicability and economic viability of the synthesized 

adsorbent through regeneration and leaching capacities  

1.4. Research questions 

1. Can synthesized Fe/Ce doped poly-phenylenediamine polymer remove 

fluoride, arsenic and pathogens in groundwater? 

2. What are the morphological and physicochemical properties of the synthesized 

Fe/Ce doped poly-phenylenediamine adsorbents? 

3. Which sorption conditions affect the adsorption capacity for fluoride and 

arsenic? 

4. Does the adsorbent display any antimicrobial property against water-borne 

pathogens? 

5. What can be used to regenerate the adsorbent? 

6. How to reduce leaching of the adsorbent?  

1.5. Hypothesis 

Fe/Ce doped poly-phenylenediamine polymer can remove fluoride, arsenic and 

pathogens simultaneously in groundwater. 

1.6. Justification. 

Water is one of the main important elements for life nourishment and its availability in 

nature is approximately three fourth of the earth`s surface. However, South Africa is 

observed as one of the driest countries around the world (Thole, 2013; DWA, 2000). 

Additionally, South Africa has a strong water dependent industry  with a track record 

in innovation (mining, agricultural, mineral processing activities, etc.), which is one of 

the contributing factors to water scarcity and water pollution. Thus, groundwater is 

used to meet water demand. The chemical and microbial nature of groundwater 

determines its effectiveness for a specific need, therefore not all waters are suitable 

for consumption (Nagendra, 2003). The presence of high levels of chemical pollutants 

such as arsenic, fluoride, and pathogens in water is a serious matter of concern for 
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public health that requires attention (Shannon et al, 2010; WHO, 2011). The excessive 

occurrence of arsenic, fluoride, and pathogens in groundwater may pose severe health 

problems that may affect economic development. A World Health Organization (WHO) 

report found that almost one-tenth of the global disease burden could be prevented by 

improving water supply (WHO, 2008) 

Safe drinking water and good hygiene are fundamental principles to protect human 

and environmental health, which directly attribute to achieving good health and well-

being. Thus, to achieve sustainable development goal number six, water purification 

is required. Various methods have been used to remediate fluoride, arsenic, and 

pathogens occurrence in water solution. Nevertheless, they seem to have left a gap 

as the most developed methods are designed to remove one pollutant but not as a 

multifunctional system for simultaneous removal of different toxic metal ions. However, 

the traditional material and treatment technologies are not effective to treat complex 

and complicated polluted waters comprising different pollutants and pathogens. 

Purification using adsorption methods using polymeric composite has been assessed 

and has yielded better results. Therefore, the synthesis of Fe/Ce doped poly-

phenylenediamine polymer is hoped to improve the fluoride and arsenic removal 

efficiency and at the same time inactivate the pathogens present in water.  

1.7. Expected outcomes. 

• Detailed physicochemical and morphological properties of the synthesized 

Ce/Fe doped poly-phenylenediamine polymer.  

• Comprehensive technical parameters on the sorption performances of the 

synthesized adsorbent for fluoride and arsenic removal at a laboratory scale 

will be presented.  

• Detailed technical parameters on water microbial filtration efficiency of the 

multifunctional adsorbent 

• Comprehensive technical report about the applicability. 
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Chapter 2.  

Literature review 

2.1. Introduction  

Groundwater is one of the most important sources for life which globally accounts for 

almost one-third of all freshwater resources and characterizes about 99% of available 

freshwater (Danielopol et al, 2004; Schouten, 2009, Wada, 2010). This water resource 

is also regarded as a precious source of drinking water (Krauss et al, 2011). The 

reason behind groundwater utilization is that it is naturally protected by overlaying 

sediments and soil layers and generally has better microbiological and biological 

properties (Thole, 2013; Palamuleni and Akoth, 2015). Groundwater quality is 

gradually challenged by human activities involving the direct and indirect introduction 

of chemicals (e.g. heavy metals, nutrients, nitrates fluoride, etc) and microbial 

(bacteria and virus) pollution due to demographic development and global climatic 

changes (Ellis, 2006; WHO, 2011 and 2018) 

Contamination of groundwater is mainly due to natural and human activities such as 

agricultural, industrial, urbanization, infiltration of surface water which is chemical and 

microbial contaminated and leaching of organic and inorganic chemicals such as 

fluoride and arsenic from rocks (Sampat, 2000; Motalane and Strydom, 2004; 

Sorensen et al, 2015; Odiyo and Makungo, 2018). Different studies and surveys have 

reported that most of the boreholes used to supply water mostly in rural areas have 

high microbial, fluoride arsenic, heavy metals contents. The South Africa Department 

of Water Affairs and Forestry (DWAF) indicated that there are several boreholes 

across the country that contain apart from fluoride, levels of nitrate, some heavy 

metals, total dissolved solids, sulphates, and faecal coliforms that might pose a health 

risk to the human population. Hence, the co-existence of chemical and microbial 

pollutants in drinking water can pose severe threats to human health. Thus, water 

purification before any use is vital.  

2.2. 1. Fluoride occurrence in groundwater   

Fluoride is an electronegative element that is highly reactive.  Fluoride is regarded as 

one of the important constituents in drinking water, even though it is required for health, 

it can cause detrimental health effects if it exceeds the permissible level (WHO, 1993, 
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Saxena and Ahmed, 2002; Raju, 2017). It is found in various rocks such as granite, 

granite gneisses, and pegmatite (Kim and Jeong, 2005; Blarasin et al, 2014,). Also, 

some studies have supported that fluoride occurrence depends on geology, 

geomorphology, climate, etc, (Kemambo et al, 2019). Contamination of fluoride in 

groundwater mainly occurs naturally through the dissolution of fluoride-containing 

minerals (Saxena and Ahmed, 2003; Blarasin et al, 2016; Li et al, 2019). 

During rainfall seasons, fluoride element is released into groundwater and soil through 

weathering of primary minerals in rocks such as calcite (CaF), therefore leaching of 

fluoride-containing minerals yield fluoride solution (Adimalla and Venkatayogi, 2017). 

Besides natural occurrence, fluoride occurrence may be due to human activities such 

as agriculture, industrialization, etc (Jabal et al, 2014; Belete et al, 2015; Onipe, 2018). 

As a result of extensive utilization of material that contains fluoride e.g. fertilizers, 

fluoride is eventually leached to groundwater through infiltration during rainfall periods 

or irrigation.  

2.2.2. Health implications of fluoride concentrations (its chemistry). 

Fluoride is one of the pollutants that challenges living life forms, especially people. 

Fluoride enters the aqueous environment by weathering of fluoride-rich minerals and 

through anthropogenic actions, for example, industrial drains (Bhatnagar et al, 2011). 

Fluoride is widely distributed in the geological environment and is generally released 

into the groundwater by slow dissolution of fluorine-containing rocks (Abe et al, 2004). 

Fluoride is vital in little amount for mineralization of bone and assurance against dental 

caries, its excessive intake may result in decay of teeth and bone embrittlement bone 

which is called fluorosis (Waghmare and Arfin, 2015) as shown in Figure 1.On the 

contrary, excess intake of fluoride leads to various diseases such as osteoporosis, 

arthritis, brittle bones, cancer, infertility, brain damage, Alzheimer`s syndrome, and 

thyroid disorder (Harrison, 2005; Jha et al, 2011). Various studies have shown that 

excessive intake of water with fluoride exceeding 1.5mg/l may cause human health 

problems, hence, the significance of its removal. 
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 Figure 1:  Diagram shows skeletal and dental fluorosis (Luke et al,2001; Avocefohoun 

et al, 2017; Kumar and Sharma, 2017). 

2.2.3. Fluoride removal methods  

Fluoride removal techniques include coagulation, precipitation, membrane separation 

processes, ion exchange and adsorption techniques (Waghmare and Arfin, 2015 and 

Sanghratna et al, 2015). These methods have been assessed and each has its 

positive and negative outcomes (Yadav et al, 2009).  

2.2.3.1. Coagulation or precipitation 

The most useful precipitates for defluoridation of water are Lime and alum (Sanghratna 

et al, 2015 Yadav and Khandegar, 2020;) The method of precipitation involve adding 

aluminum salts, lime, and bleaching powder to fluoride-contaminated water or 

prepared fluoride solution, allowed to mix, then followed by flocculation, sedimentation, 

filtration, and disinfection (Renuka and Pushpanjali, 2013). This method is rarely 

applied in fluoride removal because it is of high cost, and the chemicals that are used 

can produce toxic sludge of aluminum fluoride, treated water can have an unpleasant 

taste (Singh et al, 2014; Yadav et al., 2019).   
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2.2.3.2. Ion Exchange Process 

The ion-exchange process is a method in which contaminated water flows over a bed 

of ion material to remove an unwanted ion such as fluoride, arsenic, lead, and other 

ionic species (Yadav et al, 2017). This process involves two cation exchanges, which 

are positively and negatively charged ions. There are different anion exchangers, 

which include grounded charcoal, which has been previously used to remove fluoride 

using an ion-exchange process. Equally, synthesized resin (Singh et al., 1999), 

zeolites (Maurice et al, 2004), inorganic metallic oxides, greensand and zeolites are 

commonly used cations for fluoride removal (Mukherjee et al, 2017). This method has 

a high capacity to remove fluoride (95%); however, the ion exchangers or resins are 

expensive making it economically impossible, and the regeneration process yields a 

large quantity of waste (Jadav et al, 2015). 

2.2.3.4. Membrane process. 

 This technique involves the use of a semi-permissible membrane to act as a barrier 

for pollutants such as pesticides, microbial, organic, and inorganic pollutants, etc. 

(Velazquez-Jimenez et al, 2015; Sangeetha et al, 2015). The membrane technique 

involves various processes, which include reverse osmosis, nanofiltration, dialysis, 

and electrodialysis. These methods of fluoride removal have been assessed and have 

a high capacity of fluoride removal, although it has such advantage, it cannot be used 

as it removes all ions, moreover, it is expensive as it requires re-mineralization process 

and operating cost.  

2.2.3.3. Adsorption Method  

Adsorption is a process in which solid holds liquid or gas molecules. The adsorption 

method involves the use of various materials as adsorbents for contaminant removal 

from aqueous solution. The adsorption technique has attracted many scientists since 

it involves the use of various materials for water treatment (Thole, 2013). Due to its 

removal efficiency, cost-effectiveness, ease of the process, and environmental 

stability, adsorption has become dominant for research techniques used in the 

treatment of polluted water (Mustafa et al, 2016). Although, different methods are 

being used for fluoride removal, the adsorption technique has attracted many 

scientists and engineers towards the successful, development of various adsorbents 

(Mondal et al, 2013). The materials used include activated alumina, carbon and 

charcoal, silica gel, calcite, activated sawdust, magnesia, serpentine, tricalcium 
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phosphate, activated soil sorbents and other synthetic ion-exchange resin (Bulusu and 

Pathak, 1980; Wang and Reardon, 2000; Raichur and Basu, 2001; Shrivastava and 

Vani, 2009).   

Generally, various adsorbents have been assessed under various experimental 

conditions for water treatment (Yu et al., 2002).  When preparing such adsorbent, it is 

important to optimize conditions such as pH, the dose of the adsorbent, temperature, 

fluoride concentration (initial level and after adding the adsorbent), and others to 

assess its adsorption capacity at those conditions (Rathinam et al, 2018). Several 

processes can be used to prepare the adsorbent which includes co-precipitation, 

hydrothermal, micelle (Chumming, 2016), solvothermal process (Gitari et al., 2017), 

chemical polymerization, electro-chemical, enzyme-catalyzed oxidative 

polymerization (Li et al, 2002; Obijole et al 2019).  

2.2.4. Future perspective of fluoride removal technologies 

Traditional technologies for defluoridation of drinking water that have been reviewed 

by various studies seem to be effective, although most of them have shown some 

negative outcomes (Yadav et al, 2018). Most of these technologies are not cost-

effective (operational and upkeep costs) and indirectly cause environmental pollution 

e.g generation of toxic sludge due to the reaction process involved in the treatment 

(Sanghratna et al, 2015). Therefore, the mission for an appropriate fluoride removal 

method that is cost-effective and eco-friendly is very important. 

2.3.1. Arsenic in groundwater 

Many pollutants have been identified to be harmful to the environment and human 

health. Among these pollutants, arsenic is regarded as one of the most toxic heavy 

metal ions. It can occur naturally in the air, water, soils, etc. Erosion of rocks and 

minerals containing arsenic and volcanic activities are also considered to be natural 

sources of arsenic in the environment (Vaclavikova et al, 2008; Ungureanu et al, 

2015). However, there are some anthropogenic activities which include painting, 

pesticides and insecticides application, fertilizers applications from agricultural fields, 

leather tanning and other related manufacturing and commercial activities that also 

influence arsenic occurrence into groundwater through the infiltration of water mostly 

during rainfall seasons, water discharges (industries and mines) and also irrigation 

processes (Lacasa et al, 2011; Le Pape et al, 2017; Elwakeel et al, 2016). Various 
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factors such as adsorption-desorption, precipitation-dissolution, oxidation-reduction, 

ion-exchange, the grain size of sediments, organic content, biological activity, and 

aquifer characteristics influence the occurrence of arsenic in groundwater (Ungureanu 

et al, 2015).   Kim et al, (2012) and Ma et al (2012) further stated that the major 

mechanism that influences arsenic occurrence in groundwater is desorption from iron 

oxides or hydroxides from natural rocks and their reductive dissolution. A study was 

done by Mohan and Pittman 2007 revealed that unusually large concentrations of 

arsenic are existing in potential soluble forms. 

2.3.2. Arsenic entry into the human body 

A human can be exposed to arsenic in various ways which include airborne particulate 

matter, foods, and water consumption (Ungureanu et al, 2015). It is mostly stated that 

arsenic entry into the human body is due to excessive intake of polluted water 

(Bissena, 2003).  

2.3.3. Chemistry and toxicity of arsenic   

Arsenic is a metalloid inorganic compound. It occurs in two forms, which are arsenite 

(As(lll)) and arsenate (As(v)). The inorganic compounds that contain arsenic include 

hydrides, halides, oxides, acids, and sulphides (Krink-Othmer, 1992; Smedley and 

Kinniburgh, 2002). Besides, arsenite is more likely to occur in ground water because 

it is mainly prevalent in an anaerobic area, while arsenate is mainly prevalent in 

aerobic conditions (Smedley and Kinniburgh, 2002). Kundu and Gupta, 2005 further 

described that pH and redox are potential factors that influence arsenic occurrence in 

the environment. Arsenite usually occurs in less acidic environments, while arsenate 

predominant in high acidic (Bednar et al, 2002).  

Also, it has been stated that the toxicity of arsenic is determined by its oxidation state, 

thus it can change its state depending on the abiotic and biotic factors of water 

(Hughes et al, 2011). It has also been proved that As3+ is more toxic than As5+ (Stylbo 

et al, 2000; Dopp et al, 2010). The toxicity of arsenic is directly associated with mobility 

in water and body liquids (Ungureanu et al, 2015). It has also been stated that arsenite 

is more mobile, soluble, and toxic than arsenate. The occurrence of arsenic in drinking 

water can pose threat to human health. Thus, the World Heathy Organisation has set 

a threshold of 0.1mg/L.   
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Figure 2: Diagram shows arsenicosis. (physics.harvard.edu/~wilson/arsenic/ 

remediation/arsenic_project_remediation_technology.htm). 

Prolonged exposure to arsenic may result in a chronic illness called arsenicosis (WHO, 

2004) as shown in Fig. 2. Long-term exposure to arsenic during pregnancy may cause 

changes in fetal development and abortion (Smith et al, 2006). 

2.3.4. Pathogens in ground water  

One of the major public health risks globally is waterborne microbes (Bain et al, 2014). 

The occurrence of a pathogen in drinking water can lead to a variety of diseases such 

as fevers, dysenteries, cholera, diarrhea, etc which can further cause death both in 

children and adults (Lima et al, 2000; Behrman et al, 2004; Sorensen et al, 2015). 

Lack of safe drinking water and insufficient sanitation is the primary cause of the water 

borne disease (W.H.O/UNICEF, 2014). Equally, about 325 million people in sub-

Saharan Africa lack access to safe drinking water, and only 30% of the population 

have access to adequate sanitation.  

Introduction of a pathogen in groundwater is mainly due to human activities such as 

poor waste disposal, agricultural activities (e.g. animal droppings), discharge of 

wastewater from industries and municipality sewage into the water source and other 

untreated environments (Toze, 2004; Feichtmayer et al, 2017; Fout et al, 2017). 
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Pathogens enter groundwaters through the infiltration of polluted water from rivers, 

irrigation, stormwater runoffs, etc (Foster and Chilton, 2004; Schwarzenbach et al, 

2010). Krauss and Griebler, (2011) further suggested that the entrance of pathogens 

may depend on environmental conditions and matrix characteristics (soil and sediment 

porosity and aquifer fractures). In addition, regions with thin soil layers and fractured 

aquifers are vulnerable to contamination, hence thick soil layers reduce or protect 

against pathogen entry (Rogasky, 2007; Nasser et al, 2002). 

2.4.1 Pathogen sources and entry into aquifers 

Due to high population growth and excessive land use, ground waters are increasingly 

contaminated with pathogens, which may pose threat to human health (Brink et al, 

2007). Sources of microbes in groundwater include wastewater discharge from 

households and industries, sewage sludge use in agricultural farms, animal manure  

Figure 3. Microbial entry into aquifers (Kruass and Griebler, 2011). 

Transportation of pathogens into groundwater mainly depends on the hydrogeology 

and climatic conditions of the environment (Bruce and Jon, 2000). Infiltration of 

polluted water from the surface is associated with floods, hence waterborne outbreaks 

mainly occur during floods and heavy rainfall events (King et al, 2016). Stormwater act 

as a transport agent of pathogens from the sources mainly livestock manure and 
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compost and wild animal dropping into difference surface water sources, thus 

increasing the concentration of microbes into rivers and other surface water sources. 

Infiltration of wastewater from a different source and rainfall water increases the 

proportion of microbes into groundwater (Besmer et al, 2016). As wastewater 

percolates into the ground with pathogens, the concentration of pathogens is initially 

decreased by soil and sediments through filtration. If percolation occurs continuously 

the number of pathogens in these soil and sediment layers rise, hence pathogens 

accumulate in the aquifer (Jurado et al, 2019). Different factors influence pathogen 

occurrence in groundwater. This involves pH, temperature, and dissolved oxygen 

(Regan et al, 2017). 

Proper wastewater, waste disposal (planned landfill site) and wastewater 

transportation to the treatment sites are required to reduce the risk of health problems 

due to pathogens (UNESCO, 1999). Also, different disinfection methods have been 

used to remove pathogens in drinking water (Al-Rekabi et al, 2007). Methods include 

chlorination, UV irradiation, filtration technology, solar disinfection, and heat 

pasteurization (Bruce et al, 2000; Gomez et al, 2006, Peng et al, 2009; Al-Gheethiet 

al, 2018) 

2.4. Methods for pathogen removal.  

2.4.2. Chlorination 

The most used disinfection method in developing countries is chlorination because it 

is readily present and regarded as a cheaper method when comparing it to oxidizing 

techniques (Al-Gheethiet al, 2018). Some studies have shown that chlorination could 

remove pathogens such as bacteria (e.g E. coli) (Tree et al, 2003). Although this 

method can remove pathogens in contaminated water, the presence of bacteria in 

treated sewage has been observed after chlorination (Al-Gheethiet al, 2018), therefore 

it is not effective enough to remove pathogens in water (Dungeni et al, 2010).  

Moreover, chlorination has a disadvantage of increasing/ causing turbidity, and 

discharge of free and combined chlorine which is regarded as a hazardous pollutant 

to the environment (Pehlivanoglu-Mantas et al, 2006).  

2.4.2. UV radiation and solar disinfection 

Ultraviolet radiation has been reported to have the ability to remove pathogens from 

water (Keller et al, 2003). It is regarded as one of the physical methods of water 
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disinfection method that is used to destroy the genetic components of bacteria 

(Shannon et al, 2008). Kollu and Ormeci, (2012) stated that the efficiency of UV 

methods depends on the concentration of the present microbes, the intensity of the 

UV radiation, and the time of the treatment.  Also, some studies have suggested that 

UV can be used as an additional method or require to be used with other methods to 

be more effective (Dungeni et al, 2010).  

Recently, solar disinfection methods have been used to remove microorganisms in 

water (Meierhofer and Wegelin; 2002; Sobsey et al, 2008; Gomez-Couso et al, 2009 

and Al-Gheethiet al, 2018). Gomez-Couso et al, (2009), further stated that it is mostly 

used because it is readily available and it cheaper than adsorption methods. Although, 

it is low-cost, has no residual protection against recontamination, and it has no impact 

on removing chemical pollutants (Laurent, 2005). 

2.4.3. Heat pasteurization  

The fact that heating water can be used to reduce or remove pathogens has been 

known for decades, especially when the temperature of boiling water is at optimum 

(Himathongkham and Riemann, 1999; Al‑Gheethiet al, 2018). Studies have shown 

that retention time and temperature are very important factors for the reduction of the 

pathogen when using this method (Alcalde et al, 2003). Although, this method is been 

used because it is easy to operate and cheap it cannot be used for chemical removal.  

2.4.4. Filtration methods 

Filtration systems have high efficiency in microbial removal (Sobsey et al, 2008). 

Despite its high efficiency, the treated water cannot be considered as microbial free 

since the treatment process results in the introduction of the pathogens due filter 

saturation after prolonged use (Gomez et al, 2006). Furthermore, membrane filtration 

technologies are expensive as it needs to be constructed and maintained (Neis and 

Blume 2002; Al‑Gheethiet al, 2018). Various filtration structures have been 

manufactured depending on the low cost of the raw materials that are being used to 

produce a filter such as sour dust from carpentry industries and sand (Mohamed et al, 

2016). However, the system has displayed high efficiency in the removal of turbidity, 

particulates, and organic matter, but its use for microbial reduction still needs more 

examination (Al‑Gheethiet al, 2018).   
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2.5. Use of Polymeric Composites in Water Treatment 

Various studies have shown that the aromatic diamine polymers have attracted great 

attention due to their multifunctionality, low cost and stability (Huang et al., 2000; Li et 

al, 2009; Yu et al, 2013). It has been stated these polymers are active absorbers and 

has attracted great attention because of their strong redox reversibility, chelation 

ability, adjustable conductivity, good electroactivity, photosensitive and magnetic 

activity, and associated with various environmental applications (Li et al., 2002; Baker 

et al, 2008; Yu et al, 2013). The composites that have been derived from a variety of 

monomers recently have become popular because of their effective infinite 

possibilities of monomer and composition, including different functional groups which 

allow them to be doped with other materials (e.g metal oxides) (Mezhuev et al, 2017). 

Mikitaev  et al, (2014) gave an example of such polymers, which is poly-

phenylenediamine (Fig. 3) with a wide range of application which includes water 

purification, protecting metals from corrosion, catalysis, electrorheology, sensors, 

energy-conversion devices, electrochromism and noble-metal recovery, and unique 

cations potential. Poly-phenylenediamine can remove various pollutants in water such 

as heavy metals (Huang, 2006), copper (Abdelwahab et al, 2015), phosphates 

(Mdlalose et al, 2017) and other pollutants. 

 

Figure 4: Chemical structures of poly-phenylenediamine (Mdlalose et al, 2017) 

Furthermore, isomers of phenylenediamine polymer (poly-m-phenylenediamine, poly-

o-phenylenediamine, and poly-para-phenylenediamine) have been used separately 

for water purification (Mdlalose et al, 2017).  It has been discovered that the 

polymerization of these isomers depends on the monomer structure and solution 

polymerization medium (Huang et al, 2006). Polymers of poly-phenylenediamines are 
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manufactured as powders, colloidal dispersions, thin films, or composites, depending 

on reaction conditions and the process used to produce the polymers (Stejskal, 2014). 

2.5. Methods for Poly-phenylenediamine (pPD) preparation.   

Various methods have been used for synthesizing pPD which includes 

electrochemical, photo-oxidative polymerization, enzyme-catalyzed oxidative 

polymerization and chemical polymerization (Li et al, 2002; Chao et al, 2006 and 

Mdlalose et al, 2017). 

2.6.1. Electrochemical Polymerisations. 

Phenylenediamines can be polymerized using electrochemical polymerization by 

using cyclic voltammetry, constant potential, and constant current (Li et al., 2002 and 

Mdlalose et al, 2017). The polymerization process is obtained by the presence of 

electrical current through a solution of the monomer, solvent, and electrolyte mixture 

(Mdlalose et al, 2017). Various electrolytes have been used in this process which 

includes organic solvent-soluble and ion-dissociating organic (Li et al, 2002).  Previous 

research has described that electrochemical polymerization exhibit several 

advantages which are the choice of monomer, diversity, and facility of polymerization, 

variety of macromolecular structure, the variability of electroactivity, multifunctionality, 

and potentially wide applicability (Li et al, 2002). This method of polymerization yields 

thin films that are deposited at the electrode surface (Li et al 2002 and Mdlalose et al, 

2017). The properties of the attained film are co-ordinated by the varying electrolyte, 

concentration, and temperature or the current used for the polymerization process 

(Maksymiuk, 2006).  

Li et al (2000), further describes the procedure that is followed in this method when 

synthesizing polymers of diamines, where pPD is carried out in a single- or dual 

compartment cell employed by three-electrode configuration comprising of working, 

counter, and reference electrodes in an electrochemical bath consisting of monomer 

and supporting electrolytes, which are both dissolved in a suitable solvent. After 

dissolving a monomer and electrolyte an appropriate power is supplied, cyclic 

voltammetry, electrical current potentiostatically or galvanostatically, is applied 

through the solution in the cell and finally, a thin film is obtained (Wang et al, 2001). 
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2.5.2. Photo-Oxidative Polymerization. 

