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Abstract 

Chromium is one of the most toxic heavy metals found in many industrial effluents due to its ability to 

easily enter the human body and cause serious health problems. In this study, the ability of a 

nanocomposite of nickel ferrite and polyaniline doped with 2-naphthalene sulfonic acid 

(PANINSA/NiFe2O4) to remove chromium (Cr (VI)) from synthetic wastewater was studied. The 

doping of the material with 2-NSA leads to the formation of tubular-shaped rods which increases the 

surface area of the material. Adsorption parameters such as solution pH, dosage of adsorbent, time of 

agitation, and initial concentration of pollutant were studied and optimized. The adsorption was highly 

dependent on solution pH with a maximum adsorption observed at pH 2. The results revealed a 

maximum removal of 99.9% from 50 mg/L Cr (VI) solution for a catalyst loading of 1 g/L. Freundlich, 

Langmuir and Two-Surface Langmuir non-linear isotherm models were fitted to the data. Kinetics 

studies revealed a fast adsorption process in the first 30 minutes followed by slower adsorption with 

maximum Cr (VI) removal achieved within 24 hours. The Two-Surface Langmuir model best described 

the isotherm data from the experiment. The effect of the temperature study revealed that the adsorption 

capacity for the Cr (VI) increased with an increase in temperature with the maximum adsorption 

capacity (420 mg/g) observed at 45 °C. The calculated thermodynamic parameters revealed 

endothermic and spontaneous adsorption process. The Cr (VI) removal mechanism was by electrostatic 

attraction, reduction, and surface complexation. The reusability studies showed that PANI-

NSA/NiF𝑒2O4 could be used for 5 cycles with a 99 % Cr (VI)removal from 50 mL solution containing 

50 mg/L Cr (VI)in the first 2 cycles  This study demonstrated that PANI-NSA/NiFe2O4 has a potential 

in the industrial application for removal of Cr (VI). 
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Chapter 1 Introduction 

1.1 Background 

Chromium (atomic number 24) is a steel-grey, lustrous, hard crystalline metal. It was first discovered 

by French chemist Louis Vauquelin in 1797. It is the 24th element in the Periodic Table with the symbol 

Cr and is situated between vanadium and manganese and belongs to transition group VI-B of with a 

ground-state electronic configuration of 𝐴𝑟33𝑑54𝑠1 along with molybdenum and tungsten (Giri, 2012). 

Chromium comprises about 0.037 percent of the earth's crust and it is twenty-first most naturally 

abundant element on earth's crust with the highest reserves found in South Africa and Kazakhstan 

(Coetzee et al, 2020). 

In aqueous solutions and natural environment, chromium is mostly found in two oxidation states: 

trivalent (Cr (III)) and hexavalent (Cr (VI)). Cr (III) occurs naturally in the environment and is not 

considered a health hazard because it forms a precipitate with soil colloids thus making it stable.  On 

the contrary, 𝐶𝑟(𝑉𝐼)  which includes chromate (CrO4
2-) and dichromate compounds (Cr2O7

2-) is an 

oxidizing agent which is has high solubility thus a high presence in wastewater and soils (Xia et al, 

2019). While Cr (III)in water is mainly from natural sources such as soil erosion, volcanic activity and 

weathering of rocks and minerals, occurrence of Cr (VI)in water is mainly driven by anthropogenic 

release from chemical and manufacturing industries such as nuclear plants, leather tanning, metal 

plating, electroplating and current production, paints pigments, paper and dyes production (Affairs, 

2012; Liu and Yu, 2020; Rakhunde et al, 2012). Incompletely processed chromite ores is another major 

source of environmental pollution by Cr (VI) (Zhitkovich, 2011). 

Occupational exposure to Cr (VI) has been found to increase the risk of respiratory system cancer with 

both soluble and poorly soluble chromates being carcinogenic (Agarwal and Singh, 2017; Sharma et al, 

2021; Zhitkovich, 2011). In addition to that,  Cr (VI) disguises itself as oxyanions such as sulphate, 

carboxylate and phosphate which are needed by the body and diffuses through cell membranes causing 

damage to cellular proteins, lipid, and other organelles (Jahan et al, 2018), (Shekhawat et al, 2015). 