Some progress has been done in photo-oxidative polymerization of diamine polymers 

in the previous years, yet it seems like few studies have been done in this process 

when comparing it with chemical and electrochemical oxidations (Li et al, 2002). 

However, photo-oxidative polymerization has been also used to synthesize conducting 

polymers such as polyaniline {PAN} (Li et al, 2002). When polymerizing using this 

method, it is significant to optimize some conditions such as organic solvent, pH value, 

additive, and water content in the polymerization systems because if not optimized, 

these conditions could affect the synthesis process (Li et al, 2002). Uemura et al, 

(1999) and Li et al, (2002) described some of the procedures that have been followed 

when synthesizing PAN as stated below. 

The N-phenyl-pPD and aniline mixture solution for the photopolymerization can be first 

prepared by a special technique because N-phenylpPD shows poor solubility in HCl 

aqueous solution. N-phenyl-pPD (1mM) could not be solubilized in 2 M HCl. The 

homogeneous solution containing 1 M Mn-phenyl-pPD, 300 mM AN, 60 mM 

tris(2.2′bipyridyl) ruthenium complex, and methyl viologen ion was illuminated under 

oxygen bubbling with visible light with a wavelength of 42600 cm and a power of 89.5 

mW/cm2 from the glass substrate side with a 500 W xenon lamp (Uemura et al, 1999) 

After illumination, the PAN formed was precipitated by adding NaOH aqueous solution, 

filtered, and dried under reduced pressure (Li et al, 2002). 

2.5.3. Enzyme-Catalyzed Oxidative Polymerization 

Recently, polymerizations of aromatic diamines using enzyme-catalyzed oxidation 

have been assessed, and it was concluded that it is chemically and environmentally 

friendly (Alva et al, 1997). In the nineteenth-century Li et al, (2002) proposed that this 

method is expected to have an excessive potential for producing polymers with new 

structures and properties of poly-phenylenediamines. The catalyst that was often used 

in the polymerization of polymers of diamines was horseradish peroxidative and a 

reversed micellar system was also used to enzyme-catalyzed polymerization of 

phenylenediamines (Li et al, 200; Ichinohe et al, 1998).  

Li et al, (2002), explained the procedures of enzyme-catalyzed oxidation as follows: 

Firstly, prepare a solution of the solution of poly-phenylenediamine, horseradish 

peroxidative in a mixture of 1, 4-dioxane, phosphate, and 4-(2-hydroxyethyl)-1-
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piperazineethanesulfonic acid buffer. Initiate the reaction by adding the same amount 

of oxidant (H2O) solution three times at an interval of 30 min and the mixture was 

magnetically stirred for 24 hours at 30 oC. The polymerization reaction is also carried 

out utilizing reversed micelles using sodium di-ethylhexyl sulfosuccinate as a 

surfactant and isooctane as a solvent. The reversed micellar solution was obtained by 

dissolving di-ethylhexyl sulfosuccinate and pure water in isooctane, then 

polyphenylenediamine and 4-(2-hydroxyethyl)-1-piper-azineethanesulfonic buffer 

solutions were added to the micellar solution, and finally,  the mixture was magnetically 

stirred at 30 °C overnight. The polymeric material is obtained by using HRP as the 

catalyst in a mixture of 1,4-dioxane and phosphate buffers. Furthermore, it is proposed 

that polymerization in this method depends on reaction time, solvent composition, 

monomer and its concentration, and the oxidant amount. In addition, when comparing 

chemically oxidative polymerization, the enzyme-catalyzed oxidative polymerization 

can provide aromatic diamine polymers with different macromolecular structures (Li et 

al, 2002). Although this method has such an advantage, it cannot be used for industrial 

applications because the materials that are used are more expensive (Mart, 2006). 

2.5.4. Chemical Oxidation. 

Among the various technologies that can be used to produce poly-phenylenediamines; 

chemical oxidation has been mostly used to synthesis these polymers because of its 

simplest procedures (Chao et al, 2006; Mdlalose et al, 2017). Mdlalose et al, (2017) 

and Orlov et al, (2006), described that the polymerization process is assumed to occur 

by allowing cation interaction followed by poly recombination of cation intermediates 

during oxidation.  According to cation interaction, the primary diamine undertakes 

polymerization through N-C dimerization (head-to-tail addition) of the monomer due to 

nitrogen atom causing steric prevention (Mdlalose et al, 2017). Chemical oxidation 

occurs by introducing a poly-phenylenediamine monomer in a hydrochloric acid 

solution as it is the most-used polymerization medium (Li et al, 2002 and Pham et al. 

2011). Furthermore, the solution is mixed with an oxidant which includes sodium, 

potassium, ammonium persulfate, ammonium peroxydisulfate, and others (Li et al, 

2002, Trchova et al, 2014, Abdelwahab et al., 2015, and Mdlalose et al., 2017). When 

adding this oxidant, there is a change of colour, this shows that polymerization is taking 

place, the solution is left for 24 hours then filtered to collect the polymer residue and 

washed with deionized water and the polymer is dried (Li et al, 2014; Mdlalose et al, 
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2017). Furthermore, they are several conditions that have a great effect on 

polymerization reactions during the synthesis which include a monomer, solvent 

composition, oxidant, temperature, and time (Li et al, 2002). Poly-phenylenediamines 

powders produced from chemical oxidation can be used alone, and they have a 

functional property that allows them to be able to attach with other materials (Trchova 

et al, 2014). Hence, this property makes it easy to be doped with other chemicals 

especially metal oxides.  

2.6. Principles of doping process of metal oxides into pPD matrix 

The word doping is widely utilized in the field of conductive polymers. It has originated 

from semiconductor physics and explained the process in which the polymers are 

transformed into organic nature. Literature has stated that the new doped polymer is 

chemically different from its origin (do Nascimento et al, 2010). However, it has been 

stated that there are two different types of doping process namely red-ox and acid-

base one (Haung et al,1986). Various studies have shown that the acid-base cannot 

be only achieved using H+ acids (Bronsted) but can also be achieved using a variety 

of acid groups. The most used acids are the inorganic acid groups such as HCl, H2SO4 

and H3PO4 (Sharma and Manchanda, 1982). However, HCl is the most used inorganic 

acid due to its non-oxidizing and volatile properties that make it easily removed or 

washed. Polymers of aniline (PANI) doped with inorganic acids are neither soluble nor 

fusible. The transformation of PANI into soluble or processible can be achieved using 

doping with acids or integrating soluble elemental groups to the aromatic rings of the 

polymer (Kulszewicz-Bajer, 2000).  

Additionally, the process of doping has induced processability of aniline polymers 

which was achieved through PANI protonation. Hence, it is the reason for PANI 

transformation and exploration for various utilization and the researcher’s attention 

attraction (Bieńkowski, 2006). Processability occurs due to the presence of a huge 

volume of anions which enables the separation of polymer chain by destroying the 

interchain interactions, making it more soluble (Łużny et al, 2002). Formally, two 

stages can be differentiated in PANI protonation. The first stage occurs when the imine 

groups of PANI are protonated by an acid, simultaneously anions that neutralize the 

positive charges on the chain are inserted into the polymer structure (Genoud et al, 
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2000). The formed di-cationic spinless species with quinoid type order of bonds can 

be conserved as a bipolar (Monahar et al, 1989).  

PANI structures have a pair of nitrogen atoms with a lone electron pair. Thus, polymers 

of polyaniline can be considered as Lewis base (Genoud et al, 2000). Equally, to the 

process of protonation, one particle of dopant is bonded to a nitrogen atom, but 

different from protonation, both types of nitrogen sites are complex (Kulszewicz-

Bajer,2000). In this process, the development of a covalent or mixed ionic-covalent 

bond was hypothesized.  

2.7. Protonation of polyaniline with Lewis acid  

As stated before, PANI can not only be doped with red-ox reactions but with acid-base 

reactions (acid(dopant) and base(polymer)) as other conjugative polymers. Thus, the 

simple polyaniline properties are determined especially from the practical point of view.  

However, PANI protonation was achieved by doping induced processability. The 

existence of a huge anion separates the polymer chains, weakens interchain 

interactions and purifies the polymer soluble (Bienkowski, 2006). These explanations 

can be extended to most bulky protonic polyaniline dopants.  

Additionally, the structures of PANI isomers doped with Lewis acid can differ 

significantly from those of protonated polyaniline. Consequently, the structures of 

Lewis acid doped polyaniline exhibit significant chemical and spectroscopic different 

properties. Examples of Lewis acids used for PANI doping were metal halides such as 

SnCl4, AlCl3, and FeCl3 (Kulszewicz-Bajer et al, 1999). 

2.8. Use of metal, bimetallic oxides, and other materials in fluoride, arsenic 

removal as well as microbial disinfection. 

Contamination of different water sources is a global challenge that requires immediate 

interventions. Various technologies have been used for pollutants removal such as 

fluoride, arsenic, and pathogen in aqueous solution. Furthermore, removal methods 

include ion-exchange, coagulation, membrane filtration, and adsorption (Gregor, 2001 

and Zhang et al, 2003). Among these methods, adsorption techniques have been 

embraced as a better option for fluoride, arsenite, and pathogens removal because it 

is easy to operate, cost-effective, and it promotes environmentally stability.  
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Moreover, different salts, doped polymers, and agricultural waste have been used for 

fluoride and arsenic removal as well as microbial disinfection which includes iron 

oxides, cerium salts, aluminium, and others (Jiang et al 2001, Zhang et al, 2003, 

Modlalose et al, 2018). The use of these materials has been assessed by World Health 

Organization and has yield better results, but they are of high cost, time-consuming 

and it has been stated that some produce sludge when utilizing (WHO, 2001). Hence, 

this affects their use.  

Additionally, it has been stated that the hydrous oxides of rare earth elements have a 

high affinity towards fluoride and arsenic removal (Zhang et al, 2003, 2010 and Wu et 

al, 2002 and 2005). The synthesized composites have high adsorption potential due 

to their high cation exchange capacity and high surface area. Recently, the hydrous 

Ce(IV) oxide was the most effective for removing fluoride without significant dissolution 

even at pH 2 but the problem for the use of Ce compounds is of high cost and leaching 

at high pH (Zhang et al, 2005).  

Conversely, iron oxides have been reported to be effective for fluoride and arsenic  

removal (Reed et al, 2000, Wu et al, 2007) due to their affinity toward inorganic 

pollutants and their consequent selectivity of the adsorption process (Cornell and 

Schwertmann, 1996). Zhang et al, (2005), further described that iron hydroxides have 

indicated low adsorption capacities, slow adsorption process, and narrow optimum pH 

ranges (4, 5) which compromises their applicability.  

Although hydrous oxides of rare earth elements have been proposed as a new 

sorption medium for removing aqueous hazardous anions such as arsenic, fluoride, 

and phosphate, they have a problem of the high cost to synthesize and process and 

some pose a problem of leaching (Hideaki, eta al, 1997). The fluoride and arsenic 

removal effectiveness of Fe, Mg, Ce, or Mn oxides individually or in combination with 

other metal oxides from water has been widely reported (Wu et al, 2007; Wang et al, 

2015) as shown in Table 1. Mixing metal oxides such as Fe, Ce, Zr, La, Ti, Al, Mg, etc, 

with each other or with agricultural waste (e.g., sour dust) and polymers has attracted 

researcher`s attention. The reason being that these materials they act as a supporting 

agent which can reduce leaching problem as well as the expenses of using bulk rare 

earth metal oxides. Also, this could be an emerging way to enhance the surface area 

of the adsorbent. Thus, increasing adsorption efficiency of the resulting material. 
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However, the antimicrobial action of the rare earth elements such as Ag, Mg, etc., has 

been done but there is limited data for such. Hence, efforts are being tailored to the 

importance of evaluating whether the number of metals in a sorbent has a consistent 

determinant of enhanced toxic metal ions adsorption as well as microbial disinfection.  

As the literature  revealed , it is imported to develop a low-cost composite material that 

will promote  environmental stability.    Also, the developed material must also work as 

a conventional method of water treatment, which can simultaneously remove  multiple 

contaminants. Thus , reducing the cost. Hence, the aim of this study is to 

simultaneously remove  various water  contaminants  from aqueous solution.  This  

could be  supported by the material that  were  developed due to their different 

functional groups, which after modification  will aid to an enhanced surface area with 

more available active sites to bind with  inorganic pollutants. 
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Table 1. Fe and Ce based previously used adsorbents for fluoride and arsenite removal from aqueous solutions. 1 

 
                      Fˉ                               As3+  

 

Adsorbents             Adsorption parameters                 Adsorption parameters Ref 

Mg-Al-Ce 

3,33 hrs, 200 g, pH 7, 50-120 mg/L, 24.89 

mg/g - Chi et al,2017 

Ce-Fe bimetal 

24 hrs, 0.5 g, pH 7, 10-30 mg/L, 60.71 

mg/g - Zhang et al, 2017. 

Fe/Ce bimetal oxide - 

24 hrs, 0.2g, pH 8, 1-150 mg/L, 281.34 

mg/g Wen et al, 2020 

Ce-AlOOH 2 hrs, 50 g,1-10 mg/L, pH 3, 62.8 mg/g - Tao et al, 2020 

CTS-Ce composite 

12 hrs, desired, 5-100 mg/L, pH 4, 153 

mg/g - Zhu et al, 2017 

A-ZVI-ferric chloride - 

200 mins, 2.5 g, pH 6.7, 2-10 mg/L, 3.79 

mg/g Jain and Agarwal, 2017 

Fe3O4 

3.3 hrs, 0.05 g, 1-10 mg/L, pH 6.5, 

1.78mg/g 

3.3 hrs, 0.05 g,1-10 mg/L, pH 6.5, 0.91 

mg/g Prathna et al, 2017 

Fe-Ti-Mn composite 

oxide - 10 hrs, none ,1-35 mg/L, pH 4.5, 24.2 mg/g Zhang et al, 2019 

Fe3O4@TiO2 sheets - 1hr, 0.025g, 1-60 mg/L, pH 4, 30.96 mg/g Deng et al, 2019 

Fe3O4@Mg–Al–O 2.30 hrs, 0.5 g, 250 mg/L, pH 4, 170 mg/g 
- 

Ma et al, 2019 
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Chapter 3.  

Synthesis of Fe doped poly p-Phenylenediamine composite and its potential 

co-adsorption of arsenite and fluoride in aqueous solution. 

E.P Munzhelele*, M.W Gitari, W.B Ayinde 

Environmental Remediation and Nanoscience (EnviReN), Department of Ecology 

and Resource Management, School of Environmental Sciences. University of Venda, 

Private Bag X5050, Thohoyandou, 0950, Limpopo Province, South Africa. 

 

3.1. Abstract   

Water is regarded as an important natural resource to sustain life and its purification 

is an important criterion that determines its quality and usefulness. In this study, the 

incorporation of Fe3+ oxide onto a phenylenediamine (pPD) polymer matrix through a 

chemical co-polymerization route was prepared and its arsenite and fluoride removal 

potentials at optimal conditions from aqueous solution were evaluated. The 

morphology and structural analysis of the synthesized Fe doped pPD (Fe-pPD) were 

comparatively evaluated using the FT-IR, SEM, EDS, and XRD techniques. Fe+3 was 

successfully incorporated onto pPD matrix as confirmed by the different morphological 

characterizations. The functional groups of pPD were not altered by the incorporation 

of the Fe+3  by the FTIR results. The synthesized composite displayed a clustering of 

an irregular fragmental particle at an average particle size between 2-50 nm, with a 

crystalline phase pattern when compared to the amorphous raw  pPD. The 

synthesized adsorbents were evaluated for potential defluoridation and arsenite 

sorption applicability. Batch experiments were carried out to determine optimum 

conditions, process, and the mechanism that attributes to both As3+ and F־ sorption 

using 2.5 % Fe-pPD composite. Comparatively, the obtained results revealed that 

different sorption parameters of the adsorbent have a significant effect on adsorbate 

removal . The rate of adsorption of F- and As3+ onto 2.5 % Fe-pPD composite best 

followed the pseudo-second-order kinetic model. However, the intra-particle diffusion 

plot has shown three distinctive phases, which shows that the adsorption process 

occurred with more than one sorption process step. Furthermore, the experimental 

data for both As3+ and F־ onto the 2.5 % Fe-pPD composite better fit the Freundlich 
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isotherm model at different operating temperatures. Overall, the synthesized 

composite exhibited a strong affinity towards fluoride uptake (96.6 %) than arsenite 

uptake (71.14 %) with a maximum capacity of 6.79 (F-) and 1.86 mg/g (As3+).  

Thermodynamically, the removal process of both pollutants by the 2.5 % Fe-pPD was 

endothermic. Also, the synthesized adsorbent shows some level of antimicrobial 

activity against common water-borne bacterial. Therefore, the developed 2.5 % Fe 

doped pPD composite has the potential ability for inorganic metal species pollutants 

remediation and bacterial disinfection in community-level water purification processes.  

Keywords: Water pollution, arsenic and fluoride remediation, antibacterial disinfection; 

poly para-phenylenediamine composite, adsorption experiments 

3.2. Introduction 

The most important component of all forms of living organisms on earth is water. Water 

scarcity has been observed frequently in many parts of the world including Africa 

(WHO/UNICEF JMP, 2010; 2019). Contamination of water resources by multiple 

pollutants has been known as the most consequential and severe problem worldwide 

due to natural and anthropogenic activities. Chronic co-existence of pollutants such as 

fluoride, nitrates, arsenic and other heavy metal ions, as well as harmful bacteria, by 

these activities in drinking water sources, has resulted in many complicated life-

threatening health effects (Fu et al, 2014; Jadhav et al, 2015). Arsenic and fluoride 

have been identified as the most inorganic pollutants in groundwater resources due to 

water-rock interaction, groundwater recharge, and anthropogenic activities, thus 

endangering public health (Thompson et al. 2007; Sarkar and Paul, 2016). 

Ravenscoft, (2007) reported that natural arsenic pollution of ground and surface water 

resources affected several millions of people in at least 70 countries of the world. The 

most predominant valence state of arsenic is the less toxic arsenates (As5+) and the 

more toxic arsenite (As3+), which are found in contaminated water resources (Sharmar 

and Sohn, 2009). Comparatively, As3+ predominantly form in the reducing environment 

between pH 4-10 existed as being neutrally charged, whereas As5+ species exist as 

negatively charged (Jadhav et al, 2015). Chronic contamination of arsenic in drinking 

water affects various types of biological properties including cancer, cardiovascular 

diseases, skin thickening, and neurological diseases, gastrointestinal problems and 
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arsenicosis found in the human and aquatic ecosystem (Vallaescusa and Bollinge, 

2008; WHO, 2011; Sarkar and Paul, 2016; Huang et al, 2019).  

Furthermore, fluoride (F-) is considered the most significant pollutant in groundwater 

affecting human health adversely across the globe (Mumtaz et al. 2016). It has been 

stated that a very small amount of fluoride is beneficial for the human body (improves 

dental health), nevertheless its excessive intake can cause molting teeth, neurological 

damages, as well as dental and skeletal fluorosis (Miretzky and Cirelli, 2011; Dhillon 

and Kumar, 2015). Fluorosis is an irreversible skeletal disorder with no medical 

treatment. Comparatively, arsenic exposure in water resources constitutes more 

danger than fluoride because of its acute toxicity at low concentration Camacho et al, 

2011; Singh et al, 2015). Hence, the World Health Organization (W.H.O), set a 

provisional guideline for arsenic and fluoride concentration in drinking water at 10 μg/L 

and 1.5 mg/L respectively (WHO, 2000; 2017). Therefore, the detrimental effects 

associated with the different fates and transport ways of both As3+ and F־ when 

ingested has deemed it necessary to remove these toxicants from contaminated 

water.  

Many developing countries are affected by fluoride, arsenite and microbially polluted 

water with no affordable purification technologies to enhance drinking water quality. 

The reduction of these pollutants in water has been tested, established, and reviewed 

by different techniques and materials (Hichour et al, 2000, Amor et al, 2001; 

Mohapatra et al, 2009; Jadhav et al, 2015; Sarkar and Paul, 2016). Studies have 

shown that adsorption technology amongst other techniques has proven to be efficient 

in remediating these toxic pollutants (García and Borgnino, 2015; Izuagie et al, 2017). 

Recently, researchers have channeled the use of innovative low scale sorbent 

materials suitable for rural areas in the co-adsorption of As3+ and F־ from portable 

water. Metal oxides like iron oxide and iron-based sorbents have been used because 

of their high affinity towards these hazardous inorganic species and pathogen 

disinfection (Dhillon and Kumar, 2015; Alvarez-Cruz and Garrido-Hoyos, 2019). 

However, their applicability has been compromised by the introduction of secondary 

pollution, where maximum adsorption was at high pH. It is important to note that the 

removal of these mentioned pollutants must be effective and must not result in other 

environmental and health implications.  
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Equally, when selecting a treatment method, it is advisable to choose the best 

alternative that will have an optimum yield and must be environmentally friendly. The 

introduction of polymers as an adsorbent in water treatments have been on the rise 

due to their varied functional groups and structural frameworks. Poly-

phenylenediamine of the polyaniline family has been used to assess its adsorption 

applications for various pollutants ranging from anionic to heavy metals ions (Zhang 

et al, 2012; Yu et al, 2013; Stejskal, 2015). Furthermore, the excellent antibacterial 

properties of these metal oxides and polymeric materials to the water purification 

technologies have been reported (Ramos et al, 2019). The development of metal-

metal oxides/polymer to improve and enhance adsorption capacities for efficient water 

treatment has been an increasing trend lately. Hence, extensive research is required 

for the development and implementation of a low-cost, multifunctional, eco-friendly, 

sustainable, and hybrid technology with high sorption capacity. In this study, we focus 

on synthesizing a non-toxic Fe doped poly-phenylenediamine composite and its 

potential arsenite and fluoride sorption capacity in groundwater. The adsorption 

properties of the synthesized sorbent were examined through various experimental 

conditions, its adsorption kinetics, and isotherms, as well as thermodynamics, were 

also studied and reported.   

3.3. Material and methods. 

3.3.1. Chemicals 

Poly (p-phenylenediamine), Ammonium persulfate ((NH4)2S2O8), Iron (III) chloride 

heptahydrate (FeCl3.5H2O), sodium fluoride (NaF) and sodium hydroxide (NaOH), 

NaCl, KCl, HCl, and NaAsO3 were purchased from Rochelle chemicals, South Africa. 

All reagents were of analytical grade and used without any purifications. The working 

solutions of different As3+ and F־ concentrations were prepared in deionized water from 

Millipore water (18.2 MΩ/cm).  

3.3.2. Composites preparation 

3.3.2.1. Preparation of Poly-phenylenediamine (pPD). 

Poly-pPD was synthesized by a modified method (Pham et al., 2011; Mdlalose et al., 

2017). Briefly, 0.015 M pPD (1.62 g, M) was dissolved in HCl (50 mL, 0.1 M) and 

stirred for 3 h on an ice bath. Next, the pPD polymerization was initiated by a dropwise 

addition of the freshly prepared oxidant solution of ammonium persulfate (3.42 g) in 

HCl (25 mL, 0.1 M) for 30 min. The resulting mixture was stirred for 24 hours at room 
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temperature to ensure complete polymerization of the pPD monomer. The pH of each 

poly (p-phenylenediamine) solution was adjusted to 9 with the addition of 2 M NaOH 

and shaken at 250 rpm for 30 min. The reaction was quenched by adding acetone and 

the resulting crude product was washed with de-ionized water and dried under vacuum 

at 60 °C for 24 hrs. 

3.3.2.1. Preparation of Fe Poly-phenylenediamine (Fe-pPD). 

pPD (1.62 g, 0.015 M) was dissolved in HCl (50 mL, 0.1 M) and stirred for 3 hours on 

an ice bath. 0.25 M FeCl3.5 H2O solution with the various percentages by weight 

(2.5%, 5%, and 10%) was prepared in 20 mL deionized water before the doping 

process. Each of these salt solutions was added and mixed separately with the pPD 

solutions by ultrasonication for 25 min. Next, the Fe-pPD solution was initiated by a 

dropwise addition of the freshly prepared oxidant solution of ammonium persulfate 

(3.42 g) in HCl (25 mL, 0.1 M) for 30 min. The solution was under stirring for 24hours 

to allow the formation of Fe-pPD at room temperatures at 400 rpm. The pH of each 

Fe-pPD was adjusted to 9 with the addition of 2 M NaOH to precipitate the metal 

hydroxides and shaken at 250 rpm for 30 min.  The product was collected by filtration 

and washed with deionized water, then dried in a vacuum oven at 60 oC 24hrs. 

3.3.2.3. Adsorbent efficiency determination 

A mass of 0.4 g of each modified species was contacted with 50 mL of 10 mg/L fluoride 

and 5 mg/L of As3+ solution at 250 rpm for 30 min. The equilibrium pH of each mixture 

was measured to evaluate the pH status of untreated and treated water. After the 

equilibrium pH measurement, the mixtures were centrifuged, and the supernatants 

analyzed for residual fluoride using a fluoride ion-selective electrode (9609 BNWP 

Orion, USA) coupled to an ISE/pH/EC electrode (Thermo SCIENTIFIC-ORION 

VERSA STAR Advanced Electrochemistry meter fluoride ion-selective electrode) 

calibrated with four fluoride standards containing TISAB III at the volume ratio of 1:10 

as in the case of the samples. While, As3+ measurements in the supernatants were 

determined using Metrohm 850 professional ion chromatography (Switzerland). 

The percentage of fluoride removal will be calculated by using the following formula 

          % of fluoride removal=
𝐶𝑜−𝐶𝑒

𝐶𝑜
∗ 100                                                                        (1)            

Co is the initial fluoride concentration in mg/L, Ce equilibrium concentration in mg/L  
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The adsorption equilibrium capacity of the adsorbent will be calculated using 

                         qe   =
𝐶𝑜−𝐶𝑒

𝑚
∗ 𝑣                                                                                           (2)                                             

qe is the equilibrium capacity of the adsorbent, m is mass of the adsorbent in g and v 

is the volume of fluoride in mg/l. 

3.3.3. Characterization 

The morphological and physicochemical properties of the synthesized adsorbent were 

evaluated using the Scanning Electron Microscope (SEM) (SEM with an FEI Nova 

NanoSEM 230 with the field emission gun equipped with an Oxford Xmax SDD 

detector operating at an accelerating voltage of 20Kv for the EDS detector (Oxford X-

Max with INCA software). An infra-red spectrum of the adsorbent was obtained using 

ALPHA Fourier Transform Infra-red spectrum equipped with ATR-Diamond (Bruker, 

Germany). Bruker-D8 Powder Diffractometer with a theta-theta goniometer X-ray 

diffraction (XRD) technique was employed to examine the crystalline phase’s 

identification. CHNS analysis was done using the Thermo Flash 2000 series CHNS/O 

organic Elemental analyzer. F− and pH measurements of the fluoride in the 

supernatants were determined using a fluoride ion-selective electrode (9609 BNWP 

Orion, USA) coupled to an ISE/pH/EC electrode (Thermo SCIENTIFIC-ORION 

VERSA STAR Advanced Electrochemistry meter fluoride ion-selective electrode) 

calibrated with four fluoride standards containing TISAB III at the volume ratio of 1:10. 

As3+ measurements in the supernatants were determined using Metrohm 850 

professional ion chromatography (Switzerland). 

3.3.4. Batch experiments.  

 Stock solutions containing 1000 mg/L As3+ and F- were prepared by dissolving 0.1733 

g of NaAsO3 and 2.210 g NaF, respectively in a 1000 mL volumetric flask using Milli-

Q water (18.2 MΩ/cm). The working solutions were prepared through appropriate 

dilutions from the stock solution. To evaluate the effect of contact time and adsorption 

kinetics, the contact time was varied from 0.5 to 120 min. Adsorbent dosage of 0.4 

g/50 mL and adsorbate concentration of 5 and 10 mg/L of F־ and As3+ concentration 

respectively was maintained. After agitation, mixtures were centrifuged at 250 rpm for 

20 min. The optimum adsorbent dosage was evaluated by varying adsorbent dosage 

from 0.1-0.4 g/50 mL. To evaluate the adsorbate concentration and adsorption 
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isotherms, initial concentration of F־ and As3+ were varied from 5 to 100 mg/L at a 

temperature of 298, 323, and 343 K. 

The obtained data were used to determine the adsorption thermodynamics. The 

effects of parameters like pH (from 2-12) and co-existing ions (F, Cl, NO3
- , CO3

2-, 

SO4
2-) were also evaluated. The initial pH was adjusted using 0.01 M NaOH and 0.01 

M HCl. All experiments were conducted in triplicate and the mean values were 

reported. The pHpzc was evaluated using the solid addition method as described by 

Gitari et al, (2017). Eqs. 1 and 2 were used to determine the percentage removal and 

adsorption capacity respectively.  

3.3.5. Adsorption kinetic models. 

The As3+ and F- adsorption kinetics were studied at an initial concentration of 5 and 10 

mg/L respectively. The experimental data were analysed using the non-linear equation 

of pseudo-first-order and pseudo-second-order models as well as intraparticle 

diffusion (Eqs. 3, 4, and 5) (Lagergren, 1898; Ho and McKay 1998 and Sharma et al, 

1990): 

𝑞𝑡 = 𝑞𝑒(1 − ℯ−𝑘𝑖𝑡)                                                                                                     (3) 

𝑞𝑡 =
𝑞𝑒2 𝑘2𝑡

1˖𝑘2 𝑞𝑒𝑡
                                                                                                                                         (4) 

𝑞𝑡 = 𝑘𝑡𝑡0.5 + 𝑐𝑖                                                                                                               (5) 

qe and qt (both in mg/g) are the amount adsorbed per unit mass at a time, t (in min). 

K1 (min-1) and K2 (g.mg -1min) are first and second-order rate constant respectively. Ki 

(mg /g min-1) is the intra particle diffusion rate constant and is determined from the 

slope of t0.5 vs qt, and Ci is the constant attained from the intercept and reflects the 

thickness of the boundary layer. The greater the intercept, the bigger the boundary 

layer effect (Mudzielwana et al, 2018).  

The Elovich linear equation (Eq. 6) has general application to chemisorption kinetics.  

  𝑞𝑡 = 𝛽 ln(𝜕𝛽) + 𝛽𝑙𝑛𝑡                                                                                             (6)      

The equation was used to validate that chemisorption is the limiting step for fluoride 

and arsenic uptake. It is often valid for systems in which the adsorbing surface is 

heterogeneous. qt is the quantity of adsorbate adsorbed at time t (mg/g), α is a 
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constant related to chemisorption rate and β is a constant which depicts the extent of 

surface coverage. The two constants (α and β) can be calculated from the intercept 

and slope of the plot from the equation. 

3.3.6. Adsorption isotherm models.  

The adsorption isotherms were modeled using the theoretical Langmuir and empirical 

Freundlich isotherms (Weber and Chakravorti, 1974, Bolster and Homberger, 2007). 

The Langmuir isotherm model assumes monolayer interaction between the adsorbate 

molecules attached to the surface of the adsorbent during equilibrium. The non-

linearized data are shown in Eq 7.  

 𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
                                                                                                                                  (7)            

Where: Ce is the equilibrium concentration (mg/L); Qe is the adsorption capacity 

(mg/g); Qm is the theoretical maximum adsorption capacity (mg/g) and 𝑘𝐿 is the 

Langmuir constant related to the enthalpy of adsorption (L/mg).  

Equally, Langmuir isotherm can be expressed in terms of a dimensionless constant 

separation factor or equilibrium parameter RL (Eq. 8). (when RL=1 irreversible, 0<RL<1 

favourable, RL=1 linear and RL>1 unfavourable). 

𝑅𝐿 =
1

1 + 𝑘𝐿𝐶𝑖
                                                                                                                                      (8) 

Freundlich isotherm model assumes that there is a mutual interaction between the 

adsorbate molecules adsorbing onto the multilayer or heterogeneous surface of the 

adsorbent. The non-linear equation of Freundlich (Eq. 9) is expressed as: 

𝑞𝑒 = 𝐾𝑓𝐶𝑒
1

𝑛
                                                                                                                                              (9)    

Kf is the Freundlich constant related to adsorption capacity and 1/n is the adsorption 

intensity. When 0 < 1/n < 1, the adsorption is favourable; when 1/n=1, the adsorption 

is irreversible; and when 1/n > 1, the adsorption is unfavourable.  

The Dubinin Radushkevich (D-R) model (Eq. 10) was also employed using the 

experimental data. D-R is a more general model in which assumption is not based on 

homogenous surface or constant adsorption potential, it gives insight into the sorbent 

porosity as well as the adsorption energy. The value of adsorption energy further 
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provides information as to whether the adsorption process is physical or chemical in 

nature (Dubinin, 1947). 

𝑙𝑛𝑞𝑒 = 𝑙𝑛𝑞𝑜 − 𝛽ℯ2                                                                                              (10) 

where qe is the amount of ions adsorbed per unit weight of adsorbent (mg/g), qo is 

the maximum adsorption capacity, β is the activity coefficient useful in obtaining the 

Ɛ (Eq (11)) is the Polanyi potential and mean sorption energy E (kJ/mol) (Eq (12))  

ɛ = 𝑅𝑇 𝐼𝑛 (1 +
1

𝐶𝑒
)                                                                                                                      (11) 

E = √
1

2β
                                                                                                                                            (12)  

where R is the gas constant (J/mol K) and T is the temperature (K). qo and β (mol2 

/kJ2) can respectively calculated from the intercept and the slope of the plot of lnqe vs 

Ɛ2 . 

3.3.7. Goodness of fit evaluation  

The fitness between the experimental data and the simulated data were determined 

by the coefficient of determination (R2) (Eq. (13), root mean square error (RMSE) (Eq. 

(14), and the sum of the squared errors (SSE) (Eq. (15)). 

𝑅2 = 1 −
∑(𝑞𝑒,𝑒𝑥𝑝−𝑞𝑒,𝑐𝑎𝑙𝑐)2

∑(𝑞𝑒,𝑒𝑥𝑝−𝑞𝑒,𝑚𝑒𝑎𝑛)2
                                                                                                               (13) 

 

𝑅𝑀𝑆𝐸 = √
1

𝑛 − 1
∑(𝑞𝑒,𝑒𝑥𝑝 − 𝑞𝑒,𝑐𝑎𝑙𝑐)

2
𝑛

𝑖=1
i

                                                                                     (14) 

 𝑆𝑆𝐸 = ∑ (𝑞𝑒,𝑐𝑎𝑙𝑐 − 𝑞𝑒,𝑒𝑥𝑝)
2

                                                                                                     (15)
𝑛

𝑖=1
 

where 𝑞𝑒, calc is the theoretical concentration of adsorbate on the adsorbent, which 

has been calculated from one of the isotherm models. 𝑞𝑒, 𝑖, means is the 

experimentally measured adsorbed solid-phase concentration. 
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3.3.8. Antimicrobial activity test.  

3.3.8.1. Preparation of medium agar  

Bacterial resistance and efficacy of the synthesized pPD and Fe-pPD were determined 

from the observed zone of inhibition (mm) using the standard Agar-Well disc diffusion 

method (Kirby Bauer disk diffusion test). Medium 1 agar plates were divided into half; 

1-5 mL pipette tips were used to punch a small circle to add the adsorbent. 50 µl of 

the bacterial strains (E. coli; ATCC 25922 IN; S. Aureus; ATCC 259231 Tm and K. 

Pneumoniae; ATCC 700603) was inoculated into the sterile medium 1 agar. Then, 50 

µl of 1 mL/0.01 g of the sorbent was deposited into the punched circles. Then 

incubated for 24 hrs at 37 ˚C. The minimal zone of inhibition was observed and 

measured.  

3.4. Results and Discussion  

3.4.1 Adsorbent optimization.  

Fig 5. shows the adsorption capacities of the concerned pollutant ions (Fˉ and As3+) 

by varying the weight percentages of the synthesized materials. The experiment was 

carried out with an initial concentration of 10 mg/L and 5 mg/L for Fˉ and AS+3 

respectively, and a dosage of 0.4 g at room temperature at an agitation speed of 250 

rpm for 30 minutes. The respective sorption experiment was carried out by observing 

the effects of percentage variation (v/v %) of Fe-pPD (2.5 %, 5 %, and 10 %) compared 

with bare pPD. 

 

Figure 5. Variation of % removal of Fˉ and As3+ as a function of Fe doped in pPD 

(Initial concentration of Fˉ and As3+: 10 mg/L and 5 mg/L, dose 0.4 g, volume of the 

solution: 50 mL at 298 K).  
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Fig. 5 portrayed the raw pPD polymer having the lowest pollutants removal potential, 

where only 10% of the initial concentration was removed. However, when doped pPD 

with Fe, the percentage removal of the composite improved considerably. An increase 

in the adsorption capacity occurred because the iron-based sorbents have high 

binding infinity towards inorganic pollutants (As and F) (Sun et al, 2016). Also, the 

introduction new functional groups could possibly help to improve the adsorption 

efficiency of the modified composite (Fe-pPD). The modification of the pPD through 

introduction of FeCl3 has influenced the formation of an emeraldine (changed colour)  

hydrochloride Fe doped poly-(para-phenylenediamine) (R-FeCl3) (Bienkowski, 2006). 

Thus, the proposed mechanism for  As3+ and Fˉ removal might be through ligand 

exchange (Qiao et al, 2014), where the metal ions are attached to Fe replacing 

chloride ion. Thus, the introduction of Fe3+ into the pPD network has improved the 

surface area and ionic state by increasing the active binding sites and solubility, which 

had enhanced the adsorption efficiency of the Fe-pPD. Consequently, an improvement 

in surface area was further validated by the BET analysis, confirming high availability 

of active binding site.  From the data, 2. 5% was chosen as better adsorbent and 

further used for arsenic, and fluoride removal. The interaction of the Fe3+ modified 

polymeric composite was a consistent determinant in the enhancement of the As3+ 

and Fˉ  uptake.   

3.4.2. Characterization.  

3.4.2.1. FTIR results. 

 

Figure 6. FTIR spectra for 2.5% Fe-pPd and pPD 
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Fig 6 portrays FTIR spectra of the 2.5 % Fe-pPD.  The FTIR spectra of the 2.5 % Fe-

pPD composite were carried out to determine the functional groups and any transition 

within the composite spectrum due to the incorporation of Fe metal oxide.  Fig. 6 shows 

the FTIR spectra of pPD and 2.5 % Fe-pPD composite with their respective peaks. 

The pPD spectrum shows a typical broad band between 3200-3400 cm-1 attributed to 

the presence of stretching vibration of N–H group and hydroxyl group (-OH) stretching 

from physically adsorbed H−O−H bonded to the surface (Haldorai et al, 2009; Pham 

et al, 2011). The appearances of strong peaks at 1677 cm−1 and 1504 cm−1 relate to 

the C=C and C=N stretching vibrations of the phenazine ring (Archana and Jaya, 

2014). The C–N–C stretching vibrations of benzenoid and quinoid imine units are 

recognized by the peaks at 1407 cm−1 and 1261 cm−1 with and the characteristic of 

C–H out-of-plane bending vibrations of benzene bases in the phenazine skeletons are 

the bands at 805 cm−1 and 581 cm−1 respectively (Hao et al, 2009).  

3.4.2.2. SEM-EDS results. 

Fig. 7 displays the SEM-EDS micrographs of raw pPD and the 2.5 % Fe-pPD 

composite. Generally, the surface morphology of these polymer-based metal-oxide 

composites is depended on the type of polymers of the phenylenediamines as well as 

the oxidant used during the synthesis (Stejskal, 2015). The morphology of the bare 

pPD (Fig. 7 (a)) was found to be a globular arrangement, while structurally the 2.5 % 

Fe-pPD (Fig. 7(b)), depicts a well-ordered aggregation due to interaction and 

incorporation of Fe surfactant across polymer matrix of pPD. Both materials were 

measured possessing average particle size ranges between 2-20 µm. The successful 

incorporations of the metal oxide within the polymer backbone in 2.5 % Fe-pPD as 

compared to the raw pPD polymer framework were confirmed by the various elemental 

compositions present in the EDS mapping analysis (Fig. 7 (c-d)). The presence of Fe 

element in 2.5 % Fe-pPD composite together with other elements exhibited in pPD as 

shown in the EDS spectra supported the formation of 2.5 % Fe-pPD composite. 

Additionally, Fig. 7(e) portrayed the potential ability of Fe-pPD composite in the 

simultaneous removal of As3+ and F-; which was validated by the presence of As and 

F in the EDS spectrum.  
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Figure 7. SEM-EDS results: (a) and (b) SEM images of raw pPD and 2.5 % Fe-pPD, 

(c) and (d) respective EDS spectra of raw pPD and 2.5% Fe-pPD, and (e) EDS spectra 

of 2.5 % Fe-pPD after application.  

3.4.2.3. XRD results.  

The Structural phases of the raw pPD and 2.5 % Fe doped pPD composite are shown 

in Fig. 8. The X-ray diffractogram of bare pPD shows a large, broad diffraction peak 

around 25º, signifying the amorphous nature of pPD synthesized by the oxidative 

polymerization process. A similar phase of the raw pPD was reported by Li et al, 

(2001). The transformation from the amorphous state exhibited by the raw pPD 

network to the crystalline form of 2.5 % Fe doped pPD composite was confirmed by 

the emergence of four distinct new peaks observed (2θ = 28.9º, 33.65º, 48.5º, and 

(c) (d) (e) 

(a) (c) 
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57.9º). The diffraction peaks patterns of Fe oxides indexed at 33.65° and 58.65°, which 

were the characteristic peaks of two-line ferrihydrite (ICDD database). 

 

Figure 8. XRD diffractogram of 2.5 % Fe-pPD and pPD 

3.4.3.4. BET results  

Table 2. is displaying the BET results of raw pPD and 2.5 % Fe-pPD. The BET analysis 

of the raw pPD and 2.5 % Fe-pPD was done to evaluate the change in surface area 

and to determine the porous nature of the material. The results from the BJH pore size 

distribution portrayed an improvement in surface area, pore diameter and volume from 

the  pPD to the 2.5 % Fe-pPD composite (Table 2). The increase in the surface area 

might be due to the decrease in particle sizes pPD (60.99 nm) > 2.5 % Fe-pPD (31.62 

nm), thus, aiding in an increase in adsorption capacity. Additionally, the resulting pore 

diameters affirm the mesoporosity of the composite 

Table 2. BET analysis results of pPD and 2.5% Fe-pPD.  
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3.4.2.5. CHNS analysis results. 

Table 3 shows the CHNS composition in the 2.5 %  Fe-pPD composite before and 

after application.  As shown, the percentage of CHN increases after the metal ions 

sorption, whereas S content was below the detection limit The increase in CHN 

contents after application might be because the polymers polyaniline results in chain 

growth due to condensation polymerization, thus increasing the percentage of CHN 

(Bienkowski, 2006).   However, the S content in the composite before the application 

may be due to the use of ammonium persulphate as an oxidant during the 

polymerization processes. It is known that ammonium persulphate tends to easily 

dissolve in water; thus, the reduction in S percentage after application.  

Table 3. CHNS results of 2.5 % Fe-pPD before and after fluoride and arsenite 
adsorption from aqueous solution.   

CHNS N [%] C [%] H [%] S [%] 

Before application 14.9 52.96 4.315 2.54 

After application 23.1 62.4 4.367 BDL 

3.4.3. Batch experiments. 

3.4.3.1 Effect of contact time  

Fig 9. shows the significant effect of contact time on the uptake of As3+ and F- in 

aqueous solution by the synthesized 2.5 % Fe-pPD composite studied between 0.5–

120 min. In both sorption processes of As3+ and F-, the percentage removal increases 

exponentially with contact time in the first 40 minutes and subsequently slows down 

to indicate that it has reached equilibrium point. The obtained results showed that the 

maximum percentage removal for As3+ and F- was recorded at 99 (60 min) and 81 % 

(120 min) respectively. The initial increase of As3+ and F- sorption was due to the 

presence of active sorption sites on the surface of the 2.5 % Fe-pPD. Hence,  the low 

uptake of the pollutant ions might be attributed to unavailability of active sites due to 

saturation of the adsorbent.  The optimal time of 60 mins and 40 mins were further 

used for subsequent batch experiments. 
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Figure 9. Effect of contact time on Fˉ and As3+ removal using 2.5 % Fe-pPD. (Initial Fˉ 

and As3+ concentration: 5 mg/L and 10 mg/L, adsorbent dose: 0.4 g, solution volume: 

50 mL, shaking speed: 250 rpm and temperature: 297 K). 

3.4.3.2. Adsorption Kinetics. 

Fig 10 and table 4 and 5 presents the obtained kinetic data models of fluoride and 

arsenite removal from aqueous solution. The estimated parameters for the reaction 

and diffusion-based kinetic model data for both Fˉ and As3+ are presented in Table 4. 

The rate of adsorption of Fˉ and As3+ onto Fe-pPD composite best followed the pseudo-

second-order kinetic model, with R2 for As3+ (1) > R2 for F- (0.923). Thus, 

chemisorption is the limiting step for fluoride and arsenite removal. From the statistical 

point of view the reduced chi-square (χ2) and root mean square error (RMSE) pseudo-

first-order model presented low values for both Fˉ and As3+. Thus, implying 

favourability and suggesting the uptake mechanisms of both pollutants by the 2.5 % 

Fe-pPD composite is associated with the chemisorption process. Moderately, the 

obtained correlation coefficient (R2) of the linearized Elovich (shown in Table 4) greater 

than that of both the pseudo-first-order and pseudo-second-order. Thus, implying 

favourability of chemisorption of the solid-liquid adsorption process.  
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Figure 10. Kinetics models of Fˉ and As3+ removal by 2.5 % Fe-pPD composite: 

Pseudo-first and pseudo-second-order plots of (a) As3+ and (b) Fˉ; The intraparticle 

diffusion plots of(c)  As3+ and (d)  Fˉ. 

Generally, the overall mass transfer mechanism in solid-liquid phase adsorption is 

normally represented by the external mass transfer, intraparticle diffusion and 

adsorption on the active sites consecutively. Fig 10(c-d). show the intra-particle 

diffusion simulated plots of both As3+ and Fˉ uptake by 2.5 % Fe-pPD composite. For 

an adsorption process to be controlled by this model, the plot (qt against t0.5) should 

give a straight line passing through the origin.  

However, in this work, the intra-particle plot attained from the adsorption data (Fig. 10 

(c-d)) shows that the adsorption phenomena take place in more than one step. This 

was consistent with the results for both the As3+ and Fˉ adsorption processes, 

indicating the uptakes of both pollutants were not controlled by only intra-particle 

diffusion. As shown on the plot, three defined phases, which deviate from the origin 

occurred for both As3+ and Fˉ uptake by the 2.5 % Fe-pPD composite. 
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Table 4. Table for non-linearized kinetics parameters of Fˉ and As3+ removal by 2.5% 

2.5 % Fe-pPD.  

 

 These phases show the systematic mechanisms of both the As3+ and Fˉ species in 

solution occurring through the boundary layer diffusion, intraparticle pore diffusion as  

Table 5. Table for linearized kinetic models of Fˉ and As3+ removal by 2.5% Fe-pPD. 

 

well as on the active sites across the external surface 2.5 % Fe-pPD composite. The 

rate for phase 1, phase 2 and phase 3 suggests that the adsorption process was very 

rapid on the layer and dominates the intraparticle diffusion for Fˉ, whereas on As3+ it 

was the attachment of As3+ on the internal surface of the adsorbent due to the 

Parameters Pseudo-first order 

 

Pseudo-second order 

 

 

Fˉ As3+ Fˉ As3+ 

K1 1.31 1.03 1.13 1.14 

Qe 1.77 0.96 1.83 1.03 

R2 0.54 0.71 0.76 0.85 

χ2 0.03 0.21 0.01 0.15 

RMSE 0.02 0.12 0.008 0.09 

        Elovich 

 

                    Intra-particle diffusion 

 

    

phase1 

 

phase 2 

 

phase 3 

 

 

Fˉ As3+ 

 

Fˉ As3+ Fˉ As3+ Fˉ As3+ 

ᵦ 0.18 0.12 Ci 0.42 1.53 0.78 1.07 0.98 0.8 

α 4.08*103 1.05*103 R2 0.53 0.69 0.52 1 0.94 0.87 

R2 0.96 0.86 K1 0.1 0.05 0.05 0.19 0.01 0.41 
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difference in the rate of mass transfer in the initial and final phase of adsorption based 

on the respective coefficient of determination values (Table 5). The positive value of 

Ci indicates that intra-particle diffusion is the main mechanism for adsorption and 

external diffusion occurred to some extent.   

3.4.3.3. Effect of adsorbent dose  

The response of the adsorbent dose on As3+ and F- ions removal is presented in Fig 

11. The adsorbent dose was varied from 0.05-0.4 g. The attained data portrayed an 

increase in As3+ and F־ removal with increasing adsorbent dose. The gradually 

increase in removal ability with a rapid increase of adsorbent load is due to an increase 

in surface area, where more active sites were available for adsorption of As3+ and F- 

ions. Thus, 2.5 % Fe-pPD, can effectively remove As3+ and F- ions as the dose 

increases. Equally, the less As3+ and F- sorption by 2.5 % Fe-pPD at low adsorbent is 

due saturation of the active sites on the surface area of the adsorbent. Thus, implying 

significancy of the adsorbent dose towards As3+ and F־ uptake. Therefore, the 

maximum uptake recorded, and the optimum dosage was 0.25 g and 0.2 g /50 mL for 

As3+ and F- respectively. These optimal doses were used for subsequent batch 

adsorption experiment. 

 

 Figure 11. Effect of adsorbent dose on As3+ and F־ sorption by 2.5 % Fe-pPD. (Initial 

Fˉ and As3+ concentration: 5 mg/L and 10 mg/L, adsorbent solution volume: 50 mL, 

contact time: 40 mins, shaking speed: 250 rpm and temperature: 297 K). 
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3.4.3.4. Effect of initial concentration.  

The effect of initial adsorbate concentration on adsorption efficiency of 2.5 % Fe-pPD 

composite was evaluated between 5–100 mg/L at different operating temperature. As 

shown from the obtained data (Fig 12), the percentage removal of both As3+ and F־ by 

the 2.5 % Fe-pPD composite decreased with an increase in the initial concentration. 

The decrease in removal efficiency by both As3+ and F ־ species with increasing initial 

concentration may be due to the increasing number of these species in the solution. 

Thus, saturation of the binding adsorption sites on the 2.5 % Fe-pPD adsorbent 

surface area. This trend was consistent throughout the different operating 

temperatures and can be attributed to decrease in the mass transfer movement, which 

allow better binding interaction between both As3+ and F- ions and 2.5 % Fe-pPD 

composite. 

 

Figure 12. Effect of initial concentrations on F and As removal using 2.5 % Fe-pPD 

composite. (Initial Fˉ and As3+ concentration: 5 mg/L and 10 mg/L, adsorbent dose: 

0.25 g and 0.2 g, solution volume: 50 mL, contact time: 24 hrs, shaking speed: 250 

rpm and temperature: 298K-323 K). 