Due to the toxicity of Cr (VI),  United states Environmental Protection Agency (USEPA) has imposed 

Cr (VI) discharge into inland water to a maximum concentration of 0.1 mg/L and a maximum 

concentration of 0.05 mg/L in portable water (Demirbas et al, 2004). In South Africa, Cr (VI) limit in 

drinking water is 0.05 mg/L while total chromium limit is 2 mg/L (Coetzee et al, 2020). It is therefore 

important to treat industrial waste before discharging it to the environment to ensure Cr (VI) 

concentration does not exceed the maximum allowable limits prescribed by water quality standards.  

Several treatment methods have been used in the removal of Cr (VI) from industrial wastewater. These 

include photocatalysis (Arslan et al, 2022), phytoremediation (Panneerselvam and Priya K, 2023), 

biological/microbial remediation (Gautam et al, 2021) and electro-chemical reduction (Pi et al, 2021), 

and electro-coagulation (Lu et al, 2022). These methods often have limitations such as large volume of 

sludge which makes the process cost and energy intensive. Additionally, these methods suffer from low 
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removal efficiency. Adsorption treatment technology shows advantages over traditional methods due 

to its simplicity,  high efficiency in removing heavy metals, and low cost (Geng et al, 2022; Khurshid 

et al, 2022). Additionally, when an adsorption method is used, the material can be recovered and 

recycled through desorption (Kera et al, 2017). Different adsorbents have been used for the removal of 

Cr (VI) from wastewater. These include chitosan based adsorbents (Liu et al, 2023b), carbon materials 

such as activated carbon (Abushawish et al, 2022), carbon nano-tubes (Feng et al, 2022), metal-organic 

frameworks (Yuan et al, 2022), modified rice husk (Lala et al, 2023), and FeCl3-modified biochar (Hu 

et al, 2024). 

Natural polymers such as polyaniline (PANI) and polypyrrole have been widely used as adsorbents in 

the removal of heavy metals from wastewater. PANI has gained widespread interest due to its high 

conductivity, large surface area, ease of synthesis, stability in environment, low cost of synthesis etc 

(Agrawal and Singh, 2016; Singh et al, 2019). Additionally, polyaniline contains large amounts of 

amino and imine groups (functional group containing a carbon-nitrogen double bond) which have a 

strong affinity for Cr (VI) and ability to reduce Cr (VI) to Cr (III) (Hsini et al, 2021; Lei et al, 2020). 

However, due to their amorphous structure, many polymers have been difficult to recover and recycle, 

restricting their application in industrial wastewater treatment. To overcome these challenges, 

researchers have been using composites of polymers with other materials such as nanoparticles. 

Nanoparticles are preferred due to their small size which increases the surface area of the 

nanocomposite. (Chávez-Guajardo et al, 2015) used polyaniline/maghemite and 

polypyrrole/maghemite magnetic nanocomposites for the removal of Cr (VI) and Cu (II) from aqueous 

media. (Rezvani et al, 2014) used a polyaniline-magnetite nanocomposite synthesized by the 

polymerization of aniline in the presence of magnetite nanoparticles as an ion exchange sorbent for the 

removal of Cr (VI) ions. In a recent study conducted by Lohrentz and others (Lohrentz et al, 2023) a 

nanocomposite of polyaniline and zero-valent nickel was used for hexavalent chromium removal.  

There are limited studies on the application of polyaniline and nickel ferrite nanocomposites in the 

removal of chromium from aqueous solutions. Even though Agrawal and Singh (2016) used NiFe2O4-

PANI nanocomposite in a previous study, they reported a very low maximum adsorption capacity 

(12.19 mg/g). The current study seeks to study the feasibility of using an improved nanocomposite of 

polyaniline and nickel ferrite in the removal of Cr (VI) from wastewater. 