3.4.3.5. Adsorption isotherm models  

The non-linearized plots and the respective parameters of both the Langmuir and 

Freundlich models for As3+ and Fˉ sorption onto 2.5 % Fe-pPD at different 

temperatures are summarized in Fig 13 and Table 5. Evidently from the coefficient of 

determination values (R2), adjusted correlation coefficient values(adjusted R2), R ch-

squared (χ2)values and the residual sum of squares (RSS) (Table 6), the adsorption 

process of both As3+ and Fˉ by Fe-pPD followed the Freundlich isotherm model with 

higher affinity for Fˉ than As3+ based on the maximum adsorption capacity (Qm). 
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Thus, indicating the heterogeneity adsorption phenomenon at the sorbate-sorbent 

interphase. The maximum adsorption capacities increase for As3+ and decreased for 

Fˉ uptakes as the temperature increases. Thus, suggesting that adsorption infinity is 

high at high temperature for As3+, whereas for Fˉ it is favourable at low operating 

temperature. Moreover, the n values within the range of 1 and 10 validate the 

favourability of the sorption processes. 

 

 

Figure 13. (a) and (b) As3+ for Langmuir and Freundlich Isotherm models plots, and 

(c) and (d) Fˉ for Langmuir and Freundlich Isotherm models plots removal using 2.5 % 

Fe-pPD composite. 
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Table 6. Non-linearized Langmuir and Freundlich isotherm model of Fˉ and As3+ 

adsorption by 2.5 % Fe-pPD.  

                                           Langmuir                                    Freundlich  

Temperature Parameters Fˉ As3+ Parameters Fˉ   As3+ 

298 K Qm 6.79 1.86 Kf 3.36 1.38 

 
KL 0.80 4.05 n 5.46 12.6 

 
R2 0.83 0.82 R2 0.87 0.65 

 
Adj.R2 0.80 0.78 Adj.R2 0.84 0.58 

 
RL 0.11 0.05 χ2 0.89 0.049 

 
χ2 1.15 0.03 RSS 4.46 0.24 

 
RSS 5.76 0.13 

          
303 K Qm 5.55 1.67 Kf 3.13 1.26 

 
KL 1.053 10.32 n 6.83 12.08 

 
R2 0.85 0.60 R2 0.85 0.67 

 
Adj.R2 0.82 0.52 Adj.R2 0.82 0.61 

 
RL 0.09 0.02 χ2 0.57 0.04 

 
χ2 0.56 0.05 RSS 2.85 0.22 

 
RSS 2.81 0.76 

          
313 K Qm 4.02 1.72 Kf 2.67 1.25 

 
KL 2.08 10.66 n 9.32 10.42 

 
R2          0.7224 0.39 R2 0.82 0.51 

 
Adj.R2 067 0.27 Adj.R2 0.78 0.42  

 
RL 0.05 0.02 χ2 0.28 0.12 

 
χ2 0.42 0.15 RSS 1.38 0.61 

 
RSS 2.11 0.76 

          
323 K Qm 4.04 2.17 Kf 2.37 1.35 

 
KL 1.03 3.28 n 7.19 7.41 

 
R2 0.43 0.44 R2 0.56 0.54 

 
Adj.R2 0.32 0.33 Adj.R2 0.49 0.45 

 
RL 0.09 0.057 χ2 1.18 0.26 

 
χ2 1.54 0.32 RSS 5.91 1.31 

 
RSS 7.72 1.578 
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Additionally, the D-R model was also plotted to determine the effect of the porous 

nature of the composite as well as the mean free energy of the sorption process. Table 

7 displayed the various D-R model parameters of 2.5 % Fe-pPD composite sorption 

of As3+ and Fˉ. It was observed that the Qmax value of Fˉ decrease  

Table 7. Linearized D-R isotherm model Fˉ and As3+ of removal by 2.5 % Fe-pPD 

composite. 

 

 

 

       D-R model Fˉ As3˖ 

298 K R2 0.67 0.88 

 

ᵦ 9*10ˉ9 4*10ˉ9 

 

E 7.45 3.54 

 

Qmax 

 

1.82 

    
303 K R2 0.72 0.68 

 

ᵦ 9*10ˉ9 2*10ˉ9 

 

E 7.45 5 

 

Qmax 4.5 1.64 

    
313 K R2 0.8 0.48 

 

ᵦ 6*10ˉ9 1*10ˉ9 

 

E 9.13 7.07 

 

Qmax 3.6 1.66 

    
323 K R2 0.58 0.58 

 

ᵦ 6*10ˉ9 3*10ˉ9 

 

E 9.13 4.08 

 

Qmax 3.4 2.03 



74 
 

with increasing temperature confirming that adsorption infinity is high at low 

temperature. Whereas, As3+ data revealed that adsorption infinity is high at high 

temperatures as shown in table 6. The obtained Polanyi potential (E) value is < 8 

kg/mol, thus, the  adsorption process occurred through physical nature. 

3.4.3.6. Thermodynamics   

Thermodynamic parameters such as enthalpy changes (ΔH°(kJ/mol-1)), entropy 

changes (ΔS°(kJ/mol-1)) and Gibbs free energy changes (ΔG° (kJ/mol-1)) were used 

to determine the spontaneity, type of reaction and the degree of randomness during 

the uptakes of both As3+and F- by the 2.5 % Fe-pPD. The parameters from the plot of 

1/T vs ln KC were calculated using the following equations: 

𝑙𝑛𝐾 =
∆𝐻∗

𝑅
+

∆𝑆°

𝑅
                                                (16) 

∆𝐺 = ∆𝐻° − 𝑇∆𝑆°                                             (17) 

Where K is the equilibrium constant, R is the gas constant (8.134kJ mol-1 K-1) and T is 

the solution temperature (K) 

Table 8. Thermodynamic parameters of Fˉ and As3+ adsorption by 2.5 % Fe-pPD 

composite.  

 

Table 8. shows the obtained relative thermodynamic values for the As3+ and Fˉ 

adsorption process. From the tabulated parameters, ∆G◦ values were calculated to be 

negative for Fˉ and positive for As3+ sorption processes. Thus, this indicates feasibility 

and spontaneity for both As3+ and Fˉ uptake by the 2.5 % Fe-pPD. In both removal 

processes, the ∆G◦ values decreased with an increasing temperature, which indicates 

Parameters F־ As3+ 

∆H◦ (kJ/mol-1)   1.3 0.57 

∆S◦ (kJ/mol-1) 0.01 0.03 

                                                  ∆G◦ (kJ/mol-1) 
 

298 K -9.19 -0.41 

303 K -9.35 -0.44 

313 K -9.68 -0.50 

323 K -10.01 -0.55 
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the favourability of the sorbate-sorbent mechanisms. Thermodynamically, the removal 

process for both As3+and Fˉ by the 2.5 % Fe-pPD was endothermic with an increase 

in the degree of randomness as validated by the positive values of ∆H◦ and ∆S◦ 

respectively. 

3.4.3.7. Effect of pH on As3+ and F־ sorption and point of zero charge.  

 

Figure 14: (a) and (b) Effect of pH on Fˉ and As3+ removal by 2.5 % Fe-pPD and pHpzc. 

(Initial As3+ and Fˉ concentration: 5 mg/L and 10 mg/L, adsorbent dose: 0.25 g and 0.2 

g, solution volume: 50 mL, contact time: 40 mins, shaking speed: 250 rpm and 

temperature: 297K). 

 Fig 14. is showing obtained results of the point of zero charge and effect of pH on 

As3+ and F־ removal uptake from aqueous solution. The effects of pH and ionization 

abilities of the composite on As3+ and F־ species sorption was evaluated by varying 

the pH of the solution between 2-12. Based on the results obtained from the above 

Fig, As3+ and F־ uptake highly depends on the solution pH. The point of zero charge 

of Fe-pPD was examined and the attained result is shown in Fig 14(b). The pH at the 

point of zero charge is defined as the pH at which the net charge of the surface is 

equal to zero. However, the importance of this phenomenon is that the surface will be 

positively charged at solution pH values less than pHpzc, whereas negatively charged 

when solution pH is greater than the pHpzc. From the obtained results, the pHpzc is 7.  

As revealed on the plot (Fig. 14(a)), it was observed that As3+ uptakes by the 2.5% Fe-

pPd composite increase with increasing the solution pH.  From the obtained results, 

the optimal As3+ removal pH was reported to be 9. Recently, it has been reported that 

As3+ is an oxy ion that speciates at different pH under reducing and oxidizing 
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conditions. The literature has demonstrated that As3+ speciation demonstrates that at 

pH below 9, the dominant species is neutrally charged H3AsO3 while at pH beyond 9 

it exists H2AsO3
ˉ (Mudzielwani et al , 2019,  Smedley and Kinniburgh, 2002) However, 

at extreme acidic pH As3+ species occurs as HAs3
− ( Eq. 18 and 19) which also 

illustrate  behaviour in acidic and alkaline conditions .    Thus, at pH below and above 

the point of zero charge, the  adsorption might be attributed to electrostatic attraction 

and ion exchange.  

≡ MOH + H3As3 ↔ ≡MH2As3  + H2O  (18) 

 ≡ MOH + H2As3
−

 ↔≡ MHAs3
 −   + H2O  (19)  

Additionally, it was detected that F ־ removal by the 2.5 % Fe-pPD increases in less 

acidic to neutral pH and decreases as the pH increase to alkalinity. An optimal Fˉ 

removal pH was reported to be 7, where about 85.51% removal was observed. An 

initial increase in Fˉ removal is due to between the adsorbate and adsorbent surface 

charges as validated by the pHpzc. However, as detected from the pHpzc phenomenon 

(7), reduction in Fˉ uptake is due to repulsion force between the adsorbent surface 

charge and the Fˉ ions and competition between and Fˉ ions. Eq. 20 and  21 is the 

hypothesized fluoride mechanism.  

≡MOH + Hᶧ + Fˉ  ↔ ≡MF + H2O (20) 

≡M(OH)2 + 2Fˉ  ↔ ≡MF2 + 2OHˉ (21) 

 

3.4.3.8. Effect of co-existing ions.  
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Figure 15: effect of co-existing ions on (a)  As3+ and (b)  Fˉ removal by 2.5 % Fe-pPD 

(Initial Fˉ and As3+ concentration: 5 mg/L and 10 mg/L, adsorbent dose: 0.25 g and 0.2 

g, solution volume: 50 mL, contact time: 24 hrs, shaking speed: 250 rpm and 

temperature: 297 K) 

Fig 15. Show effect of co-existing ions towards As3+ and F ־ uptake from aqueous 

solution. The presence of co-existing ions such as phosphates, sulphate, chlorine, 

fluoride, arsenite, carbonates nitrates, etc in water, might pose greater or minimum 

effect upon As3+ and F־ ions uptake by the composite in aqueous solution. Fig. 15 

clearly shows that co-existing ions have a significant effect on both fluoride and 

arsenite uptake, which was validated by reduction in percentage removal . Hence, 

reduction in pollutants ion removal is due to the capacity of the competing ion with 

As3+ and Fˉ ions for the present binding active adsorbent surface sites (Ayinde et al, 

2018). Additionally, the co-occurrence of existing ions reduces interaction mobility of 

the adsorbate ions with active sites, thus, causing high coulombic repulsion forces. As 

shown in Fig 15(a), the results revealed that SO4
PO4 ,־ F ,־2

 pose a great effect ־ and Cl־

on As3+ removal whereas, CO3
2- and NO3

- pose minimal effect. Additionally, the 

obtained Fˉ results revealed greater CO3
2- effect, whereasSO4

As3+, PO4 ,־ 2
 ־and Cl־ 

pose minimal as shown in Fig 15 (b). Equally, the effect order can be summarized in 

the following way: arsenite: SO4
2- > F־ > PO4

-> Cl־ > CO3
2-> HCO2

־
 > NO3

ˉ and fluoride: 

CO3
2->PO4

HCO2 <־
->Cl־ > NO3

-> As3+>SO4
 ־  2

3.4.3.9. Regeneration  
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Figure 16: Are regeneration results of (a) As3+ and (b) Fˉ by 2.5% Fe-pPD composite 

(Initial Fˉ and As3+ concentration: 5 mg/L and 10 mg/L, adsorbent dose: 0.25 g and 0.2 

g, solution volume: 50 mL, contact time: 40 mins, shaking speed: 250 rpm and 

temperature: 297 K). 

Fig 16 shows regeneration results of the 2.5 % Fe-pPD. The reusability and economic 

viability of the adsorbent were evaluated through the regeneration experiment. The 

efficiencies of the adsorbent in the removal of As3+ and Fˉ ions in an aqueous solution 

were studied up to four regeneration cycles. As3+ and Fˉ percent removal as a function 

of the regeneration cycle using 0.01 M NaOH, 0.01 M HCl and H2O were used as 

regenerants. From the obtained results in Fig 11 (a-b), the As3+ and Fˉ sorption 

potential of the regenerated material reduced with increasing regeneration cycles 

when using HCl, NaOH, and H2O regenerants. The reduction in As3+ and Fˉ uptake 

might be due to a reduction in adsorbent dose probably because the polymeric 

composite was loss during washing process (Mdlalose et al, 2017) as well as the 

dissolution of Fe in the regenerants.  

3.4.3.10. Mechanism of As3+ and F־ sorption. 

Based on the experimental results, different mechanisms are involved in fluoride and 

arsenite removal by 2.5 % Fe-pPD composite. However, the kinetics models, isotherm 

models, thermodynamics, effect of pH as well as point of zero charges were examined 

to determine the pollutants removal mechanisms. Eq 18-22 expressed that As3+ and 

Fˉ uptake is also attributed by  electrostatic attraction and ion exchange between the 

adsorbate and adsorbent ions as validated by the results of point of zero charge and  

effect of solution pH. Also, the kinetics data revealed that the removal process includes 

physio-sorption and chemo-sorption interface based on kinetic plots and calculated 

parameters. The obtained intra-particle diffusion kinetic plots and Freundlich isotherm 

model further supports that 2.5 % Fe-pPD material is  multilayer which was further 

validated by the BET results. Thus, several process or mechanism such as physio-

sorption and chemical internal attachment of solid/liquid interface could have a role in 

As3+ and Fˉ uptake.   



79 
 

3.5 Antimicrobial potency  

 

Figure 17. Antimicrobial activity of 2.5 % Fe-pPD and pPD.  

The antimicrobial activities of raw pPD and 2.5 % Fe-pPD composites against 

Escherichia coli, Klebsiella pneumonia and staphylococcus aureus are displayed in 

Fig 17. Comparatively, raw pPD has inhibited portrayed low zon of inhibition (9,10, 

and 6mm),  whereas the modified 2.5 % Fe-pPD composite portrayed high zone of 

inhibition (13, 11 and12.5 mm). Thus, the modified composite has more susceptibility 

towards the concerned pathogens compare to bare pPD. The antimicrobial property 

of the synthesized adsorbent might be due to the existence of a complex and well  

arrenged Feᶧ³ doped pPD compositec material which generates reactive oxidative 

species to assist cellular distraction and cell death (Dhillon et al, 2015). Furthermore, 

different functional groups especially the amines within the Fe-pPD composite are also 

responsible for the denaturation of cell membrane proteins that ultimately lead to the 

breakdown of the cellular structure of the bacterial (Chauhan et al, 2014). Additionally, 

the interaction between the negatively charged substances of the microbial cell 

surface and the positively charged surface of the adsorbent (expressed by the pHpzc) 

might exhibits cell wall lysis (Inbaraj et al, 2012).  Hence, the composites have high 
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antimicrobial action towards gram-negative bacteria compared to gram-positive ones 

as confirmed by the attained results.  

 

3.6. Conclusion  

The Fe doped poly-phenylenediamine was successfully synthesized using chemical 

co-oxidative polymerization. Fe was successfully incorporated onto pPD matrix as 

validated by the different morphological characterization. The synthesized 2.5 % Fe-

pPD composite was evaluated for As3+ and F־ uptake in an aqueous solution. 

However, the study discovered the proposed adsorbent has the potential to remove 

As3+ and F־ effectively. The attained batch experiment data has shown that the 

assessed parameters such as contact time, adsorbent dose, pH, etc have a significant 

effect on As3+ and F ־ adsorption. The rate of adsorption of F- and As3+onto 2.5 % Fe-

pPD composite followed the pseudo-second-order kinetic model, thus, the uptake 

mechanisms of both pollutants by the 2.5 % Fe-pPD composite is due to the 

chemisorption process. However, in this study, the intra-particle plot obtained from the 

adsorption data show that the adsorption phenomena occur in more than one step. 

This was the same for both F ־ and As3+ adsorption processes results, indicating the 

uptakes of both pollutants were not controlled by only intra-particle diffusion. These 

phases show the systematic mechanisms of both the As3+ and F- species in solution 

occurring through the boundary layer diffusion, intraparticle pore diffusion as well as 

on the active sites across the external surface Fe-pPD composite. Comparatively, the 

adsorption of both As3+ and F- by 2.5 % Fe-pPD displayed that the sorption process 

followed the Freundlich isotherm model with higher affinity for F- than As3+ based on 

the obtained n values, R2, AdJ.R2, reduced chi-squares and residual sum of  squares 

values. Thus, the adsorption phenomenon occurred on a homogeneous layer meaning 

the synthesized sorbent is multi-layer. Also, thermodynamically, the removal process 

for both As3+and Fˉ by the 2.5 % Fe-pPD was endothermic with an increase in the 

degree of randomness as validated by the positive values of ∆HO and ∆SO respectively. 

The synthesized 2.5 % Fe-pPD composite successfully portrayed effective 

antimicrobial action towards waterborne pathogens. Also, the synthesized composite 

serves a multiple purpose for both arsenite, fluoride as well as pathogen removal. 

Thus, reducing the expenses of using multiple sorbents to remediate water pollution.  
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Chapter 4 

Synthesis and characterization of Ce doped poly(para-phenylenediamine) and 

its evaluation of chemical pollutants and pathogens removal in aqueous 

solutions. 

E.P Munzhelele*, M.W Gitari, W.B Ayinde 

Environmental Remediation and Nanoscience (EnviReN), Department of Ecology 

and Resource Management, School of Environmental Sciences. University of Venda, 

Private Bag X5050, Thohoyandou, 0950, Limpopo Province, South Africa. 

4.1. Abstract.  

Water pollution is one of the global challenges that is faced by most developing 

continents like Africa. The introduction of a huge volume of chemical and microbial 

pollutants due to natural and anthropogenic activities has greatly affected water 

quality. Consumption of water contaminated with fluoride (Fˉ), arsenite (As3+), and 

pathogens can lead to complicated health issues. Thus, inversely affecting 

environmental dynamics and economical functions, leading to water scarcity as well 

as causing public health problems. This study focused on the synthesis of cerium 

doped poly(-para-phenylenediamine) (Ce-pPD) using chemical co-oxidative 

polymerization and the evaluation of its potential ability in remediating F־ and As3+ at 

optimal conditions in aqueous solution as well as its antimicrobial activity.   

The chemical modification of Ce on pPD matrix was assessed using FTIR, SEM-EDS, 

BET, CHNS, and XRD. The obtained morphological analysis successfully validates 

the incorporation of Ce metal oxide across the pPD matrix. The FTIR results confirmed 

that the functional groups of pPD were not altered due to Ce metal oxide integration. 

The SEM spectral image of the 5 % Ce-pPD composite shown a well-arranged 

combination with a crystalline phase compared to bare pPD composite, with a slight 

improvement on the BET surface area (9.86m2/g). The synthesized composite was 

evaluated for potential F־ and As3+ removal efficiency. It was discovered that 5 % Ce-

pPD composite has the potential ability to remove about 95% and 86 % of F13.29) ־ 

mg/g) and As3+ (2.11 mg/g) respectively. Batch experiments were carried out to 

determine the optimal conditions and their significance towards F־ and As3+ sorption 

using 5 % Ce-pPD. The attained results revealed that the assessed conditions have a 

significant effect on these pollutants uptake in an aqueous solution.  
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The obtained kinetics data for the adsorption process was better described by the 

pseudo-second-order kinetic model. The intra-particle diffusion plot showed that intra-

particle is not the only limiting step through the distinctive phases. The adsorption 

isotherm model for both F־ and As3+ followed the Freundlich isotherm model. The 

synthesized composite has the potential ability for microbial disinfection and is proven 

to be economically viable and feasible as multifunctional materials in the remediating 

polluted water. 

Keywords: Inorganic pollutants, pathogens, cerium, composite, sorption experiments, 

antimicrobial, and regeneration. 

4.2. Introduction. 

The introduction of bulk pollutants into water sources by humans and natural activities 

has greatly affected water quality. Thus, inversely affecting environmental dynamics 

and economical functions, leading to water scarcity as well as causing public health 

problems (Thines et al, 2016). Contamination of water by arsenite, fluoride, lead, 

nitrates, and pathogens have been reported worldwide as a potential risk to the human 

population. The main sources of chemical and microbial pollutants in water systems 

involve the uncontrolled release of industrial, mining wastes, sewage, herbicides, 

agricultural waste, insecticides, erosion as well as infiltration of polluted water into 

aquifers. Simultaneous occurrence and chronic poisonings through continuous intake 

of water contaminated by pathogens, fluoride, and arsenite is an emergent widespread 

disease in Africa (Potgieter et al, 2006; Ma et al, 2012; Walters et al, 2012; Nephalama 

and Muzerengi, 2016). Since most developing nations depend on groundwater as the 

main source of water for domestic use, thus, giving a motivation for groundwater 

assessment and purification before utilization. 

The introduction of microbes in water sources has been reported and affected millions 

of people worldwide especially in developing countries like Africa. The most 

contributing factor for pathogen occurrence in water sources is poor sewage disposal 

and poor sanitation distribution across the globe. Moreover, about 1.1 billion people 

have no access to clean water, and 2.4 billion have no basic sanitation (WHO, 2014). 

Due to poor water quality, sanitation and hygiene, about 1.7 million deaths caused by 

infectious water-borne diseases such as diarrhoea and nine of the tenth of deaths 

happen in children, with a significant, majority of deaths in developing countries are 
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being reported annually (Ashbolt, 2004). Hence, this greatly affects human healthy 

and economic development. Hence, it calls for researchers’ attention to arise-up with 

emerging technologies that may help to resolve microbial pollution without excessive 

damage to the environment. 

Fluoride occurrence in drinking water due to natural and anthropogenic activities has 

been known as one of the global challenges, affecting human health. Elevated fluoride 

concentrations in water sources have been reported in most Southern African nations 

(Taghipour et al, 2016; Abiye et al, 2018). An estimate of more than 200 million people 

globally is ingesting water with high fluoride levels that surpass the WHO standard of 

1.5 mg/L (W.H.O. 2004; 2011; 2017). The concentration and the duration of 

continuous intake of water containing fluoride determine the impact of fluoride uptake 

for it to be beneficial or detrimental to the human body. Nevertheless, excessive intake 

of water containing fluoride might result in adverse health effects which include bone 

diseases and mottling of teeth, risk of suffering from fluorosis (Tor, 2006; Edmunds 

and Smedley, 2005; Rango et al, 2014).   

Equally, arsenic is one of the abundant elements on the earth`s crust. Among different 

arsenic compounds, arsenite (As3+) is the most toxic pollutants in the global 

environment even at low concentrations. The primary source of arsenic is natural 

activities such as  interactions between groundwater and aquifer sediments and hard 

rock minerals, particularly pyrite (Maity et al, 2012). Furthermore, secondary producers 

are human activities that expose rocks and minerals containing arsenic due to various 

economic developments including mining, agriculture, etc (Bhowmik et al, 2015; Jones 

et al, 2015). Arsenite occurrence in groundwater that exceeds the World Health 

Organization limit of 0.1 mg/L has greatly affected human heath due to excessive 

intake of arsenite polluted water (WHO,1981). Hence, an increased in arsenite 

concentration in drinking water sources has gained global attention as a threat to 

public health (Nriagu et al, 2007). Human poisoning and death from arsenic have 

occurred because of excessive intake of water contaminated with arsenic in different 

parts of the world (Jiang, 2001, Berg et a, 2001).  General symptoms of chronic 

exposure are skin and lung cancer, while prolonged exposure to arsenite may result 

in a disease called arsenicosis. 



90 
 

Due to an increase in water contamination, different methods have been developed to 

remedy this global issue. The methods used include ion-exchange, adsorption, 

precipitation, and membrane (Mo et al, 2003, Chouhan and Flora, 2010, Shannon et 

al, 2010). Among these techniques, adsorption has been by far embraced compared 

to others, because it is cheap, easy to operate, considered to be eco-friendly, promote 

environmental stability, and produces less sludge (Vrutangkumar et al, 2015). Different 

adsorbents have been developed to remediate water pollution, this includes metal 

oxides (Fe, Ce, Mn, etc.), clay, agricultural wastes, charcoal, activated carbon, ashes, 

conjugated polymers, and bio-sorbents (Zhang et al, 2002; Mark et al, 2008; Mohaptra 

et al, 2009; Lacasa et al, 2012; Ma et al, 2015; Fito et al, 2017). 

In the past years, the use of metal oxides such as Fe, Ce, Mn, etc have been assessed 

and yield better results on water purification  (Wu et al, 2007, Wang et al, 2015). 

However, the use of Ce and Fe for arsenite, fluoride removal has a disadvantage of 

leaching and less ability for simultaneously pollutants removal. Moreover, the use of 

doped polymeric composite has gained much attention due to high pollutant removal 

capabilities abetted to high surface area and reusability (Amier and Brandt,2017). 

Hence, doping polymeric materials with metal oxides aided in improving the surface 

area, pore size, pore-volume, and pore diameter which enhance its adsorption 

capacity. Thus, this study focused on synthesizing an effective adsorbent with potency 

to remove these concerned pollutants simultaneously.  As a result, this study focused 

on synthesizing Ce doped poly (para-phenylenediamine) using the chemical oxidative 

method and its uptake potency for fluoride and arsenic as well as disinfecting potency.  

4.3. Materials and methodology.   

4.3.1. Chemicals 

Poly (p-phenylenediamine), Ammonium persulfate ((NH4)2S2O8), cerium (IIII) chloride 

heptahydrate (CeCl4.5H2O), sodium fluoride (NaF) and sodium hydroxide (NaOH), 

NaCl, KCl, HCl, and NaAsO3 were purchased from Rochelle chemicals, South Africa. 

All reagents were of analytical grade and used without any purifications. The working 

solutions of different As3+ and F־ concentrations were prepared in deionized water from 

Millipore water (18.2 MΩ/cm).  
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4.3.2. Composite preparation.  

4.3.2.1. Preparation of Poly-phenylenediamine (pPD). 

Poly-pPD was synthesized by a modified method (Pham et al., 2011; Mdlalose et al., 

2017). Briefly, pPD (1.62 g, 0.015 mol) was dissolved in HCl (50 mL, 0.1 M) and stirred 

for 3 hours on an ice bath. Next, the pPD polymerization was initiated by a dropwise 

addition of the freshly prepared oxidant solution of ammonium persulfate (3.42 g) in 

HCl (25 mL, 0.1 M) for 30 min. The resulting mixture was stirred for 24hours at room 

temperature to ensure complete polymerization of the pPD monomer. The pH of each 

poly (p-phenylenediamine) was adjusted to 9 with the addition of 2 M NaOH and 

shaken at 250 rpm for 30 min. The reaction was quenched by adding acetone and the 

resulting crude product was washed with de-ionized water and dried under vacuum at 

60 °C for 24 hours. 

4.3.2.2. Ce Doped Poly-Phenylenediamine (Ce-pPD) 

The para-Phenylelediamine (pPD) (1.62 g, 0.015 mol) was dissolved in HCl (50 mL, 

0.1 M) and stirred for 3 hours on an ice bath. 0.25 M Ce4Cl3.5H2O solution was 

prepared in a 250 mL volumetric flux, where  various percentage of the stock solution 

(2.5%, 5%, and 10%) was prepared in 20 mL deionized water before the doping 

process. Each of these salt solutions was added and mixed separately with the pPD 

solutions by ultrasonication for 25 min. Next, each of the Ce-pPD solution was initiated 

by a dropwise addition of the freshly prepared oxidant solution of ammonium 

persulfate (3.42 g) in HCl (25 mL, 0.1 M) for 30 min. The solution was under stirring 

for 24 hours to allow the formation of Ce-pPD at room temperatures at 400 rpm. The 

pH of each Ce-pPD was adjusted to 9 with the addition of 2 M NaOH to precipitate the 

metal hydroxide and shaken at 250 rpm for 30 min.  The product was collected by 

filtration and washed with deionized water, then dried in a vacuum oven at 60 oC 

24hours. 

4.3.2.3 Adsorbent efficiency determination  

A mass of 0.4 g of pPD and Ce-pPD modified species was contacted with 50 mL of 10 

mg/L fluoride solution at 250 rpm for 30 min using a shaker. The equilibrium pH of 

each mixture was measured to evaluate the pH status of untreated and treated water. 

After the equilibrium pH measurement, the mixture was centrifuged, and the 

supernatants analyzed for residual fluoride using a fluoride ion-selective electrode 
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(9609 BNWP Orion, USA) coupled to an ISE/pH/EC electrode (Thermo SCIENTIFIC-

ORION VERSA STAR Advanced Electrochemistry meter fluoride ion-selective 

electrode) calibrated with four fluoride standards containing TISAB III at the volume 

ratio of 1:10 as in the case of the samples. 

The percentage of fluoride removal was calculated by using the following formula 

          % of fluoride removal=
𝐶𝑜−𝐶𝑒

𝐶𝑜
∗ 100                                                                       (1)              

Co is the initial fluoride concentration in mg/L, Ce equilibrium concentration in mg/L  

The adsorption equilibrium capacity of the adsorbent was calculated using 

                               qe   =
𝐶𝑜−𝐶𝑒

𝑚
∗ 𝑣                                                                                   (2) 

qe is the equilibrium capacity of the adsorbent, m is the mass of the adsorbent in g 

and v is the volume of fluoride in mg/L. 

4.3.3. Characterization.  

The morphological and physicochemical properties of the synthesized adsorbent were 

evaluated using the Scanning Electron Microscope (SEM) (SEM with an FEI Nova 

NanoSEM 230 with the field emission gun equipped with an Oxford Xmax SDD 

detector operating at an accelerating voltage of 20Kv for the EDS detector (Oxford X-

Max with INCA software).The  infra-red spectrum of the adsorbent was obtained using 

the ALPHA Fourier Transform Infra-red spectrum equipped with ATR-Diamond 

(Bruker, Germany). Bruker-D8 Powder Diffractometer with a theta-theta goniometer 

X-ray diffraction (XRD) technique was employed to examine the crystalline phase’s 

identification. CHNS analysis was done using the Thermo Flash 2000 series CHNS/O 

organic Elemental analyser. F־ and pH measurements of the fluoride in the 

supernatants were determined using a fluoride ion-selective electrode (9609 BNWP 

Orion, USA) coupled to an ISE/pH/EC electrode (Thermo SCIENTIFIC-ORION 

VERSA STAR Advanced Electrochemistry meter fluoride ion-selective electrode) 

calibrated with four fluoride standards containing TISAB III at the volume ratio of 1:10. 

Furthermore, the As3+ measurements in the supernatants were determined using 

Metrohm 850 professional ion chromatography (Switzerland). 
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4.3.4. Batch experiments.  

Stock solutions containing 1000 mg/L As3+ and F- were prepared by dissolving 0.1733 

g of NaAsO3 and 2.21 g NaF, respectively in a 1000 mL volumetric flask using Milli-Q 

water (18.2 MΩ/cm). The working solutions were prepared through appropriate 

dilutions from the stock solution. To evaluate the effect of contact time and adsorption 

kinetics, the contact time was varied from 0.5 to 120 min. Adsorbent dosage of 0.4 

g/50 mL and adsorbate concentration of 5 and 10 mg/L of F־ and As3+ concentration 

respectively was maintained. After agitation, mixtures were centrifuged at 250 rpm for 

20 min. The optimum adsorbent dosage was evaluated by varying adsorbent dosage 

from 0.1-0.4 g/50 mL. To evaluate the adsorbate concentration and adsorption 

isotherms, initial concentration of F־ and As3+ were varied from 5 to 100 mg/L at a 

temperature of 298, 323 and 343 K. 

The obtained from effect of initial concentration and adsorption isotherms was used to 

calculate adsorption thermodynamics data. The effect of co-existing anions (Clˉ, NO3
- 

, CO3
2-, SO4

2-)  on  F־ and As3+ uptake efficiency of the Fe-pPD was evaluated with the 

same concentrations of the pollutant anion concentration using the obtained optimal 

initial concentration, contact time and adsorbent doseThe initial of pH solution was 

adjusted using 0.01 M NaOH and 0.01 M HCl. All experiments were conducted in 

triplicate and the mean values were reported. The pHpzc was evaluated using the 

solid addition method as described by Gitari et al, (2017).  

4.3.5. Adsorption kinetics. 

The As3+ and F- adsorption kinetics were studied at an initial concentration of 5 and 

10mg/L respectively. The experimental data were analyzed using the non-linear 

equation of pseudo-first-order and pseudo-second-order models as well as 

intraparticle diffusion (Eqs. 3, 4, and 5) (Lagergren, 1898; Ho and McKay 1998 and 

Sharma et al, 1990): 

𝑞𝑡 = 𝑞𝑒(1 − ℯ−𝑘𝑖𝑡)                                                                                              (3) 

𝑞𝑡 =
𝑞𝑒2 𝑘2𝑡

1˖𝑘2 𝑞𝑒𝑡
                                                                                                                               (4) 

𝑞𝑡 = 𝑘𝑡𝑡0.5 + 𝑐𝑖                                                                                                   (5) 
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qe and qt (both in mg/g) are the amounts adsorbed per unit mass at a time, t (in min). 

K1 (min-1) and K2 (g.mg -1min) are first and second-order rate constant respectively 

These values at different temperatures were calculated from the plots of qt versus t for 

F־and As3+ ions. Ki (mg /g min-1) is the intra particle diffusion rate constant and is 

determined from the slope of t0.5 vs qt and Ci is the constant attained from the intercept 

and reflects the thickness of the boundary layer. The greater the intercept, the bigger 

the boundary layer effect (Mudzielwana et al, 2018).  

Also, the Elovich linear equation (Eq. 6) has general application to chemisorption 

kinetics.  

  𝑞𝑡 = 𝛽 ln(𝜕𝛽) + 𝛽𝑙𝑛𝑡                                                                                         (6)      

The equation was used to validate that chemisorption is the limiting step for fluoride 

and arsenic uptake. It is often valid for systems in which the adsorbing surface is 

heterogeneous. qt is the quantity of adsorbate adsorbed at time t (mg/g), α is a 

constant related to chemisorption rate and β is a constant which depicts the extent of 

surface coverage. The two constants (α and β) can be calculated from the intercept 

and slope of the plot from the equation.  

4.3.6. Adsorption isotherms.  

The adsorption isotherms were modeled using the theoretical Langmuir, Freundlich, 

and Dubinin Radushkevich (D-R) isotherms (Weber and Chakravorti, 1974, Bolster 

and Homberger, 2007). The Langmuir isotherm model assumes monolayer interaction 

between the adsorbate molecules attached to the surface of the adsorbent during 

equilibrium. Freundlich isotherm model assumes that there is a mutual interaction 

between the adsorbate molecules adsorbing onto the multilayer or heterogeneous 

surface of the adsorbent. The non-linear forms of Langmuir and Freundlich equations 

are expressed as (Eq. 7and 8): 

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
                                                                                                                               (7) 

𝑞𝑒 = 𝐾𝑓𝐶𝑒
1

𝑛
                                                                                                                                 (8)    

Where: Ce is the equilibrium concentration (mg/L); Qe is the adsorption capacity 

(mg/g); Qm is the theoretical maximum adsorption capacity (mg/g) and 𝑘𝐿 is the 

Langmuir constant related to the enthalpy of adsorption (L/mg). Kf is the Freundlich 
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constant related to adsorption capacity and 1/n is the adsorption intensity. When 0 < 

1/n < 1, the adsorption is favourable; when 1/n=1, the adsorption is irreversible; and 

when 1/n > 1, the adsorption is unfavourable.  

 Equally, Langmuir isotherm can be expressed in terms of a dimensionless constant 

separation factor or equilibrium parameter RL (Eq. 9). (when RL=1 irreversible, 0<RL<1 

favourable, RL=1 linear and RL>1 unfavourable). 

𝑅𝐿 =
1

1 + 𝑘𝐿𝐶𝑖
                                                                                                                             (9) 

The Dubinin Radushkevich (D-R) model (Eq. 10) was also employed using the 

experimental data. D-R is a more general model in which assumption is not based 

on homogenous surface or constant adsorption potential, it gives insight into the 

sorbent porosity as well as the adsorption energy. The value of adsorption energy 

further provides information as to whether the adsorption process is physical or 

chemical in nature (Dubinin, 1947). 

𝑙𝑛𝑞𝑒 = 𝑙𝑛𝑞𝑜 − 𝛽ℯ2                                                                                             (10) 

where qe is the amount of ions adsorbed per unit weight of adsorbent (mg/g), qo is 

the maximum adsorption capacity, β is the activity coefficient useful in obtaining the 

mean sorption energy E (kJ/mol) and Ɛ is the Polanyi potential. Ɛ and E are expressed 

by Eq (11 and 12) 

£ = 𝑅𝑇 (1 +
1

𝐶𝑒
)                                                                                                                         (11) 

E = √
1

2β
                                                                                                                               (12)  

where R is the gas constant (J/mol K) and T is the temperature (K). qo and β (mol2 

/kJ2) can be calculated respectively from the intercept and the slope of the plot of lnqe 

vs Ɛ2. 

4.3.7. Goodness of fit evaluation  

The fitness between the experimental data and the simulated data was determined by 

the coefficient of determination (R2) (Eq. (13)), root mean square error (RMSE) (Eq. 

(14)), and the sum of the squared errors (SSE) (Eq. (15)). 
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𝑅2 = 1 −
∑(𝑞𝑒,𝑒𝑥𝑝−𝑞𝑒,𝑐𝑎𝑙𝑐)2

∑(𝑞𝑒,𝑒𝑥𝑝−𝑞𝑒,𝑚𝑒𝑎𝑛)2
                                                                                                         (13) 

 

𝑅𝑀𝑆𝐸 = √
1

𝑛 − 1
∑(𝑞𝑒,𝑒𝑥𝑝 − 𝑞𝑒,𝑐𝑎𝑙𝑐)

2
𝑛

𝑖=1
i

                                                                                  (14) 

 𝑆𝑆𝐸 = ∑ (𝑞𝑒,𝑐𝑎𝑙𝑐 − 𝑞𝑒,𝑒𝑥𝑝)
2

                                                                                               (15)
𝑛

𝑖=1
 

where 𝑞𝑒, calc is the theoretical concentration of adsorbate on the adsorbent, which 

has been calculated from one of the isotherm models. 𝑞𝑒, 𝑖, means is the 

experimentally measured adsorbed solid-phase concentration. 

4.3.4. Antimicrobial activity test.  

Bacterial resistance and efficacy of the synthesized pPD and Ce-pPD composites 

were determined from the observed zone of inhibition (mm) using the standard Agar-

Well disc diffusion method (Kirby Bauer disk diffusion test). Medium 1 agar plates were 

divided into half; a small circle to add the adsorbent was punch using the bottom of 

the 1-5 mL pipette. 50µl of the bacterial strains (E. coli; ATCC 25922 IN; S. Aureus; 

ATCC 259231 Tm and K. Pneumoniae; ATCC 700603) was inoculated into the sterile 

medium 1 agar. Then, 50 µl of 1 mL/0,01 mg of the sorbent was deposited into the 

punched circles. Then incubated for 24hrs at 37 ˚C. The minimal zone of inhibition was 

observed and measured.  

4.4. Results and discussion. 

4.4.1. Adsorbent Optimization.  

Fig 18. portrays the adsorption capacity of pollutants ions (Fˉ and As3+) by varying the 

percentage weight of the synthesized composite with an initial concentration of (Fˉ and 

As3+) at 10 mg/L and 5 mg/L respectively. The material dosage of 0.4 g was agitated 

with 50 mL of the initial pollutant ions concentrations for 30 minutes at 250 rpm at room 

temperature. The sorption potential of the adsorbent was evaluated by observing the 

effect of percentage volume variation (v/v %) of pPD and Ce-pPD (2.5 %, 5 %, and 10 

%) respectively for F־ and As3+ uptake.   
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Figure 18. Percentage removal Fˉ and As3+ removal using raw pPD and Ce modified 

pPD adsorbents. (Initial concentration: 10 mg/L and 5 mg/L, adsorbent dose: 0.4 g, 

contact time: 30 mins and temperature: 297 K). 

The obtained data revealed that raw pPD has lowest removal efficiency compared to 

doped Ce-pPD. Thus, doped polymeric composite has improved surface area aiding 

to high adsorption efficacy. An improvement in removal efficiency of Ce-pD might be 

due to the strong binding infinity on Ce based adsorbents (He et al, 2020). Also, doping 

pPD with Ce metal ion might have resulted into a crystal structure with protonated and 

unprotonated functional groups (Bienkowski, 2006).  Furthermore, each of the R-Ce 

molecule is surrounded by four chlorine ligands forming the defects of lattice in the 

hybrid adsorbent, hence, the proposed mechanisms involved for metal ions include 

ion exchange and electrostatic attraction. Thus, chemical modification of pPD by 

doping process might have enhanced the Ce-pPD solubility and ionic state. Also, the 

introduction of Ce metal oxide on the pPD matrix attributed to an increase in active 

adsorption sites on the surface of the adsorbent. Comparatively, 5 % Ce-pPD has high 

fluoride removal efficiency compared to all adsorbents, thus, it was further used for 

subsequent optimization experiments.  
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4.4.2. Characterization results. 

4.4.2.1. FTIR analysis.  

 

Figure 19. FTIR spectrum of raw pPD and 5 % Ce-pPD (Before and after adsorption 

application). 

Fig 19. shows the FTIR spectrum of raw pPD and 5 % Ce doped pPD (before and 

after adsorption application). The obtained FTIR analysis revealed that incorporation 

of 5 % Ce on pPD network did not destroy the functional groups within the original 

pPD matrix, while a shift in transmittance peaks (800- 1500cm-1 and 1750-3900cm-1) 

shows that the pPD matrix adsorbed Ce metal ion as well as the adsorbates species 

after 5 % Ce-pPD application. The broad absorption peaks stretching from 3321-

3195cm-1 originated from the N-H and N-H2 asymmetric stretching which showed that 

there are many imino and amino groups (Sun et al, 2017). The two solid peaks at 

1600cm-1 and1496cm-1 are linked to the C=N and C=C stretching vibrations in 

phenazine (Magdziarz et al, 2015). The C-N stretching units were observed at 1183 -

1850cm-1 and the stretching peak from 3500-3900-1 were due to the OH groups 

(Rajagopalan et al, 2017). Thus, the successful synthesis of 5 % Ce-pPD was 

validated by the FTIR spectrum which corresponds with the literature (Pham et al, 

2011).  
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4.4.2.2. XRD analysis. 

 

Figure 20. XRD analysis for raw pPD and 5 % Ce-pPD. 

The XRD obtained results have revealed that the introduction of Ce metal across the 

pPD network helped to transform the amorphous structure of raw pPD into a crystalline 

phase as shown in Fig 20. This was validated through the shifting of the centred peak 

fom 2θ (25◦) to 35◦. Hence this might be attributed to the integration of Ce metal oxide 

with pPD network (Dahaghin, et al, 2020).  In addition, the development of new peaks 

was observed in the 5 % Ce-pPD spectrum 2θ (35-40◦, 45-50◦, 55-60◦, 70-75◦, and 75-

83◦). Thus, doping of Ce metal oxide onto the polymer matrix successfully increased 

the crystallinity of the bare pPD.  
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4.4.2.3. SEM-EDS analysis. 

 

Figure 21: (a) and (b) The respective SEM-EDS spectral analysis of raw pPD and 5% 

Ce-pPD;  (c) and (d) the respective EDS spectra of raw pPD and 5 % Ce-pPD; and (e) 

EDS spectra of 5 % Ce doped pPD after application. 

Fig 21. portrayed SEM-EDS images of raw pPD and 5 % Ce-pPD. The morphological 

and elemental composition of pPD and 5 % Ce-pPD (before and after application) of 

the adsorbent was analyzed by SEM-EDS. Fig 21 (a). Shows an ambiguous 

aggregation morphology of the raw pPD, while 5 % Ce-pPD displayed a well-organized 

layered combination due to the incorporation of Ce metal oxide on pPD network as 

presented in Fig 21 (a-b). The EDS spectrum in Fig 21 (c-d) indicates the presence of 

the Ce element on the pPD network. Additionally, the adsorption potency of the 

proposed adsorbent on fluoride and arsenite was confirmed by the EDS spectrum 
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shown in Fig 21(g), which shows the presence of As and F  elements on the spectrum. 

Thus, 5 % Ce-pPD composite has the potential for As3+ and Fˉ uptake.  

4.4.2.4 BET analysis.  

Table 9. BET results pPD and 5 % Ce-pPD composites. 

The surface properties of the raw pPD and 5 % Ce-pPD composite are shown in Table 

9. The results showed an increase in surface area after doping with the Ce metal oxide. 

Comparatively, the pore volume and pore diameter have increased, while the average 

particle size has decreased. Thus, validating an improvement in surface area of the 

Ce doped polymeric composite while enhancing the adsorption capacity. An increase 

(7.79-10.25 nm) in pore diameter confirms the mesoporosity of the 5 % Ce-pPD 

composite.   

4.4.2.5 CHNS results.  

Table 10.CHNS results of 5 % Ce-pPD before and after As3+ and F־ removal. 

CHNS N [%] C [%] H [%] S [%] 

Before application 14.7 49.69 4.101 2.806 

After application 22.4 60.33 5.085 1.796 

 

Table 10. presents the CHNS results of 5 % Ce-pPD before and after application. The 

attained CHNS results of 5 % Ce-pPD composite revealed that the percentage of CHN 

increases after application, whereas S content has decreased as shown in Table 10. 

An increase in carbon, hydrogen, and nitrogen (CHN) contents after application might 

be due to condensation polymerization of the polymers polyaniline with adsorbate 

resulting in the chain growth, thus increasing the percentage of CHN (Sadeghi et al, 

2018).   Nevertheless, the present S content in the composite before the application 

is due to the use of ammonium persulphate as an oxidant. It is known that ammonium 

persulphate tends to easily dissolve in water; thus, the reason behind the decrease in 

S percentage after application.  

 pPD 5 % Ce-pPD 

BET surface area (m2/g) 8.68 9.86 

Pore volume (cm3/g) 0.02 0.03 

Pore diameter (nm) 7.79 10.25 

Average particle size (nm) 69.99 60.69 
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4.4.3. Batch experiments results.  

4.4.3.1. Effect of contact time.  

 

Figure 22. effect of contact time on As3+ and F־ removal by 5% Ce-pPD from aqueous 

solution. (Initial Fˉ and As3+ concentration: 5 mg/L and 10 mg/L, adsorbent dose: 0.4 

g, solution volume: 50 mL, shaking speed: 250 rpm and temperature:297 K). 

Fig 22. Portrays the obtained results of the effect of contact time on As3+ and F ־ 

removal by  5% Ce-pPD. The attained results portrayed that as contact time increases 

As3+ and F־ removal increases. A gradual increase of As3+ and F־ sorption was seen 

from 0.5 mins to 15 mins, it then slowly increases from 15 mins to 30 mins for As3+ 

and F־, then it reaches an equilibrium contact time. An equilibrium contact time is that 

at which the curve starts to appear to be asymptotic with the x-axis. The primary 

increase in As3+ and F־ sorption might be due to the presence of active binding sites 

on the adsorbent surface, that bonded with the metal ions in solution. As time 

increases an equilibrium was reached, this could be due to the reduction of these 

active sites, thereby, leading to the adsorbent surface saturation. The equilibrium 

contact time was recorded to be 30 minutes for both As3+ and F ־. These optimum 

values were further used for subsequent batch experiments. 

4.4.3.2. Kinetics model.  

The kinetic data models (pseudo-fist, pseudo-second orders and linearized Elovich as 

well as intraparticle diffusion) were determined from the obtained data of contact time 

and are shown in Fig 23. 
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Figure 23. kinetics model of Fˉ and As3+ adsorption by 5 % Ce-pPD composite: (a) 

and (b) are the respective plots for pseudo-first and pseudo-second-order As3+and Fˉ, 

(c) and (d) As3+ and Fˉ intraparticle diffusion plots. 

From the attained kinetic data model, As3+ and Fˉ adsorption were better described by 

a pseudo-second kinetic model with R2 of As3+ (0.97)> Fˉ (0.99). Hence the sorption 

performance is due to chemisorption. The low values of goodness of fit of the 5 % Ce-

pPD composite (χ2 and RMSE) shown in Table 11 for pseudo-second-order implies 

favourability in chemisorption reaction at the solid-liquid interface. Furthermore, the 

Elovich kinetic model was used to validate that chemosorption is limiting, this was 

confirmed by the higher correlation coefficient shown in Table 12. 
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Table 11.Non-linearized kinetic model parameters of Fˉ and As3+ adsorption by 5 % 

Ce-pPD composite.  

The intraparticle diffusion kinetic data (Fig 23 (c-d) and Table 12) shown that 

chemisorption is not the only limiting step. This was validated by the intraparticle plot 

with three distinct phases as shown in Fig 23(c-d). Thus, adsorption of As3+ and F־ 

might be attributed to: (i) external diffusion, (ii) intraparticle diffusion and (iii) diffusion 

of adsorbates ions into the internal surface of the solid material (adsorbent) Ruthven 

et al, 1984; Gupta et al, 2011). 

Table 12. linearized kinetics model parameters of Fˉ and As3+ adsorption by 5 % Ce-

pPD composite.. 

Elovich 
ᵦ α R2 

Fˉ 0.058 1.68*1015 0.935 

As3+  0.1 1.6*104 0.704 

    
Intraparticle diffusion  Ci Ki R2 

As3+  
   

phase 1 0.37 0.89 1 

phase 2 0.93 0.04 0.89 

phase 3 1.06 0.002 0.52 

    
Fˉ 

   
phase 1 1.83 0.10 0,37 

phase 2 1.86 0.07 1 

phase 3 2 0.02 0.6 

    

Non-linear  Pseudo-first-order 
 

Pseudo-second-order 
 

  
Fˉ As3+ Fˉ As3+ 

K2 
 

4.749 6.235 1.183 1.607 

qt 
 

2.089 2.124 1.066 1.106 

R2 
 

0.239 0.639 0.99 0.969 

χ2 
 

0.004 0.002 0.0004 0.001 

RMSE 
 

0.092 0.064 0.021 0.037 
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Comparatively, the rate constant values for phase 1, 2 and 3 (K1) shown in table 12, 

suggests that the adsorption process was very rapid on the layer and dominates the 

intraparticle diffusion for F־.  While for As3+ adsorption process was very rapid on the 

internal surface of the adsorbent and intraparticle diffusion. However, when comparing 

the correlation coefficient values of three distinctive phases have shown that the 

limiting factors for both As3+ and F־ adsorption is mainly due to external and 

intraparticle diffusion, which occurred at a short period of time. Based on the obtained 

positive values of Ci shows that intra-particle diffusion is the limiting step and external 

diffusion happened at some extent.   

4.4.3.3. Effect of adsorbent dose. 

 

Figure 24. Effect of adsorbent dose on As3+ and F־ uptake by 5 %Ce-pPD composite 

(Initial Fˉ and As3+ concentration: 5 mg/L and 10 mg/L, adsorbent solution volume: 50 

mL, contact time: 30 mins, shaking speed: 250 rpm and temperature: 297 K). 