1.2 Problem statement 

One of the most hazardous metals is used in many industries due to its desirable properties. Chromium 

is known for its wide applications in chrome plating, mining, leather industries, chemical industries 

among others (Liu and Yu, 2021; Pushkar et al, 2021). In addition to anthropogenic sources, chromium 

is released to the environment by natural activities such as volcanic eruption, soil erosion and rock 

weathering. The most common form of chromium, hexavalent chromium, is toxic and hazardous to 

living things. Due to its high solubility, this form of chromium easily finds its way to animal’s tissue 

through feeding on contaminated animal feeds  (Shekhar Sarker et al, 2023). 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



3 

 

Traditional methods such as chemical precipitation (Minas et al, 2017), ion exchange (Han et al, 2020), 

membrane filtration (Semghouni et al, 2020), electro-chemical reduction (Pi et al, 2021), and oxidation-

coagulation (Bora and Dutta, 2019) have been used in the removal of Cr(VI) from water. However, the 

methods have limitations such as large volume of sludge which makes the process costly and energy 

intensive and suffers from low efficiencies. Adsorption technology has advantages over the traditional 

methods due to its high efficiency in removing heavy metals, low cost, and ease of operation (Bhaumik 

et al, 2013; Jiang et al, 2018). Due to the limitations associated with adsorption materials, there is a 

pressing need to explore innovative and sustainable materials and technologies for the efficient removal 

of chromium from aqueous solutions. 

Polyaniline nanocomposites doped with 2-naphthalene sulfonic acid have shown promise as potential 

adsorbents for aqueous chromium ions (Bhaumik et al, 2018; Lohrentz et al, 2023). However, several 

critical research gaps exist in this field that require in-depth investigation. Therefore, there is a need for 

further investigation on the use of doped polyaniline nanocomposites in the removal of Cr (VI) from 

wastewater. 

1.3 Aims and objectives 

In the current study, the effectiveness of 2-naphthalene sulfonic acid (2-NSA) doped polyaniline and 

nickel ferrite particle nanocomposite (PANI-NSA/NiFe2O4) produced via an in situ chemical oxidative 

polymerization method in removing of Cr(VI) from aqueous solution will be investigated. The 

following are the objectives of this study: 

1. Determine physical and chemical properties of PANI-NSA/ NiFe2O4 and its constituents. 

2. Determine optimum conditions for the process in terms of pH, adsorbent dosage, initial 

Cr(VI) concentration, contact time, and temperature. 

3. Model the kinetics and thermodynamics of the Cr(VI) adsorption process. 

4. Study the regeneration and recyclability of PANI-NSA/ NiFe2O4. 

1.4 Structure of dissertation  

Chapter 1 acts to introduce to the study. It will briefly discuss the pollution of water by Cr(VI), the 

different technologies applied in the removal of Cr(VI) from wastewater, the challenges with these 

technologies and why adsorption is the preferred method. The objectives of the study will also be 

defined in this chapter. Chapter 2 focuses on the literature review for this study and will include 

literature on the pollutant (Chromium), the method of removal (adsorption process) and the adsorbent 

(PANI-NSA/NiFe2O4). Chapter 3 discusses materials and methods, experimental procedures, 

characterization techniques and analysis procedures applied in this study. Chapter 4 presents results 

from this study, discusses the findings, and compares with other studies previously investigating 

chromium removal from wastewater. Chapter 5 provides the conclusions and recommendations based 

on the results from chapter 4. The reference bibliography will follow chapter 5. The information in 
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chapter 3 and 4 has been accepted for publishing in the Journal of Environmental Chemical 

Engineering. 
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Chapter 2   Literature review 

2.1 Sources and effects of water pollution 

Water is a natural resource covering most of the earth's surface. Nature has a way of purifying and 

recycling water sources and thereby providing enough clean water for human consumption. Water 

pollution is referred to as the presence of chemical, physical, or biological elements in a water body that 

may cause impairment with respect to beneficial usage (Schweitzer and Noblet, 2018). Due to an 

increase in human population growth and industrialization water pollution has become one of the main 

environmental problems that affects both humans and other species of the ecosystem around the world 

(Malik et al, 2022; Nasar and Mashkoor, 2019). Sources of water pollution are classified mainly into 

anthropogenic and natural sources. Anthropogenic sources are due to human activities such as 

agricultural activities, improper waste disposal and management, etc while natural sources are due to 

natural sources like volcanic activities.   