Fig 24. portrays the response of adsorbent dose on As3+ and F־ sorption using 5 % 

Ce-pPD. The obtained data showed that As3+ and F־ ions uptake increases with 

adsorbent dose increment. An increase in As3+ and F־ uptake with the rapid increase 

of the adsorbent dose is attributed to an increase in active metal ion binding sites. In 

conclusion, the adsorbent dose has a significant effect on As3+ and F־ uptake in 
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solution. An optimal dose of 0.35 g and 0.2 g for As3+ and F־ were reached, chosen as 

the optimal dose respectively, and was further used in the subsequent batch 

experiments. 

4.4.3.4. Effect of Initial adsorbate concentration.  

 

Figure 25. Effect of initial adsorbate concentration on Fˉ and As3+ removal using 5% 

Ce-pPD composite. (Initial Fˉ and As3+ concentration: 5 mg/L and 10 mg/L, adsorbent 

dose: 0.35 g and 0.2 g, solution volume: 50 mL, contact time: 24 hrs, shaking speed: 

250 rpm and temperature: 298-323 K). 

Figure 25. display effect of initial adsorbate concentration at different operating 

temperatures. It is observed that As3+ and F ־ uptake decreases with increasing initial 

concentration. The reduction in As3+ and F ־ removal with increasing initial 

concentration might be due to the absence of more available sorption sites on the 

adsorbent layered-surface resulting in the overall reduction of removal efficiency. 

Thus, the 5 % Ce-pPD adsorbent binding site within the composite surface area is 

saturated. The same pattern was observed with different working temperatures. 

Hence, this is due to a reduction in mass transfer movement which allowed a better 

reaction between both As3+ and F- ions across the Ce-pPD sorbent surface.  
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4.4.3.5. Isotherm models.  

 

Figure 26. Adsorption isotherm plots of As3+ and Fˉ removal using 5 % Ce-pPD 

composite: (a) and (b) As3+ Langmuir and Freundlich Isotherm models plots, and (c) 

and (d) Fˉ for Langmuir and Freundlich Isotherm models  

 

The fitting plots of Langmuir and Freundlich isotherms with their respective calculated 

parameters are shown in Fig 26 (a-d) and Table 13. The attained As3+ and Fˉ 

adsorption isotherm model data showed a better fit on both Langmuir and Freundlich 

Isotherm model. The feasibility of the isotherm models was further validated by RL (0-

1) and n (1-10) values respectively which are within the fitting ranges. However, based 

on the goodness of fit values, the As3+ and Fˉ uptake process was better described by 

the Freundlich isotherm model; thus, the adsorption process occurred on a multilayer 

surface. In Table 13, the low values of the reduced chi-squared (RCS) and residual 

sum of squares (RSS), implies favourability in heterogeneity in the adsorbate-

adsorbent interface.  
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 Table 13. Langmuir and Freundlich isotherm model parameters of Fˉ and As3+ removal 

using 5 % Ce-pPD composite. 

Furthermore, the linearized D-R model was also plotted to determine the effect of the 

porous nature of the composite as well as the mean free energy of the sorption 

process. The obtained calculated Qmax values of Fˉ decrease with increasing 

temperature confirming that adsorption infinity is high at low temperature. Whereas, 

  

                                     Langmuir                                  Freundlich 

  Parameters F
ˉ
 As

3+
 Parameters F

ˉ
 As

3+
 

298K Q
m
 13.27 2.11 K

f
 3.94 1.32 

 
K

i
 0.3 1.99 n 3.03 8.02 

 
R

L
 0.25 0.048 R

2
 0.97 0.42 

 R
2
 0.92 0.43 Adj. R

2
 0.96 0.31 

 Adj. R
2
 0.91 0.32 χ2 0.86 0.22 

 χ2 2.12 0.31 RSS 4.31 1.5 

 RSS 10.59 1.56    

       

303K Q
m
 17.1 2.01 K

f
 2.57 1,38 

 
K

i
 0.09 16.25 n 2.13 8.76 

 
R

L
 0.53 0.01 R

2
 0.93 0.48 

 R
2
 0.87 0.37 Adj. R

2
 0.92 0.38 

 Adj. R
2
 0.85 0.24 χ2 2.24 0.28 

 χ2 4.23 0.35 RSS 11,21 1.41 

 RSS 21.15 1.74    

       

313K Q
m
 12,58 2.24 K

f
 2.65 1.42 

 
K

i
 0,09 0.77 n 2.88 8.8 

 
R

L
 0,53 0.21 R

2
 0.87 0,84 

 R
2
 0,88 0.21 Adj. R

2
 0.85 0.8 

 Adj. R
2
 0,85 0.06 χ2 2.24 0.06 

 χ2 2,15 0.29 RSS 11.18 0.84 

 RSS 10.77 1.43    

       

323K Q
m
 9.38 1.45 K

f
 2.45 1.11 

 
K

i
 0.13 3.31 n 3.22 4.74 

 
R

L
 0.43 0.06 R

2
 0.86 0.13 

 R
2
 0.8 0.17 Adj. R

2
 0.84 0.04 

 Adj. R
2
 0.76 0.01 χ2 1.59 0.21 

 χ2 2.28 0.02 RSS 7.93 1.0 

 RSS 11.39 1.01    
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As3+ data revealed that adsorption infinity is high at high temperature as shown in 

Table 14. The obtained Polanyi potential (E) value for both Fˉ and As3+ are  < 8kg/mol, 

thus, the adsorption process is physical in nature.  

 Table 14. D-R linear isotherms parameters of Fˉ and As3+ removal using 5 % Ce-pPD 

composite. 

 

DR 

 

Fˉ As3+ 

298K ᵦ 1x10-8 6x10-8 

 

E 7.07 2.89 

 

qe 7.05x10-3 1.96x10-3 

 

R2 0.5799 0.5955 

    
303K ᵦ 1x10-8 9x10-9 

 

E 7.07 7.45 

 

qe 6.88x10-3 1.7x10-3 

 

R2 0.5298 0.8811 

    
313K ᵦ 9x10-9 5x10-9 

 

E 7.45 7.45 

 

qe 5.85x10-3 1.97x10-3 

    

 

R2 0.5428 0.6767 

323K ᵦ 9x10-9 6x10-8 

 

E 7.45 2,89 

 

qe 5.23x10-3 1.37x10-3 

 

R2 0.5603 0.2021 
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4.4.3.6. Thermodynamics.  

Thermodynamic parameters such as enthalpy changes (ΔH°( kJ/mol-1)), entropy 

changes (ΔS°( kJ/mol-1)) and Gibbs free energy changes (ΔG°( kJ/mol-1)) were used 

to determine the spontaneity, type of reaction and the degree of randomness during 

the uptakes of both As3+and F- by the 5 % Ce-pPD composite. The obtained 

parameters from the plot of 1/T vs ln KC were calculated using the following equations: 

𝑙𝑛𝐾 =
∆𝐻∗

𝑅
+

∆𝑆°

𝑅
                                                (16) 

∆𝐺 = ∆𝐻° − 𝑇∆𝑆°                                             (17) 

Where K is the equilibrium constant, R is the gas constant (8.134 kJ mol-1 K-1) and T 

is the solution temperature (K).   

Table 15. Table showing thermodynamics parameters of Fˉ and As3+ removal using 

5% Ce-pPD composite. 

 

 F As3+ 

∆H◦ 37,08 -92,4 

∆S◦ -0,018 0,41 

∆G◦   

298K 42,444 -214,58 

303K 42,534 -216,63 

313K 42,714 -220,73 

323K 42,894 -224,83 

 

Table 15. Portrays the obtained thermodynamic parameters for As3+ and F ־ sorption 

processes. From the attained data, ∆G◦ values were determined to be negative for both 

Fˉ and As3+ for adsorption processes. Thus, an indication that sorption reaction was 

 
Fˉ As3+ 

∆H◦ (kJ/mol-1) -0.5604 1.4212 

∆S◦ (kJ/mol-1) -0.0003 0.0062 

                                       ∆G◦ (kJ/mol-1) 

298K -0.642 -3.2827 

303K -0.6435 -3.3139 

313K -0.6462 -3.3763 

323K -0.6490 -3.4388 
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feasible and spontaneous for both As3+ and F־ adsorption by 5 % Ce-pPD composite. 

The ∆G◦ values were observed to decrease with an increasing temperature; hence it 

indicates favourability of the sorbate-sorbent mechanisms for both pollutant removal.  

Additionally, the As3+ removal process was exothermic with an increase in the degree 

of randomness as validated by negative values of ∆H◦ and ∆S◦ values respectively. 

Whereas the Fˉ removal process was endothermic with a decrease in the degree of 

randomness as confirmed by positive values of ∆H◦ and ∆S◦ individually.  

4.4.3.7. Effect of pH and pHpzc.  

  

Figure 27: (a) and (b) are the plots of effect of pH on Fˉ and As3+ removal using 5 % 

Ce-pPD and the pHpzc of 5 % Ce-pPD composite. (Initial As3+ and Fˉ concentration: 5 

mg/L and 10 mg/L, adsorbent dose: 0.35 g and 0.2 g, solution volume: 50 mL, contact 

time: 30 mins, shaking speed: 250 rpm and temperature: 297 K). 

Fig 27. Presents the results of effect of solution pH towards As3+ and F־ uptake by 5% 

Ce-pPD. The surface charges of the 5 % Ce-pPD composite were evaluated by 

determining the pH at the point of zero charges to determine the chemical process 

that is responsible for As3+ and F ־ removal. pHpzc is described as the pH at which net 

surface charges are equal to zero.  Furthermore, the surface is negatively charged 

when the pH value is above pHpzc and negatively charged at the pH value below the 

pHpzc. From the data obtained (Fig 27(a)), the pHpzc was found to be 7.  

The relationship between As3+ and F- removal and pH solution was evaluated and the 

results are shown in Fig 27 (b). pH is one of the most important factors controlling 
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arsenic speciation in aqueous solutions. Under oxidising conditions, H2AsO3ˉ is 

dominant at low pH (less than about pH 6.9), whilst at higher pH, HAsO3
2– becomes 

dominant ( Li et al, 2011). Elizalde-Gonzalez et al (2001) stated that at pH less than at 

pH 9.2, the uncharged arsenite species H3AsO3
0 will predominate. Thus, an increase 

in As3+ removal with increasing pH might be attributed to electrostatic attraction and 

ion exchange as validated by pHpzc. The hypothesized removal mechanism is 

expressed by Eq. 18 and 19 where m represents the 5 % Ce-pPD. 

≡ MOH + H3As3 ↔ ≡MH2As3  + H2O  (18) 

 ≡ MOH + H2As3
−

 ↔≡ MHAs3
 −   + H2O  (19)  

High F־ removal by 5 % Ce-pPD was observed near-neutral pH, the percentage 

removal was observed to increase from pH 2 to 5 and decrease from pH 7-12. The 

low F־ uptake in the low pH region (<2) could be due to reduced availability of free F ־ 

ions due to the formation of H---F bonds(Guo et al, 2014), while the reduction at high 

pH (>7.0) may be due to competitive interaction with hydroxyl ions. An increase in Fˉ 

sorption is attributed to ionic exchange through solute-sorbent reaction and 

electrostatic attraction between adsorbent and adsorbate charges as expressed by 

Eq. 20 and 21 where M represents 5 % Ce-pPD. 

 ≡MOH + Hᶧ + Fˉ  ↔ ≡MF + H2O (20) 

≡M(OH)2 + 2Fˉ  ↔ ≡MF2 + 2OHˉ (21) 

 

4.4.3.8. Effect of co-existing ions.  
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Figure 28: (a) and (b) effect of co-existing ions As3+ and Fˉ uptake using 5 % Ce-pPD 

composites. (Initial Fˉ and As3+ concentration: 5 mg/L and 10 mg/L, adsorbent dose: 

0.35 g and 0.2 g, solution volume: 50 mL, contact time: 24 hrs, shaking speed: 250 

rpm and temperature:297 K). 

Fig 28. Represents results of effect of co-ions towards fluoride and arsenic removal 

from aqueous solution using 5 % Ce-Ppd. Simultaneous occurrence of sulphates, 

nitrates, carbonates, phosphates, fluoride, chloride, and arsenite in groundwater is 

common. However, their existence in an aqueous solution can pose a great or 

minimum effect in fluoride and arsenite removal using various adsorbents. Thus, this 

is due to their ionic states which encourage the adsorption by either physical or 

chemical sorption by the proposed adsorbents (Vasudevan et al, 2010). Figs 28 (a-b) 

depict the effect of co-existing ions on As3+ and F ־ removal using Ce-pPD. The 

obtained data showed the occurrence of nitrates, fluoride, sulphates, and chloride 

have a great effect on As3+ sorption, whereas carbonates and phosphates pose 

minimal effect. Fluoride results portrayed that nitrates, phosphates, carbonates, and 

chloride exhibit great effect, whereas sulphates and arsenite pose minimal effect. The 

effect of co-ions can be shown in the following order: for As3+: NO3 >F־> SO4
2- > Cl ־ > 

CO3
2- > PO4 and F ־: HCO2 > NO3> CO3

- > PO4
   .As3+> SO-4 respectively <־Cl < ־

4.4.3.9. Regeneration.  

 

Figure 29. Regeneration results of 5 % Ce-pPD composite after As3+ and Fˉ removal 

in aqueous solution. Initial Fˉ and As3+ concentration: 5 mg/L and 10 mg/L, adsorbent 
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dose:0.25 g and 0.2 g, solution volume: 50 mL, contact time: 30 mins, shaking speed: 

250 rpm and temperature:297 K). 

 Fig 29 (a-b). indicates the adsorption-desorption cycles of As3+ and F־ into 5 % Ce-

pPD using HCl, H2O, and NaOH as regenerants. It was observed that As3+ adsorbed 

on the surface of 5 % Ce-pPD initial increased at cycle 1, then decreased from cycle 

2 to 4 when using HCl, H2O, and NaOH respectively. The decrease might be attributed 

to the decrease of the adsorbent dose which was due to a loss during the desorption 

and washing process whereas the initial increase might be attributed to the presence 

of non-binding active sites after the desorption process through sorbent ionization 

(Desmarets et al, 2001).  However, among the three proposed desorbing agents, 

water has been reported as a better desorbing agent as observed in Fig 29 (a and b). 

The attained reusability F־ data portrayed that as the regeneration cycles increase the 

usability is reduced and remained constant when using water and NaOH from cycle 2 

to 4 and continually decreased when using HCl in Fig 29 (b). Nevertheless, it was 

observed that HCl and H2O are good fluoride and arsenite desorbing agents on Ce-

pPD.  

4.4.3.10. Mechanism of As3+ and F־ sorption. 

The mechanisms that are responsible for arsenite and fluoride adsorption by 5 % Ce-

pPD were determined by various kinetics models, isotherm models, thermodynamics, 

and effect of pH as well as point of zero charges as discussed above.  The kinetics 

models (pseudo-first-order, pseudo-second-order, and intraparticle diffusion) revealed 

that they are different mechanisms that are responsible for the sorption of the 

proposed adsorbates ions. The adsorption process includes physio-sorption, chemo-

sorption, internal attachment of solid/liquid interface. This was validated by the 

isotherm models, thermodynamics, and BET analysis results. The other mechanisms 

that a suggested to be responsible include electrostatic attraction and ionic exchange 

as revealed by the point of zero charges and obtained effect of pH results.  
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4.4.4. Anti-microbial potency. 

 

Figure 30.Antimicrobial activity of 5 % Ce-pPD and bare pPD composite. 

The antimicrobial activity of 5 % Ce-pPD and raw pPD results are shown in Fig 30.  In 

this study, the antimicrobial activity of Ce-pPD composite was studied using the zone 

of inhibition method. It was observed that 5 % Ce-pPD composite portrayed high zone 

of inhibition towards Escherichia coli and Klebsiella pneumonia (gram-negative) 

compared to Staphylococcus aureus (gram-positive). Escherichia coli and Klebsiella 

pneumonia with about 11-12 mm zone of inhibition and Staphylococcus aureus 5-8 

mm. The antimicrobial potency of the proposed composite might be attributed to 

different factors such as chemical oxidants and the complex functional groups 

contained within the composite (Tao et al. 2014). Recently, Kumar et al. 2017, reported 

that polyaniline nanocomposites synthesized in acidic solution with strong oxidants 

such as ammonium persulfate; present complex structure and various functional 

groups as well as the oxidant chemical which bioaccumulate, denature and oxidizes 

the lipid membrane of the bacterial causing leakages in the membrane then burst, 

thus, leading to cell death  

Also, Ce-composites have been reported to be potent against these concerned 

pathogens (Kaygusuz et al, 2017). Ce nanoparticles are reported to be more 

susceptible to Gram-negative compared to Gram-positive microbes (Morais et al, 

2015). The greatest antimicrobial activities of Ce nanoparticles on gram-negative 

bacteria might be due to direct contact and the unbalanced outer membrane of the 
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bacteria (Masadeh et al. 2015, Farias et al. 2018).  The efficiency of these 

nanoparticles depends on the morphology and size. However, various studies have 

suggested that antimicrobial activities occur due to three processes between bacterial 

and nanocomposites: (i) adsorption, (ii) oxi-reduction, and (iii) toxicity (Thill et al. 2006, 

Pelletier et al. 2010).  

4.5. Comparison of Fe-pPD and Ce-pPD composites towards As3+ and Fˉ uptake 

from aqueous solutions 

Table 16 shows the progression of sorption capacities towards fluoride and arsenite 

in an aqueous solution between the synthesized 2.5 % Fe-pPD and 5 % Ce-pPD in 

this study. Evidently, from the experimental point of view, the CepPD was observed to 

have high As3+ and Fˉ ions removal capacity with high affinity in fluoride removal (13.27 

mg/g) compared to Fe-pPD (6.76 mg/g) as shown in Table 16. Thus, this might be due 

to the solubility and ionization (an increase in negative or positive charges on the 

surface of the adsorbent to be more reactive) of the dopant metal oxides as already 

explained. 

Table 16. comparison of 2.5 % Fe-pPD and 5 % Ce-pPD composites towards As and 

F removal 

 
     2.5%Fe-pPD 

 
5 % Ce-pPD 

 

 
As3+ Fˉ As3+ Fˉ 

Time (mins) 40 40 20 20 

Dose (g) 0.25 2 0.3 0.2 

Initial concentration (mg/L) 5-100 5-100 5-100 5-100 

pH 9 7 9 5 

Adsorption capacity (mg/g) 1.87 6.79 2.11 13.27 

 

4.5. Conclusion. 

It was observed that Ce metal oxide was successfully incorporated on the pPD 

polymer matrix using chemical oxidative polymerization. This was validated by 

characterization results which include FTIR, XRD, and SEM-EDS spectra. The 

synthesized composite has the potential to effectively remove arsenite, fluoride as well 

as disinfect pathogen in an aqueous solution. About, 86.6 (2.11 mg/g) and 94.6 % 

(13.27 mg/g) of the initial concentration of As3+ and Fˉ respectively were removed. 
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Batch experiment data revealed that that contact time, adsorbent dose, initial 

adsorbate concentration, temperature, and pH have a significant effect on arsenite 

and fluoride sorption using 5 % Ce-pPD composite. The adsorption kinetic process 

followed the pseudo-second-order. Thus, chemisorption is the limiting step. The 

intraparticle diffusion model predicted that As3+ and F sorption is not only due to intra-

particle diffusion. Adsorption isotherm data was better described by the Freundlich 

isotherm model, indicating the heterogeneity of the adsorbate-adsorbent interface. 

Thermodynamically, the Fˉ removal process was endothermic with a decrease in the 

degree of randomness as confirmed by positive values of ∆H◦ and ∆S◦ individually. 

While, the As3+ removal process was exothermic with an increase in the degree of 

randomness as validated by negative values of ∆H◦ and ∆S◦ values respectively. The 

synthesized 5 % Ce-pPD composite successfully shown effective antimicrobial action 

towards waterborne pathogens and it can be reused just by mere washing with clean 

water for about four cycles. 
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Chapter 5. 

Synthesis, characterization of a sustainable Fe/Ce Doped Poly –(para-

phenylenediamine) adsorbent and its potential removal for chemical pollutants 

and pathogens in aqueous solutions. 

Munzhelele E.P, Gitari M.W, Ayinde W.B 

Environmental Remediation and Nanoscience (EnviReN), Department of Ecology 

and Resource Management, School of Environmental Sciences. University of Venda, 

Private Bag X5050, Thohoyandou, 0950, Limpopo Province, South Africa. 

5.1. Abstract. 

Chronic contamination of water bodies by both fluoride, arsenic as well as pathogens 

is frequently observed around the world, where millions of people are severely 

affected. Thus, the study focused on synthesizing a novel conjugated polymeric 

adsorbent by incorporating Fe/Ce oxides onto a phenylenediamine (pPD) polymer 

matrix (Fe/Ce-pPD)  through chemical co-polymerization method and examine its 

potential ability for simultaneous removal of fluoride, arsenite and pathogen 

disinfection in aqueous solution. The successful synthesis of 1:1 Fe/Ce-pPD was 

validated by FTIR, XRD, SEM-EDS, TEM, and BET morphological and structural 

analysis. Batch sorption experiments were carried out to determine significant factors 

affecting As3+ and Fˉ uptake by the synthesised composite. The optimized adsorption 

data were used to derive the adsorption kinetics and isotherm model, which aided to 

determine the mechanism and process that are occurring between the absorbates and 

adsorbent. The modified 1:1 Fe/Ce-pPD has shown high fluoride removal (96.7% 

(14.75 mg/g)) and arsenite (88.66% (4.71 mg/g)) respectively) in aqueous solution. F ־ 

and As3+ sorption followed pseudo-second order; thus, chemisorption is the limiting 

step for pollutants uptake. The isotherm data model was better described by 

Freundlich isotherm model. Thermodynamics study portrayed that adsorption process 

was endothermic in nature. Also, the regeneration studies revealed that the adsorbent 

can be regenerated up to 4 cycles using 0,1 M (HCl and NaOH) and water. The 1:1 

Fe/Ce-pPD composite was observed to have the potency to inactivate pathogens in 
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aqueous solution. Overall, the 1:1 Fe/Ce-pPD composite efficiency and performance 

towards these toxic pollutants is deemed to be a worthy emergent technology in water 

treatment. 

Key words: Contaminated water, modified 1:1 Fe/Ce poly para-phenylenediamine, 

batch adsorption experiment, antimicrobial activity.  

5.2. Introduction.  

Water contamination has been recognised as one of the biggest global issues, 

particularly in developing countries (WHO, 2010), and is regarded as the main 

contributing factor of water scarcity. Consequently, water scarcity is slowly becoming 

a potential risk to public health and the environment (Shahin, 2015). Thus, an increase 

in pollution load in water sources is adversely affecting economic and ecological 

functions globally. Contamination of groundwater by different chemical pollutants 

(fluoride, arsenic, lead, mercury, chromium, etc) and pathogens (bacteria, fungi, and 

viruses) has affected millions of people worldwide, due to prolonged intake of 

contaminated water. Excessive intake of water with high fluoride, and arsenic 

concentrations as well as microbes can result into severe and fatal human health. 

Arsenic is one of the most toxic elements at low concentrations that are abundant on 

the earth`s crust.  Its sources in water bodies are mainly due to ore smelting in mining 

industries. Various studies have reported that arsenic enters drinking water mostly as 

inorganic trivalent (arsenite) or pentavalent (arsenate) oxidation states (Bibi, 2015; 

Itabashi et al, 2019). Comparably, arsenate (As5+) is said to be more stable than 

arsenite (As3+), for which it predominates under normal conditions. Hence, As3+ is 

more toxic than As5+. The contamination of drinking water by arsenite is of global 

concern due to its toxicity and carcinogenic.  Prolong exposure to arsenite is a serious 

concern because of its noticeable adverse effect on public health that varies from 

severe lethality to enduring and carcinogenic effects (Abernathy, 2003). As a result, 

World Health Organization (W.H.O) has set a permissible limit of 0.1 mg/L. Long-term 

exposure to water contaminated with an arsenic concentration greater than 0.1 mg/L 

may result in a disease called arsenicosis. General symptoms include skin and lung 

cancer, gastrointestinal infections, etc. Thus, arsenite removal from aquatic systems 

is more important to protect the environment and public health.  
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Generally, intake of fluoride is essential to prevent bone and teeth molting. 

Nevertheless, its excessive intake may result in dental and skeletal fluorosis. Thus, 

the W.H.O has set a threshold of 1.5 mg/L. However, high fluoride concentrations have 

been reported worldwide. Various sources of fluoride have been determined, this 

includes natural and anthropogenic activities (economic developments such as 

industrial developments). Recently, it has been predicted that about 6 million of people 

are being affected worldwide due to chronic exposure to high fluoride concentrations 

(Saikia, 2017).  

The short and long-term exposure effects of these contaminants have been reported. 

Chronic occurrence of arsenite As3+ (most with reported major incidences) and fluoride 

(F־) in different water resources is often observed around the world and has gained 

global attention of researchers over the years. The effect of As3+ and F־ in the 

environment concerning their toxicity, mobility, bioaccumulation, and biomagnification 

is accountable for a continuous interest to investigate their fate (de Oliveira et al, 

2014). Additionally, the co-occurrence of As3+ and F ־ has been reported around the 

world, however, this can lead to uncertain and complicated human health problems If 

they are simultaneously consumed over a long time. Thus, millions of people are at a 

potential risk of being affected, which calls for researchers’ attention to come up with 

a remedy. 

Also, contamination of water sources by water-borne pathogens have been known 

worldwide. The introduction of microbes in water sources is mainly due to poor sewage 

disposal as well as human and animal droppings. Thus, drinking water contaminated 

with human and animal faeces is the main cause of various water-borne diseases 

(diarrhoea, typhoid fever, hepatitis, and others) caused by various pathogenic 

bacteria, viruses, and parasites (Rai et al, 2012). World Health Organization has 

reported that about 3.5 million people die due to unsafe drinking water and lack of 

sanitation (Wright et al, 2006, Ashbolt, 2015).  