2.1.1 Anthropogenic sources 

2.1.1.1 Industrial waste 

Industrial wastewater is the major source of water pollution due to the large volumes of effluents 

containing different pollutants being released from industries to rivers and water sources (Carolin et al, 

2017). Industries such as textile, paper, apparel industries discharge harmful chemicals, and pollutants 

into water bodies (Farhan et al, 2023).  According to the World Bank, the textile finishing and dyeing 

industries account for between 17 and 20 percent of the total water pollution (Rafiq et al, 2021). Dyes 

lead to the discoloration of water rendering it unconducive for human consumption and tourism-related 

activities. Heavy metals such as arsenic, mercury, and cadmium are also released from these industries, 

and they can lead to death even at very low concentration. Discharge of effluents into water bodies leads 

to the decrease in dissolved oxygen due to enhanced oxygen consumption arising from 

decomposition of dead organic matter. This leads to death and decrease of living organisms in the 

water bodies as a result of hypoxia (Haseena et al, 2017; Owa, 2013). In addition, discharge of hot water 

from industries leads to an increase in water temperature and consequently a decrease in organism 

activity in the water bodies by significantly affecting behavioural changes. 

2.1.1.2 Agricultural activities 

Pesticides, herbicides, and fertilizers used in agriculture can leach into groundwater and nearby water 

bodies, leading to contamination (Singh et al, 2022). Runoffs from agricultural farmlands enrich water 

bodies with nutrients which may lead to overgrowth of algae and other aquatic weeds (Ghangrekar and 

Chatterjee, 2018). Animal waste from livestock farms is another source of agricultural water pollution 

(Owa, 2013). Solids contained in these wastes block the penetration of sun hence limiting the growth 

of bottom plants in aquatic systems (Ghangrekar and Chatterjee, 2018). 
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2.1.1.3 Domestic and Municipal Wastewater 

Sewage and wastewater from households can cause pollution if they are released into water sources 

without proper treatment. In addition, a large number of plastics are used for domestic purposes. Some 

of these plastics find their way to waste sources and environment causing more pollution. Some 

household products may also contain pollutants such as dyes, pharmaceuticals, acids, and even heavy 

metals.  Due to the high cost of infrastructure required for the treatment of sewage and wastewater, 

many cities do not treat their domestic and municipal wastewater to meet the requirements before 

discharge (Mema, 2010; Onu et al, 2023).  

2.1.2 Natural sources  

Some heavy metals such as chromium are found in ores deposits which naturally exist on earth’s 

surface. According to (Coetzee et al, 2020) chromium in rocks exists mainly as chromite which is 

formed by solidification of molten lava and the concentration can be as high as 400 ppm. These can 

find their way to water sources through soil erosion, weathering of rocks and volcanic activities hence 

causing water pollution by heavy metals. Although chromium exists mainly as Cr (III) in the 

environment, it can be oxidized to Cr (VI) in the presence of other minerals (Tumolo et al, 2020). The 

latter is toxic and more soluble hence easy to reach groundwater and cause more pollution (Oliveira, 

2012). A summary of sources of water pollution is shown in Figure 2-1. 

2.2 Classification of water pollutants 

Water pollutants can generally be classified into organic and inorganic pollutants. Organic pollutants 

include pesticides, insecticides, fertilizers, pharmaceuticals, industrial solvents, dyes, and wastes from 

food manufacturing. Inorganic pollutants include heavy metals, inorganic salts, trace elements and 

mineral acids released from industries (Rao et al, 2012; Schweitzer and Noblet, 2018). While organic 

pollutants can easily be broken down by microbes to form less harmful end-products (biodegrade),  

inorganic pollutants are non-biodegradable and thus their concentration in the environment will keep 

on increasing (Masindi and Muedi, 2018). In this research the focus will be on water pollution by heavy 

metals. 

2.3 Heavy metals in wastewater 

According to Bánfalvi (2011), a heavy metal is an element with a density five times heavier than that 

of water and a molar mass between 63.5 and 200.6. Even in parts per billion (ppb), heavy metals can 

still be harmful. Some examples of heavy metals are lead, mercury, arsenic, nickel, cadmium, 

chromium, cobalt, and zinc. Heavy metals in wastewater have become a significant environmental issue 

in recent years. Heavy metals cause substantial damage to ecosystems and human health at high 

concentrations.  Due to their non-biodegradability, heavy metals accumulate in the ecosystem causing 

more environmental concerns (Carolin et al, 2017; Masindi and Muedi, 2018).  The widespread 

application of heavy metals in numerous sectors and technological fields has increased the amount of 

heavy metals released into the environment. The burning of fossil fuels releases nickel, vanadium, 

mercury, selenium, and tin. Other important anthropogenic sources such as smelting and automobile 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



7 

 

exhaust cause water pollution by heavy metals (Masindi and Muedi, 2018). Numerous natural processes 

such as weathering of rocks and soils and volcanic eruptions have also been major contributors of water 

pollution by both organic and inorganic pollutants. Processing and exploitation of metal pollutants has 

led to water pollution by heavy metals such as chromium, cadmium, copper, zinc, lead, mercury, and 

nickel (Farhan et al, 2023; Malik et al, 2022). 

 Even though industrial effluents should be treated to meet the requirements before discharge, some 

industries do not treat their wastes to meet the criteria due to the high cost of the process. This has led 

to discharge and accumulation of heavy metals in water and soil (Ranade and Bhandari, 2014). Once 

they accumulate in soil, heavy metals can slow down the decomposition of organic pollutants, hence 

increasing the soil pollution (Masindi and Muedi, 2018).  

 

 

Figure 2-1: Sources of water pollution 

 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



8 

 

 

 

 

Table 2-1: sources and effects of heavy metal pollution 

Heavy 

metal 

Sources  Health effects Reference 

Arsenic Mining, smelting, burning fossil 

fuels, making glass and 

semiconductors, fertilizer 

production, weathering of rocks 

and volcanic eruption  

Cardiovascular 

effects, cancer, 

diabetes, early life 

defects. 

Khan et al (2020); 

Rahman and Singh 

(2019) 

Cadmium Plating, cadmium-nickel batteries, 

stabilizers, and alloys. 

Lung cancer, 

cardiovascular effects 

Carolin et al (2017); 

Pratush et al (2018) 

Mercury Paper and pulp, plastics, chloro-

alkali, pharmaceutical, and oil 

refineries industries 

Irritability, cognitive 

loss, lung damage, 

nausea, death 

Carolin et al (2017); 

Zaynab et al (2022) 

Lead  Electroplating, battery 

manufacturing, 

combustion of automobile fuel, 

paint, and pigment manufacturing 

Fatigue, insomnia, 

hallucinations, 

headaches, stomach 

discomfort 

Bhaumik et al (2021); 

Zaynab et al (2022) 

Chromium Leather industries, tanning 

industries, electroplating 

industries, textile industries 

Acute toxicity, birth 

defects, decline in 

reproductive health, 

cancer. 

Carolin et al (2017); 

Oruko et al (2020) 

 

2.4 Chromium 

“Chromium (atomic number 24) is a steel-grey, lustrous, hard crystalline metal ” (Giri, 2012). It was 

first discovered by French chemist Louis Vauquelin in 1797. It is the 24th element in the Periodic Table 

with the symbol Cr. The metal belongs to transition group VI-B with a ground-state electronic 

configuration of 𝐴𝑟33𝑑54𝑠1 along with molybdenum and tungsten (Coetzee et al, 2020). Chromium 

comprises about 0.037 percent of the earth's crust. It is the twenty-first most naturally abundant element 

on earth's crust with the highest reserves being found in South Africa and Kazakhstan (Coetzee et al, 

2020) 

Chromium is mostly found in two oxidation states in aqueous and natural environment: trivalent (Cr 

(III)) and hexavalent (Cr (VI)). Cr (III) occurs naturally in the environment. It is not considered a health 

hazard because it forms a precipitate with soil colloids thus making it stable.  On the contrary, Cr (VI) 

which includes chromate (CrO4
2-) and dichromate compounds (Cr2O7

2-) is an oxidizing agent with high 

solubility which leads to its high presence in wastewater and soils (Xia et al, 2019). 
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2.4.1 Chromium in environment  