There are various technologies designed for fluoride and arsenite removal, and 

microbial disinfection in water. Nevertheless, few of them are designed for the 

simultaneous removal of fluoride, arsenic, and pathogen in aqueous solutions. These 

removal technologies include ion-exchange, precipitation, membrane, and adsorption 

(Shannon, 2010; Mohapatra, 2009; Jadhav, 2015). Among these technologies, 
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adsorption has been far embraced because it eased to operate, flexible, reusable, 

promote environmental stability (Shakoor, 2019) 

Different advanced composite materials have been recently developed for the removal 

of the mention pollutants, that include activated carbon, alumina, brick powder, oxide 

ores, Fe-Ce oxides, Fe-Al doped polymers, and other materials (Zhang, 2016; Siddiqui 

and Chaudhry, 2018; Guerra et al, 2018). Consequently, the cost of the adsorbents 

limits its feasibility for industrial utilization and environmental stability due to leaching, 

sludge production and cost of production. Thus, chemical modification of conjugated 

polymeric composites through doping process helps to improve the surface area and 

particle size of the sorbent which improves the adsorption capacity.  Thus, the study 

has focused on synthesizing Fe/Ce doped poly(para-phenylenediamine) adsorbent 

through chemical oxidative polymerization and evaluate its potential ability for fluoride, 

arsenite and pathogen removal in aqueous solution.  

5.3. Methods and materials.  

5.3.1. Materials.  

Chemicals (pPD) poly (p-phenylenediamine), Ammonium persulfate ((NH4)2S2O8), 

Iron (III) chloride heptahydrate (FeCl3.5H2O), cerium (IIII) chloride heptahydrate 

(CeCl4.5H2O sodium fluoride (NaF) and sodium hydroxide (NaOH), NaCl, KCl, HCl, 

and NaAsO3 were used. All reagents were of analytical grade and were used without 

any purifications. The working solutions of different fluoride and arsenite 

concentrations were prepared in deionized water from Millipore water (18.2 MΩ/cm). 

5.3.2. Adsorbent preparation. 

5.3.2.1. Preparation of Poly-phenylenediamine (pPD). 

Poly-pPD was synthesized by a modified method (Pham et al., 2011; Mdlalose et al., 

2017). Briefly, pPD (1.62 g, 0.015 mol) was dissolved in HCl (50 mL, 0.1 M) and stirred 

for 3 h on an ice bath. Next, the pPD polymerization was initiated by a dropwise 

addition of the freshly prepared oxidant solution of ammonium persulfate (3.42 g) in 

HCl (25 mL, 0.1 M) for 30 min. The resulting mixture was stirred for 24hrs at room 

temperature to ensure complete polymerization of the pPD monomer. The pH of each 

poly (p-phenylenediamine) was adjusted to 9 with the addition of 2 M NaOH and 

shaken at 250 rpm for 30 min. The reaction was quenched by adding acetone and the 
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resulting crude product was washed with de-ionized water and dried under vacuum at 

60 °C for 24 hrs. 

5.3.2.2. Fe/Ce Doped Poly-Phenylenediamine (Fe/Ce-pPD) 

0.015 M Poly-pPD (1.62 g) was dissolved in HCl (50 mL, 0.1 M) and stirred for 3hrs 

on an ice bath. FeCl3.6H2O and CeCl3.7H2O solutions with various percentage by 

volume ratio (1:1%, 1:2 %, and 2:1%,) was prepared in 20 mL deionized water before 

doping process. Each of these salt solutions was added and mixed separately with the 

pPD solutions. Next, the Fe/Ce-pPD polymerization was introduced by a dropwise 

addition of the freshly prepared oxidant solution of ammonium persulfate (3.42 g) in 

HCl (25 mL, 0.1 M) for 30 min. The solution was under stirring for 24 hours to allow 

the formation of Fe/Ce-pPD at room temperatures at 400 rpm. The pH of each Fe/Ce 

doped poly-phenylenediamine was adjusted to 9 with the addition of 2 M NaOH to 

precipitate the metal hydroxides and shaken at 250 rpm for 30 min. The product was 

collected by filtration and washed with deionized water, then dried in a vacuum oven 

at 60 oC for 24hrs. 

 

 

Figure 31: Diagram shows the step  on how Fe/Ce-pPD was synthesized of 1:1 Fe/Ce 

doped poly-phenylenediamine 

5.3.2.3 Adsorption capacity of pPD, and Fe/Ce-pPD composites  

A mass of 0.4 g of pPD and each Fe/Ce-pPD species was contacted with 50 mL of 10 

mg/L and arsenite and fluoride solution at 250 rpm for 30 min. The equilibrium pH of 
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each mixture was measured to evaluate the pH status of untreated and treated water. 

After the equilibrium pH measurement, the mixture was centrifuged, and the 

supernatants were analyzed for residual pollutant ions.  

The percentage of fluoride removal was calculated by using the following formula 

          % of fluoride removal=
𝐶𝑜−𝐶𝑒

𝐶𝑜
∗ 100                                                               (1)              

Co is the initial fluoride concentration in mg/L, Ce equilibrium concentration in mg/L  

The adsorption equilibrium capacity of the adsorbent was calculated using 

       qe   =
𝐶𝑜−𝐶𝑒

𝑚
∗ 𝑣                                                                                                              (2)                                                                              

qe is the equilibrium capacity of the adsorbent, m is the mass of the adsorbent in g 

and v is the volume of fluoride in mg/L. 

5.3.3. Characterizations of the synthesized materials.  

The morphological and physicochemical properties of the synthesized adsorbent were 

evaluated using the Scanning Electron Microscope (SEM) (SEM with an FEI Nova 

NanoSEM 230 with the field emission gun equipped with an Oxford Xmax SDD 

detector operating at an accelerating voltage of 20Kv for the EDS detector (Oxford X-

Max with INCA software). The infra-red spectrum of the synthesized adsorbents was 

obtained using the ALPHA Fourier Transform Infra-red spectrum equipped with ATR-

Diamond (Bruker, Germany). Bruker-D8 Powder Diffractometer with a theta-theta 

goniometer X-ray diffraction (XRD) technique was employed to examine the crystalline 

phase identification. F־ and pH measurements of the fluoride in the supernatants were 

determined using a fluoride ion-selective electrode (9609 BNWP Orion, USA) coupled 

to an ISE/pH/EC electrode (Thermo SCIENTIFIC-ORION VERSA STAR Advanced 

Electrochemistry meter fluoride ion-selective electrode) calibrated with four fluoride 

standards containing TISAB III at the volume ratio of 1:10. Furthermore, the As3+ 

measurements in the supernatants were determined using Metrohm 850 professional 

ion chromatography (Switzerland). CHNS analysis was done using the Thermo Flash 

2000 series CHNS/O organic Elemental analyzer. The inductively coupled 

plasma mass spectrometry (IC-PMS) was used to determine the trace chemical ions 

before and after  Arsenite and fluoride uptake by the synthesizes adsorbent at different 

time interval (15mins-24hours). A mass of 0.2 mg of Fe/Ce-pPD composited was 
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agitated with 50 mL of 5 mg/L/10 mg of As3+ and Fˉ at room temperature.  After 

agitation, the samples where filtered and  15 ml of each filtrates was added into a 

BOECO Germany bottles and preserved by adding 1 drop of nitric acid and sent for 

analysis.   

5.3.4. Batch experiments. 

Stock solutions containing 1000 mg/L As3+ and F- were prepared by dissolving 0.1733 

g of NaAsO3 and 2.210 g NaF, respectively in a 1000 mL volumetric flask using Milli-

Q water (18.2 MΩ/cm). The working solutions were prepared through appropriate 

dilutions from the stock solution. To evaluate the effect of contact time and adsorption 

kinetics, the contact time was varied from 0.5 to 120 min. Adsorbent dosage of 0.4 

g/50 mL and adsorbate concentration of 5 and 10 mg/L of F־ and As3+ concentration 

respectively was maintained. After agitation, mixtures were centrifuged at 250 rpm for 

20 min. The optimum adsorbent dosage was evaluated by varying adsorbent dosage 

from 0.1-0.4 g/50 mL. To evaluate the adsorbate concentration and adsorption 

isotherms, initial concentration of F־ and As3+ were varied from 5 to 100 mg/L at a 

temperature of 298, 323, and 343 K. 

The obtained data were used to determine the adsorption thermodynamics. The 

effects of parameters like pH ranges (2-12) and co-existing ions (F, Cl, NO3
-, CO3

2-, 

SO4
2-) were also evaluated. The initial pH was adjusted using 0.01 M NaOH and 0.01 

M HCl. All experiments were conducted in triplicate and the mean values were 

reported. The pHpzc was evaluated using the solid addition method as described by 

Gitari et al. (2017).  

5.3.5. Adsorption kinetics.  

The As3+ and F- adsorption kinetics were studied at an initial concentration of 5 and 

100mg/L respectively. The experimental data were analyzed using the non-linear 

equation of pseudo-first-order and pseudo-second-order models as well as the 

intraparticle diffusion (Eqn. 3, 4 and 5) (Lagergren, 1898; Ho and McKay, 1998; 

Sharma et al, 1960): 

  𝑞𝑡 = 𝑞𝑒(1 − ℯ−𝑘𝑖𝑡)                                                                                           (3) 

𝑞𝑡 =
𝑞𝑒2 𝑘2𝑡

1˖𝑘2 𝑞𝑒𝑡
                                                                                                                               (4) 
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𝑞𝑡 = 𝑘𝑡𝑡0.5 + 𝑐𝑖                                                                                                   (5)  

qe and qt (both in mg/g) are the amounts adsorbed per unit mass at a time, t (in min). 

K1 (min-1) and K2 (g.mg -1min) are first and second-order rate constant, respectively. 

Ki (mg /g min-1) is the intra particle diffusion rate constant and is determined from the 

slope of t0.5 vs qt and Ci is the constant attained from the intercept and reflects the 

thickness of the boundary layer. The greater the intercept, the bigger the boundary 

layer effect (Mudzielwana et al, 2018). 

Similarly, the Elovich linear equation (Eq. 6) has general application to chemisorption 

kinetics. The equation was used to validates that chemisorption is the limiting step for 

fluoride and arsenite uptake. It is often valid for systems in which the adsorbing surface 

is heterogeneous. qt is the quantity of adsorbate adsorbed at time t (mg/g), α is a 

constant related to chemisorption rate and β is a constant which depicts the extent of 

surface coverage. The two constants (α and β) can be calculated from the intercept 

and slope of the plot from the equation. 

  𝑞𝑡 = 𝛽 ln(𝜕𝛽) + 𝛽𝑙𝑛𝑡                                                                                         (6)      

5.3.6. Adsorption isotherms.  

The adsorption isotherms were modeled using the theoretical Langmuir and empirical 

Freundlich isotherms (Weber and Chakravorti, 1974; Bolster and Homberger, 2007). 

The Langmuir isotherm model assumes monolayer interaction between the adsorbate 

molecules attached to the surface of the adsorbent during equilibrium. Freundlich 

isotherm model assumes that there is a mutual interaction between the adsorbate 

molecules adsorbing onto the multilayer or heterogeneous surface of the adsorbent. 

The non-linearized forms of Langmuir and Freundlich equations are expressed as (Eq. 

7 and 8): 

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
                                                                                                                                  (7)            

𝑞𝑒 = 𝐾𝑓𝐶𝑒
1

𝑛
                                                                                                                                  (8)    

Where: Ce is the equilibrium concentration (mg/L); Qe is the adsorption capacity 

(mg/g); Qm is the theoretical maximum adsorption capacity (mg/g) and 𝑘𝐿 is the 

Langmuir constant related to the enthalpy of adsorption (L/mg). Kf is the Freundlich 

constant related to adsorption capacity and 1/n is the adsorption intensity. When 0 < 
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1/n < 1, the adsorption is favourable; when 1/n=1, the adsorption is irreversible; and 

when 1/n > 1, the adsorption is unfavourable.   

Equally, Langmuir isotherm can be expressed in terms of a dimensionless constant 

separation factor or equilibrium parameter RL (Eq. 9). 

𝑅𝐿 =
1

1 + 𝑘𝐿𝐶𝑖
                                                                                                                            (9) 

Also, RL is a dimension separation factor, Ci the initial arsenite and fluoride 

concentration (mg/L) (when RL=1 irreversible, 0<RL<1 favourable, RL=1 linear and 

RL>1 unfavourable). 

Dubinin Radushkevich (D-R) model is a more general model in which assumption is 

not based on homogenous surface or constant adsorption potential, it gives insight 

into the sorbent porosity as well as the adsorption energy. The value of adsorption 

energy further provides information as to whether the adsorption process is physical 

or chemical in nature (Dubinin, 1947). D-R model is expressed mathematically as: 

𝑙𝑛𝑞𝑒 = 𝑙𝑛𝑞𝑜 − 𝛽ℯ2                                                                                                               (10)                                               

where qe is the amount of RhB ions adsorbed per unit weight of adsorbent (mg/g), qo 

is the maximum adsorption capacity, β is the activity coefficient useful in obtaining the 

mean sorption energy E (kJ/mol) and Ɛ is the Polanyi potential. Ɛ and E are expressed 

by Eqs (11) and (12). 

ɛ = 𝑅𝑇 (1 +
1

𝐶𝑒
)                                                                                                                     (11) 

E = √
1

2β
                                                                                                                                      (12)  

where R is the gas constant (J/mol K) and T is the temperature (K). qo and β (mol2 

/kJ2) can be calculated respectively from the intercept and the slope of the plot of lnqe 

vs Ɛ2 . 

5.3.7. Goodness of fit evaluation  

The fitness between the experimental data and the simulated data was determined by 

the coefficient of determination (R2) (Eq. (13)), root mean square error (RMSE) (Eq. 

(14)), and the sum of the squared errors (SSE) (Eq. (15)). 
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𝑅2 = 1 −
∑(𝑞𝑒,𝑒𝑥𝑝−𝑞𝑒,𝑐𝑎𝑙𝑐)2

∑(𝑞𝑒,𝑒𝑥𝑝−𝑞𝑒,𝑚𝑒𝑎𝑛)2
                                                                                                      (13) 

 

𝑅𝑀𝑆𝐸 = √
1

𝑛−1
∑ (𝑞𝑒,𝑒𝑥𝑝 − 𝑞𝑒,𝑐𝑎𝑙𝑐)

2𝑛

𝑖=1
i

                                                                               (14)( 

 𝑆𝑆𝐸 = ∑ (𝑞𝑒,𝑐𝑎𝑙𝑐 − 𝑞𝑒,𝑒𝑥𝑝)
2

                                                                                                (15)
𝑛

𝑖=1
 

where 𝑞𝑒, calc is the theoretical concentration of adsorbate on the adsorbent, which 

has been calculated from one of the isotherm models. 𝑞𝑒, 𝑖, means is the 

experimentally measured adsorbed solid-phase concentration. 

5.3.4. Antimicrobial activity test.  

Bacterial resistance and efficacy of the synthesized pPD and 1:1 Fe/Ce-pPD were 

determined from the observed zone of inhibition (mm) using the standard Agar-Well 

disc diffusion method (Kirby Bauer disk diffusion test). Medium 1 agar plates were 

divided into half; 1-5 mL pipette tips were used to punch a small circle to add the 

adsorbent. 50µl of the bacterial strains (E. coli; ATCC 25922 IN; S. Aureus; ATCC 

259231 Tm and K. Pneumoniae; ATCC 700603) was inoculated into the sterile 

medium 1 agar. Then, 50 µl of 1mL/0,01 mg of the sorbent was deposited into the 

punched circles. Then incubated for 24 hrs at 37 ˚C. The minimal zone of inhibition 

was observed and measured.  

5.4. Results and discussion. 

5.4.1. Adsorbent optimization. 

The percentage removal of  arsenite and fluoride ions by the pPD and Fe/Ce-pPD 

adsorbents is shown in Fig 32. An amount of 0.4 g each of the synthesized materials 

was agitated with 50 mL of an initial concentration of pollutant ions (10 mg/L and 5mg/L 

for fluoride and arsenite respectively) at room temperature for 30 minutes at 250 rpm. 

The respective adsorption experiments were carried out by varying the ratio 

percentage volume of Fe3+ and Ce4+ metal ions (v/v%) of pPD and Fe/Ce-pPD (2.5%, 

5%, and 10%) for the respective uptake. 
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Figure 32. As3+ and Fˉ percentage removal as a function of Fe/Ce concentration into 

pPD polymer: (initial concentrations of As3+ and Fˉ 5 mg/L and 10, adsorbent dose:  

0.4 g, contact time: 30 mins and temperature: 297 K). 

Relatively, the obtained results portrayed that the doped pPD have high removal 

efficiency towards As3+ and Fˉ uptake compared to the raw pPD. Hence, doping pPD 

with Fe/Ce metal oxides have improved the sorption capacity of the polymer. The 

enhancement in sorption efficiency might be due to the enhanced surface of area as 

seen in BET analysis, chemical properties introduce during modification (solubility and 

ionization), and an increase of functional groups (N-Fe/Ce). Thus, doping pPD with 

Fe/Ce metal oxides has increased the occurrence of active adsorption sites, validating 

an increase in pollutants uptake. Consequently, the incorporation of these two-metal 

oxide-modified polymeric adsorbent was a reliable factor that have enhanced As3+ and 

Fˉ uptake. Hence, the 1:1 Fe/Ce-pPD composite was selected as the most efficient 

adsorbent and further used for arsenic, fluoride, and pathogen removal in an aqueous 

solution.  
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5.4.2. Characterization.  

5.4.2.1. FTIR results. 

 

 

Figure 33. FTIR of pPD and 1:1 Fe/Ce-pPD before and after As3+ and F־ removal from 

aqueous solution. 

Fig 33. is showing  the FTIR spectrum of the synthesized pPD, and 1:1 Fe/Ce-pPD 

composites which determine the functional groups of the composites and any change 

that may have happened to the spectrum due to incorporation of Fe and Ce across 

the pPD network. The results portrayed that 1:1 Fe/Ce-pPD composite is dominated 

by pPD signal bands as validated by the same peak signals. Thus, Fe/Ce incorporation 

did not alter pPD functional groups. Comparatively, the transmittance of 1:1 Fe/Ce-

pPD  after As3+ and F ־ uptake spectrum has reduced compared to 1:Fe/Ce-pPD before 

As3+ and F־ uptake. Thus, the reduction in transmittance may be due to the absorption 

energy by a new coordinated complex of Fe/Ce-pPD-F or FeCe-pPD-As. As shown in 

Fig. 33, the broad band between 3200-3400 cm-1 may be attributed to the presence of 

stretching vibration of N–H group and a hydroxyl group (OH) stretching from physically 

adsorbed H2O (moisture) bound to the respective composite surface (Haldorai et al, 

2009; Pham et al, 2011). The appearances of strong peaks at 1677 cm-1 and 1504 cm-

1 relate to the C=C and C=N stretching vibrations of the phenazine ring within the 

composite matrix (Archana and Jaya, 2014). The C–N–C stretching vibrations of 

benzenoid and quinoid imine units are recognized by the peaks at 1407 cm−1 and 1261 
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cm−1. Also, C–H bending vibrations of benzene bases in the phenazine skeletons are 

the bands at 805 cm-1 and 581 cm-1 respectively (Chen et al, 2009). 

5.4.2.2. XRD results.  

 

Figure 34. XRD results of pPD and 1:1 Fe/Ce-pPD 

Fig 34 is showing the diffraction pattern of the degree of crystalline structural phase of 

poly-pPD network which was introduced by doping Fe/Ce metal ions. The X-ray 

diffraction spectrum of the pPD and 1:1 Fe/Ce-pPD shows a series of sharp peaks at 

between 5-90 2θ region (Fig 34). The pPD spectra shows a large, broad intensity peak 

centered at 25˚, which may be attributed to the amorphous portion of pPD synthesized 

by oxidative polymerization similar to XRD spectrum of pPD reported by Li et al, 

(2013). The diffractogram of Fe/Ce-pPD composite within the same plot (Fig. 34)  has 

shown a significant structural phase change that may be due to the incorporation of 

Fe and Ce metal oxides on the pPD network, accredited to the formation of a crystal 

phase. The introduction of these two metal oxides has caused a formation of new 

peaks at 2θ (5-20o, 20-40o, 55-55o, 55-65o and 65-90o) with a shift of peaks at 25o to 

30o. Thus, the chemically synthesized polymer composite has sharpness of the 

crystalline peaks and well long range of ordering (Wang et al, 2015), when compared 

to the raw pPD polymer.  
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5.4.2.3. SEM-EDS results.  

 

Figure 35. SEM-EDS analysis: (a) and (b) The SEM images of raw pPD and  1:1 

Fe/Ce-pPD; (c) and (d) EDS spectra of raw pPD and  1:1 Fe/Ce-pPD; (e and f) EDS 

spectra of 1:1 Fe/Ce-pPD after application for As3+ and Fˉ sorption; (g) EDS spectrum 

for 1:1 Fe/Ce-pPD after simultaneous uptake of Fˉ and As3+.  

The scanning electron microscopy was done to evaluate the surface morphology of 

synthesized pPD and 1:1 Fe/Ce-pPD as shown in Figure 35 (a and b). The morphology 

of pPD was found to be a spherical like arrangement, while the morphology of 1:1 

Fe/Ce-pPD shows a well-ordered combination, due to incorporation of 1:1 Fe/Ce metal 

oxides in the polymer matrix as portrayed in Fig 35 (a) and (b) respectively. The 

successful incorporation of the metal oxides within the polymer media was confirmed 

by the EDS spectrum (Fig 35 (d)), where Fe /Ce elements in the spectrum after the 

doping process occurred compared to the raw pPD (Fig 35(c)). Generally, the surface 

morphology of the doped poly-pPD composites depends on the type of polymers of 
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the phenylenediamines as well as the oxidant used during the synthesis (Stejskal, 

2015). Additionally, the potential ability of the synthesized adsorbent for F־ and As3+ 

sorption is validated by the EDS plotting analysis as shown in Fig 35 (e-f). The EDS 

spectrum after the adsorption process displayed the potential ability for simultaneous 

removal of F־ and As3+ as validated by the EDS spectrum in Fig 35 (g).   

5.4.1.4. TEM results. 

 

Figure 36. TEM analysis of 1:1 Fe/Ce-pPD. 

The structural characteristics and shapes of the composites are shown by the TEM 

results in Fig 36. The average particle sizes range between 20-100 nm clustering of 

irregular fragmental particle morphology was observed in the synthesized 1:1 Fe/Ce-

pPD composites.  

5.4.2.5. BET analysis.  

Table 17. depict the attained BET results, the obtained data revealed the incorporation 

of 1:1 Fe/Ce on pPD matrix have improved the surface area of pPD. An increase in 

the surface area was observed, which increase from 8.6832 m2/g to 29.73 m2/g. Thus, 

validates that the 1:1 Fe/Ce modified pPD have a high surface area aiding to the 

possibility of adding to enhanced adsorption capacity. Additionally, a decrease in 

average particle size has aided to an increase in pore volume, which ultimately 
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increases the pore diameter and subsequently allows multiple adsorptions of 

concerned pollutants.  

Table 17. BET analysis. 

 

pPD 1:1 Fe/Ce-pPD 

Surface area (m2/g) 8.6832 29.7333 

Pore volume (cm2/g) 0.016918 0.074760 

Pore diameter (µm) 7.79 10.06 

Average particle size (µm) 60.9 20.8 

 

Chemically stability of the adsorbent. 

5.4.2.6. IC-PMS results of 1:1 Fe/Ce-pPD 

Table 18. shows the leaching results of metal ions in the filtrates. The aim of of this 

experiment was to examine the leaching capabilities of pPD, Fe, and Ce. The obtained 

results portrayed that the concentrations of the metal ions fluctuations as time 

increases. Additionally, results have demonstrated that As3+ was removed as validated 

by its decrease as time increases. The fluctuations in metal ions concentrations might 

be due to decomposition of pPD polymer at low temperature, leading to degradation 

of the doping ions (Yao et al, 2014).  Thus, the doping ions (Ce, Fe, Na, e.t.c) are 

released into the filtrates with increase in the pPD concentration. This may be due to 

the dissolution of the metal ions which is controlled by the mass transport of the ions 

during the sorption process.  
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Table 18. IC-PMS results of 1:1 Fe/Ce-pPD after fluoride and arsenite uptake from 

aqueous solution. 

 

Ce   As Ca Fe Na P 

Contact time         

0.5 M pPD 

 

  

     
15 min 13.15   4.78 9.04 5.19 81 *BDL 

30 min 26.5   4.21 16.23 1.99 180  

1 hr 29.32   4.85 10.87 0.49 194 *BDL 

6 hrs 31.91   2.49 17 9.04 122 *BDL 

12 hrs 44.08   3.55 10.93 0.98 249 *BDL 

24 hrs 19.23   1.12 11.88 0.6 155 *BDL 

1 M pPD 

 

  

     
15 min 17.43   4.89 31.52 5.21 178 *BDL 

30 min 26.55   5.01 11.49 9.61 174 *BDL 

1 hr 45.88   4.53 21.48 0.89 254 *BDL 

6 hrs 30.43   3 20.94 1.98 225 *BDL 

12 hrs 27.52   1.49 15.35 5.83 108 *BDL 

24 hrs 22.71   5.04 9.7 7.14 107 *BDL 

  

5.4.2.7. CHNS analysis results of Fe/Ce-pPD composite before and after As3+ and 

F־ uptake.  

The Fe/Ce-pPD composite before and after the application was weighed and analyzed 

for CHNS contents, as shown in Table 19. An increase in N, C, and H was observed 

after application with no trace sulphur in the adsorbent. The increase in N, C, and H 

might be due to formation of a larger polymer chain of 1:1 Fe/Ce-pPD after reaction 

with the As3+ and Fˉ solutions leading to enriched polymer chain (Peng et al 2011).  

However, the radical cations of aniline formed in this polymerization process either 

initiate the growth of a new chain or can participate in the propagation of the already 
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growing chain through condensation polymerization (Amer and Brandt, 2018). 

Additionally, the occurrence of S in 1:1 Fe/Ce-pPD composite before the application 

is due to use of (NH4)2SO4 as an oxidant. While the absence of S after the application 

is because (NH4)2SO4 easily dissolves in water (U.S Coast Guard. 1999). 

Table 19. CHNS results of 1:1 Fe/Ce-pPD before and after fluoride and arsenite 

adsorption from aqueous solution.  

 

Weight (mg) N  [%] C  [%] H  [%] S  [%] 

Before application 6,73 12,81 47 4,15 3,15 

after application 5,472 23,46 63,75 5,43 BDL 

 

5.4.3. Batch experiments.  

5.4.3.1. Effect of contact time   

 

 

Figure 37. Effect of contact time on Fˉ and As3+ removal using 1:1 Fe/Ce-pPD 

composite (Initial concentration: 5 mg/L and 10 mg/L respectively, adsorbent dose: 0.4 

g, solution volume: 50 mL, shaking speed: 250 rpm and temperature: 297 K). 
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Fig. 38 is showing the effect of contact time towards As3+ and F ־ uptake from aqueous 

solution. The effect of contact time in As3+and F־ uptake by 1:1 Fe/Ce-pPD was 

evaluated between 0.5-120 minutes. The attained results portrayed that As3+ and F־ 

sorption increase with increasing contact time. The sorption performance was faster 

within the first 30 mins, it then reduces indicating that the equilibrium time was 

reached. Thus, 30 mins was selected as an optimal contact time for consecutive 

experiments. The rapid metal ion uptake is due to available active adsorption sites in 

the surface of the 1:1 Fe/Ce-pPD composite. The obtained optimal of 30 mins was 

further used for subsequent experiments.   

5.4.3.2. Kinetics models.  

 

 

Figure 38. Kinetics model of As3+ and Fˉ adsorption by 1:1 Fe/Ce-pPD: (a) and (b) are 

the pseudo-first and pseudo-second-order plots for As3+ and Fˉ, (c) and (d) are intra-

particle plot for As3+ and Fˉ. 

Fig 38(a-d) is showing the respective plots kinetic models of As3+ and F־ uptake from 

aqueous solution.  The kinetic data models (non-linear pseudo-first and pseudo-

second orders, linearized Elovich, and intraparticle diffusion) were determined from 

the obtained experimental data of contact time. The pseudo-second-order (Fig. 38 (a) 

and (b)) with significantly higher value of 0.92 and 0.71 R2 when compared with 
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pseudo-first-order, showed a better fit in As3+ and Fˉ uptake. Thus, validating that the 

initial As3+ and F ־  uptake occurred through chemisorption. The feasibility of the kinetic 

model was further validated by lower values of reduced chi-square (χ2) and root mean 

square error (RMSE) of the goodness of fit, thus implying favourability in chemisorption 

adsorption process in contrast to physisorption due to weak van de Waal forces. 

Furthermore, a linear plot of Elovich parameters validates that chemisorption is the 

limiting step due to its high correlation coefficient value shown in Table 20. Thus, 

implying the rate of metal ions uptakes by the synthesized composite favourability at 

the solid-liquid boundary occurred via the chemisorption process.  

Table 20. Kinetics models parameters of fluoride and arsenite adsorption by 1:1 

Fe/Ce-pPD from aqueous solution. 

The obtained intra-particle diffusion plot produced three distinctive phases, indicating 

that the intraparticle diffusion mechanism is not the only limiting step as shown in Fig 

38 (c) and (d). The first phase for both As3+ and Fˉ occurred between 1-3 and 1-2 , 

which might be due to external diffusion; second phase 2-5 and 2-, might be attributed 

Non-linear 

Fluoride  Arsenite  

 PFO PSO PFO PSO 

K2 4.996 6.742 0.311 0.533 

qt 2.333 2.3745 0.859 1.615 

R2 0.371 0.709 0.892 0.915 

χ2 0.999 0.999 0.991 0.990 

RMSE 0.071 0.052 0.186 0.075 

     
Linear 

    

Elovich ᵦ 0.061 0.093  

 α 3*1016 4.7*103  

 R2 0.96 0.935  

     

Intra-particle diffusion K1  0,094 1.198  

 R2 0.916 1  

 K2 0.029 0.235  

 R2 1 0.936  

 K3 0.009 0.006  

 R2 0.666 0,661  
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intra-particle diffusion; and  third phase after 5 and 5 min could be due to attachment 

of adsorbate molecules to the internal surface of the sorbent (Mudzielwani, 2019). The 

rate constant for phase 1, phase 2 and phase 3 (K1, K2 and K3 respectively) (Table 

20), suggests that the adsorption process was very rapid on the layer and dominates 

the intraparticle diffusion for Fˉ.  whereas on As3+ it was external diffusion due to the 

difference in the rate of mass transfer in the initial and final phase of adsorption based 

on the higher correlation coefficient value of phase 2 for Fˉ when compared to phases 

1 and 3 and phase 1 for As3+ when compared to phase 2 and 3.  

5.4.3.3. Effect of adsorbent dose  

 

Figure 39. Effect of adsorbent dose on As3+and Fˉ uptake by 1:1 Fe/Ce-pPD 

composite. (Initial concentration: 5 mg/L and 10 mg/L, solution volume: 50 mL, shaking 

speed: 250 rpm and temperature:  297 K). 

The response of adsorbent dose on As3+ and F־ removal is presented in Fig 39. An 

increase in As3+ and F־ sorption with increasing adsorbent dose was observed. A 

gradual increase in sorption capacity with a rapid increase of adsorbent load is due to 

an increase in surface area, where more active sites are available for As3+ and F ־ 

removal. Thus, 1:1 Fe/Ce-pPD, can efficiently remove As3+ and F ־ ions with adsorbent 

dose increment.  Consequently, the adsorbent dose has a significant effect on As3+ 
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and F־ sorption. An adsorbent dose of 0.3 g and 0.25 g for As3+ and F ־ respectively 

was reported to be the optimal dose. Hence, they were chosen for further batch 

adsorption experiments. 

 5.4.3.4. Effect of pH  

  

Figure 40.  (a) and (b) are the plots of effect of pH on As3+ and Fˉ adsorption by 1:1 

Fe/Ce-pPD composite and point of zero charge. (Initial concentration: 5mg/L and 

10mg/L, adsorbent dose: 0.3 g and 0.2 g, solution volume: 50 mL, contact time: 40 

mins, shaking speed: 250 rpm and temperature: 297 K). 

Fig 40 (a-b) is showing results of effect of solution pH and point of zero charge. The 

sorption efficiency of As3+ and F־ by the adsorbent was influenced by solution pH. 

Point of zero charge is one of the imported phenomena which determines the surface 

charges of the materials, where, it is generally described as the pH at which the net 

charge of total particle surface is equal to zero. The obtained pHpzc was reported to be 

5.5-6. 

Fluoride sorption by Fe/Ce-pPD was pH dependent. The Fˉ sorption increase with the 

rise in pH, reaching a maximum of 96.74% at pH 7, then further decrease with 

increasing pH. Thus, an increase in fluoride removal with increasing pH to neutral 

might be attributed to electrostatic attraction and ion exchange between the adsorbent 

surface charges and fluoride ion. However, reduction in fluoride removal might be due 

to competition between OHˉ ions and Fˉ ion. The hypothesized fluoride removal 

mechanism is summarized by Eq. 18 and 19 (Mudzielwana et al, 2019):  

≡MOH + Hᶧ + Fˉ  ↔ ≡MF + H2O (18) 
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≡M(OH)2 + 2Fˉ  ↔ ≡MF2 + 2OHˉ (19) 

Additionally, this study shows that As3+ removal efficiency by 1:1 Fe/Ce-pPD 

significantly depends on the pH solution.  It was observed that As3+ uptake increase 

with increasing pH. Due to the speciation of arsenite in solution; at pH >9, As3+ occurs 

as neutral charged and negatively charged at pH <9(Addo Ntim, 2011) as expressed 

in Eq  20 and 21. Hence, arsenite is not stable aiding to low chances of sensing 

repulsion force during removal by the composites.  However, high arsenite removal at 

pH above the point of zero charge is might be due to several process, namely, 

electrostatic attraction and ion exchange.  

≡ MOH + H3As3 ↔ ≡MH2As3  + H2O  (20) 

 ≡ MOH + H2As3
−

 ↔≡ MHAs3
 −   + H2O  (21)  

5.4.3.3. Effect of initial concentration of the adsorbate. 

 

Figure 41. (a) and (b) effect of initial concentration on As3+ and Fˉ uptake using 1:1  

Fe/Ce-pPD composite (Initial concentration: 5 mg/L and 10 mg/L, adsorbent dose: 0.3 
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g and 0.2 g, solution volume: 50mL, contact time: 24 hrs, shaking speed: 250 rpm and 

temperature: 298-323 K). 

The results of effect of the initial concentration of the adsorbate ions on As3+ and F ־ 

sorption at different working temperatures is shown in Fig. 41 (a-b). It was observed 

that As3+ and F־ sorption decreased with an increasing initial concentration of the 

adsorbate ions. Initially, high As3+ and F ־ removal were observed at an initial 

concentration of 5 mg/L owing to the excessive active site that is present in the 

aqueous solution. As the initial concentration increase from 10-100 mg/L, a sudden 

decrease was observed due to the absence of binding sites on the surface of the 

adsorbent. Thus, the surface area of the 1:1 Fe/Ce-pPD composite was saturated.  A 

similar trend was observed with different working temperatures, which could be 

attributed to mass transfer influencing better chemical interaction. An optimum initial 

concentration was concluded to be 5 mg/L for As3+ whereas for Fˉ is 10 mg/L  were 

further used for subsequent experiments.  

5.4.3.6. Adsorption isotherms. 

 

a 
b 

c 

d 
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Figure 42. Adsorption isotherms models of Fˉ and As3+ adsorption by 1:1 Fe/Ce-pPD 

composite: (a) and (c) are the respective plots of Langmuir and Freundlich modes for 

As3+ and (b) and (d) for Fˉ. 

The Langmuir and Freundlich isotherm models fitting plots and their respective 

calculated parameters are displayed in Fig. 42 and table 21. The obtained adsorption 

isotherm data for As3+ and Fˉ both were better described by both Langmuir and 

Freundlich isotherm model. This was validated by the RL and n values which are within 

the fitting ranges.  

Table 21. Table for adsorption model parameters of fluoride and arsenite adsorption. 

  Langmuir    Freundlich  

  Fˉ As3+  Fˉ As3+ 

298k Qm 13.4 4.71 Kf 4.68 0.77 

 Ki 0.57 0.03 n 3.28 2.99 

 R2 0.88 0.47 R2 0.94 0.69 

 Adj. R2 0.86 0.36 Adj.R2 0.93 0.61 

 χ2 3.93 0.81 χ2 1.85 0.5 

 RSS 19.63 4.08 RSS 9.26 2.48 

 RL 0.15 0.87    
       
303K Qm 11.35 1,89 Kf 4.31 1.37 

 Ki 0.6 13,13 n 3.74 10.42 

 R2 0.89 0,68 R2 0.95 0.81 

 Adj. R2 0.87 0.62 Adj. R2 0.94 0.77 

 χ2 2.36 0.07 χ2 1.11 0.04 

 RSS 11.79 0.32 RSS 5.55 0.19 

 RL 0.14 0.07    
       
313K Qm 9.22 2.07 Kf 4.01 1.41 

 Ki 0.62 8.67 n 4.61 8.7 

 R2 0.91 0.49 R2 0.9 0.61 

 Adj. R2 0.89 0.38 Adj. R2 0.88 0.53 

 χ2 1.24 0.22 χ2 1.28 0.17 

 RSS 6.2 1.1 RSS 6.42 0.84 

 RL 0.14 0.02    
       
323K Qm 7.45 2.3 Kf 3.45 0.92 

 Ki 0.65 1.11 n 5.05 3.98 

 R2 0.86 0.33 R2 0.89 0.6 

 Adj. R2 0.83 0.19 Adj. R2 0.85 0.52 

 χ2 1.12 0.68 χ2 0.98 0.41 

 RSS 5.58 3.43 RSS 4.91 2.05 

 RL 0.13 0.15    
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However, based on the goodness of fit values, the As3+ and F- uptake process was 

better described by the Freundlich isotherm model. Thus, the adsorption process was 

occurring on a multilayer surface of the synthesized adsorbent. The low values of the 

Reduced chi-squared (χ2) and residual sum of squares (RSS) in Table 21, implies 

favourability in heterogeneity in the adsorbate-adsorbent interface. 

Furthermore, the linearized D-R model was plotted to determine the effect of the 

porous nature of the composite as well as the mean free energy of the sorption 

process. It was observed that the Qmax value of Fˉ decrease with increasing  

Table 22. Linearized D-R calculated parameters of fluoride and arsenite adsorption.  

temperature confirming that adsorption affinity is high at low temperature. Whereas 

As3+ data revealed that adsorption affinity is high at high temperatures as shown in 

Table 22. The obtained Polanyi potential (E) value is < 8 kg/mol, thus, the adsorption 

process is physical nature. 

D-R model Parameters  Fˉ As3˖ 

298K R2 0.58 0.36 

 ᵦ 9*10ˉ9 9*10ˉ8 

 E 7.45 2.36 

 qe 7.48 2.15 

    

303K R2 0.6 0.76 

 ᵦ 1*10ˉ8 1*10ˉ8 

 E 7.07 7.07 

 qe 6.88 1.86 

    

313K R2 0.62 0.67 

 ᵦ 9*10ˉ9 2*10ˉ8 

 E 7.45 5 

 qe 6.09 2.004 

    

323K R2 0.65 0.4 

 ᵦ 9*10ˉ9 6*10ˉ8 

 E 7.45 2.89 

 
qe 5.35 1.99 



151 
 

5.4.3.8. Thermodynamics. 

Thermodynamic parameters such as enthalpy changes (ΔH°( kJ/mol-1)), entropy 

changes (ΔS°( kJ/mol-1)), and Gibbs free energy changes (ΔG°( kJ/mol-1)) were used 

to determine the spontaneity, type of reaction, and the degree of randomness during 

the uptakes of both As3+and F- by the 1:1 Fe/Ce-pPD. These parameters from the plot 

of 1/T vs ln KC were calculated using the following equations: 

𝑙𝑛𝐾 =
∆𝐻∗

𝑅
+

∆𝑆°

𝑅
                                                (15) 

∆𝐺 = ∆𝐻° − 𝑇∆𝑆°                                             (17) 

Where K is the equilibrium constant, R is the gas constant (8.134 kJ mol-1 K-1) and T 

is the solution temperature (K). 

Table 23. Thermodynamic parameters of fluoride and arsenite adsorption. 

 

As F 

∆H 17,63 53,25 

∆S 0,056 0,076 

∆G 

  
298 0,942 75,898 

303 0,662 76,278 

313 0,102 77,038 

323 -0,458 77,798 

 

The obtained thermodynamic values for As3+ and Fˉ adsorption are displayed in Table 

23.  From the presented thermodynamic parameters, ∆G˚ were calculated to be 

positive for both As3+ and F sorption process. Thus, the reaction was not feasible and 

validating that the reaction was not spontaneous for both metal ions adsorption. It was 

observed that the ∆G◦ values decreased with an increasing temperature, which 

indicates the favourability of the sorbate-sorbent mechanisms. Thermodynamically, 

As3+ and Fˉ sorption process were endothermic in nature with an increase in the 

degree of randomness as validated by positive values of ∆H◦ and ∆S◦ distinctly. 
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5.4.3.9. Effect of co-existing ions. 

 

Figure 43. Effect of co-existing ions on Fˉ and As3+uptake using 1:1 Fe/Ce-pPD 

composite. (initial concentration: 5 mg/L and 10 mg/L, adsorbent dose:0.3 g and 0.2 

g, solution volume: 50 mL, contact time: 24 hrs, shaking speed: 250 rpm and 

temperature: 297 K). 

Fig 43 is showing the effect of co-ions toward As³ᶧ and Fˉ uptake from aqueous 

solution. The co-existence of ions such as phosphates, carbonates, chloride, arsenic, 

fluoride, and nitrates can pose a significant effect on fluoride and arsenite removal in 

aqueous solution. From the obtained results, it was observed that the co-occurrence 

of co-ions in aqueous solution can pose a significant effect on both arsenite and 

fluoride ions. The, co-occurrence of existing ions seem to reduce the movement of the 

adsorbate with the active binding sites; hence, causing high coulombic repulsion 

forces (Ayinde et al, 2018). The obtained results demonstrated that carbonates, 

fluoride, and phosphates pose excessive effect on As3+ sorption while chloride and 

nitrates pose minimum effect on arsenite sorption (Fig 43 (a)). Whereas carbonates 

and nitrates pose a great effect on Fˉ removal and phosphates, arsenite, and chlorine 

posing less effect (Fig 43 (b)). The effect order for As3+ and F־ can be summarized in 

the following way: As3+: NO3
ˉ > F־ > CO3

2ˉ> PO4
ˉ >Clˉ> and F־: CO3

ˉ > NO3
ˉ> PO4

 ־Cl ־

> As3+ respectively. Thus, the co-occurrence of existing ion has reduced the interaction 

of the concerned pollutants with the active adsorption sites by occupying the vacant 

sites causing competition among the present ions.  
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5.4.3.10. Regeneration. 

 

Figure 44. Regeneration results of 1:1 Fe/Ce-pPD (Initial Fˉ and As3+ concentration: 5 

mg/L and 10 mg/L, adsorbent dose: 0.3 g and 0.2 g, solution volume: 50 mL, contact 

time: 20 mins, shaking speed: 250 rpm and temperature: 297 K). 

Fig 44 is showing the regeneration results of of Fe/Ce-pPD. The re-usability of 1:1 

Fe/Ce-pPD As3+ and Fˉ loaded was evaluated, and the obtained results are shown in 

Fig 44. As3+ and Fˉ adsorption by the 1:1 Fe/Ce-pPD composites decrease with an 

increasing number of regeneration cycles. The reduction in adsorption capacity might 

be due to occupation of the adsorption sites by the adsorbate ions and reduction in 

adsorbent amount due to dissolution of the pPD network (Desmarets et al, 2001; 

Mdlalose et al, 2018). Comparatively, it was observed that deionized water seems to 

be a better regenerant compared to HCl and NaOH.  
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5.6 Antimicrobial.  

Figure 45. The results of zone of inhibition for raw pPD and 1:1 Fe/Ce-pPD towards 

Escherichia coli, Klebsiella pneumonia and staphylococcus aureus. 

 Fig 45 is showing the antimicrobial ported of pPD and 1:1 Fe/Ce-pPD. In this study, 

the antimicrobial activity of pPD and Fe/Ce-pPD hybrid composite was evaluated using 

the zone of inhibition method while comparing with raw pPD polymer.  Comparatively, 

the zone of inhibition against the concerned pathogens Escherichia coli, Klebsiella 

pneumonia and staphylococcus aureus using 1:1 Fe/Ce-pPD is 12, 10 and 9,3mm 

respectively whereas for bare pPD is 9, 10 and 5,7mm. Thus, 1:1 Fe/Ce-PD has 

antimicrobial potency. The potency of the synthesized composite against these 

waterborne pathogens is associated with a series of compositions within the sorbent.  

Firstly, the complex functional groups within the polyaniline polymers might have the 

ability to bioaccumulate the lipid membranes of the cell wall and causes cell 

denaturation. Thus, causing cell bursting leading to bacterial death.  Secondly, the 

synthesis of the polyaniline composite in an acidic condition in the present of 

ammonium persulfate has a role in the antimicrobial activity due to the present of the 

chemical oxidant which oxidizes the bacterial lipid membrane leading to bacterial cell 

burst (Kucekova, 2014).  Additionally, the antibacterial action of the 1:1 Fe/Ce-pPD 

composite may be due to the existence of co-coordinatively unsaturated Fe metal of 

the adsorbent which generates reactive oxidative species which distraction cell wall 
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(Inbaraj et al, 2012).  Therefore, 1:1 Fe/Ce-pPD can be an efficient antibacterial agent 

for both Gram-positive and negative bacterium cells.  

5.5. Comparison of the synthesized materials towards As3+ and Fˉ removal  

Table 24. Comparison of the synthesized materials on fluoride and arsenite 

adsorption. 

 
2.5 % Fe-pPD 

 
5 % Ce-pPD 

 
1:1 Fe/Ce-pPD 

 
As3+ Fˉ As3+ Fˉ As3+ Fˉ 

Time (mins) 40 40 20 20 20 20 

Dose (g) 0.25 2 0.3 0.2 0.3 0.2 

initial concentration (mg/L) 5-100 5-100 5-100 5-100 5-100 5-100 

pH 9 7 9 5 9 7 

adsorption capacity (mg/g) 1.87 6.79 2.11 13.27 4.71 14.75 

 

Table 24 is comparing removal efficiency and conditions of As3+ and Fˉ uptake by Fe-

pPD, 5 % Ce-pPD, and 1:1 Fe/Ce-pPD.  From this study, the modification of pPD with 

Fe and Ce metal oxides have significantly improved the adsorption performance of the 

pPD composite. An improvement in adsorption capacity of the synthesized composites 

was observed in the following order 2.5 % Fe-pPD>5 % Ce-pPD>1:1 Fe/CepPD. Thus, 

the introduction of Fe and Ce metal oxides on the pPD matric has played a significant 

role in improving the chemical properties of the polymer (solubility, ionization, and 

surface area) enhancing the sorption efficiency of the composites. Comparatively, the 

combined doped polymeric ( 1:1 Fe/Ce-pPD) adsorbent have high adsorption capacity 

(14.75 mg/g and 4.71 mg/g) in both fluoride and arsenite removal from aqueous 

solution with high infinity towards fluoride removal compared to the other composites 

as shown in Table 24. Although, the Fe-pPD and Ce-pPD have low adsorption 

capacity than Fe/Ce-pPD, they have shown better performance.  

5.5. Conclusion.  

Fe/Ce metal oxides were successfully incorporated into the pPD matrix through 

chemical oxidative polymerization. Successful polymerization of 1:1 Fe/Ce-pPD was 

confirmed by different morphological characterizations including FTIR, BET, SEM-

EDS, and XRD. The synthesized composite has the potential ability for As3+ and F ־ 

sorption. However, 1:1 Fe/Ce incorporation has chemically improved the adsorption 
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capacity of the pPD polymer because of the change from amorphous to crystalline as 

validated by XRD analysis. Sorption capacity of the adsorbent towards arsenite and 

fluoride depends on various factors such as contact time, adsorbent dose, initial 

concentration of the adsorbates, temperature, and solution pH.  Adsorption kinetics 

studies have shown that the process mechanism better fits pseudo-second-order as 

validated by kinetic plots and parameters obtained. Thus, chemisorption is the limiting 

step. The adsorption mechanism between the adsorbates and the adsorbent was 

evaluated using the non-linear isotherms (Langmuir and Freundlich models). Attained 

data revealed that the adsorption process better fit the Freundlich isotherm model as 

validated by the obtained model parameters. Additionally, the synthesized adsorbent 

has shown potency towards an antimicrobial activity.  Thermodynamically, As3+ and 

Fˉ sorption process were endothermic with increase in the degree of randomness as 

validated by positive values of ∆H◦ and ∆S◦ respectively. The, study proved that the 

synthesized adsorbent can be economically viable and help to eradicate water 

pollution.   
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Chapter 6.  

6.1. General conclusions.  

The study reported that Fe and Ce were successfully incorporated into the bare pPD 

network through chemical oxidative polymerization. Successfully synthesis of pPD, 5 

% Ce-pPD, 2.5 % Fe-pPD, and 1:1 Fe/Ce-pPD was validated by various morphological 

analysis such as FTIR, BET, SEM-EDS, TEM, and XRD analysis. The synthesized 

composites have displayed the potential ability towards fluoride and arsenite removal 

in an aqueous solution. The obtained batch experimental results revealed that contact 

time, adsorbent dose, initial concentration, pH, and temperature have a significant 

effect on fluoride and arsenite sorption. The non-linear and linear kinetic model plots 

revealed that chemisorption is not the only limiting step for both fluoride and arsenite 

uptake by the synthesized adsorbents. However, intraparticle plots revealed that 

chemisorption is not the only limiting step as validated by three distinctive phases in 

the solution interphase. Fluoride and arsenite isotherm model data was better 

described by the Freundlich isotherm model. Thus, implying heterogeneity between 

adsorbate-adsorbent interphase for the synthesized adsorbents predominate. The 

regeneration results revealed that the synthesized adsorbents can be economically 

viable. The synthesized adsorbents have portrayed antimicrobial activity towards 

Escherichia coli, Staphylococcus aureus and Klebsiella pneumonia. The application 

of these produced adsorbents in different water applications has shown and widened 

the scope of remediating these pollutants in the environment and overall wellbeing of 

human health.  

6.2. Recommendation.  

This study focus on synthesis, characterization, and evaluation of the synthesized 

iron/cerium-based polymeric adsorbents for fluoride and arsenite as well as microbial 

disinfection in aqueous solution. However, further strategies can be explored to 

enhance the removal potency for a wide application. Also, there is a need to do an 

extensive study on  

• Chemically stability of the proposed adsorbents 

• Antimicrobial activity of the synthesized adsorbents 
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• Column study 

• Application in field water 

• A method technique to design and develop the materials for household and 

industrial use.  

  

 