While Cr (III) in water is mainly from natural sources such as soil erosion, volcanic activity and 

weathering of rocks and minerals, occurrence of Cr (VI) in water is mainly driven by anthropogenic 

release from chemical and manufacturing industries such as nuclear plants, leather tanning, metal 

plating, electroplating and current production, paints pigments, paper and dyes production (Liu and Yu, 

2020), (Rakhunde et al, 2012). Incompletely processed chromite ores is another major source of 

environmental pollution by Cr (VI) (Zhitkovich, 2011). Occupational sources of chromium include anti-

algae agents, antifreeze, chrome alloy production, cement production, chrome electroplating, porcelain 

and ceramics manufacturing, leather tanning, textile manufacturing and welding of alloys or steel (Giri, 

2012). 

Occupational exposure to Cr (VI) has been found to increase the probability of getting respiratory 

system cancer with both Cr (VI) and Cr (III) being carcinogenic (Agarwal and Singh, 2017; Sharma et 

al, 2021; Zhitkovich, 2011). In addition to that,  Cr (VI) disguises itself as oxyanions such as sulphate, 

carboxylate and phosphate which are needed by the body and diffuses through cell membranes causing 

damage to cellular proteins, lipids, and other organelles (Chatterjee et al, 2014; Jahan et al, 2018). A 

maximum limit for Cr (VI) in discharge into inland water is 0.1 mg/L and 0.05 mg/L in portal water is 

allowed by the United states Environmental Protection Agency (USEPA) (Giri, 2012). It is therefore 

important to treat wastewater before discharging it to the environment to ensure Cr (VI) concentration 

does not exceed the prescribed maximum limits. 

2.5 Traditional methods of removing heavy metals from wastewater 

Heavy metal pollutants can be removed by biological, physical, and chemical methods.  

Various traditional methods have been previously used to remove heavy metals from industrial 

wastewaters. Among these, chemical precipitation, ion exchange, membrane filtration, photocatalysis, 

chemical and electrical reduction and coagulation have widely been studied (Minas et al, 2017; Peng 

and Guo, 2020; Semghouni et al, 2020). These methods have often shown limitations such as large 

volume of sludge which makes the process cost intensive, high-energy costs and low efficiency 

(Agarwal and Singh, 2017; Arbabi et al, 2015; Peng et al, 2018). Due to this, these methods have not 

been able to effectively remove inorganic pollutants such as heavy metals. Table 2-2 discusses the 

advantages and disadvantages of traditional methods of water treatment. 

2.5.1 Chemical Precipitation 

According to Arbabi et al (2015), the most common method of removing heavy metals from 

contaminated water is chemical precipitation. It uses pH adjustment to change heavy metal ions into 

less soluble compounds like hydroxide, sulfide, carbonates, or other compounds (Fungene et al, 2023). 

These less soluble compounds can then be removed physically using techniques like sedimentation, 

flotation, or filtration (Azimi et al, 2017). The Chemical precipitation method has been demonstrated 

to be effective in remediation of heavy metals such as chromium, lead, copper, arsenic, and zinc. 

However, if the heavy metal ion concentration is too low, or if there are other metal ions present, the 
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method may not be effective depending on the chemical used. In addition, chemical precipitation 

requires addition of chemicals which leads to production of large volumes of sludge (Azimi et al, 2017; 

Da̧browski et al, 2004).  

2.5.2 Ion exchange 

Ion exchange is a process where charged ions from a solution are taken up by solid materials and 

replaced with an equivalent number from another ionic species (Coetzee et al, 2020). Ion exchange 

involves removing different ions from the solution by using a solid matrix whose surface has extra but 

same charge as the ions being removed. The main benefit of employing this technology is that it can 

manage the relatively big volume while removing parts per billion (ppb) levels. In addition, this method 

can be used to remove both cations and anions (Shrestha et al, 2021). According to Razzak et al (2022) 

ion exchange has a number of benefits, such as the ability to handle high volumes of effluents 

simultaneously and the enhanced effectiveness in the remediation of heavy metals pollutants.  Ion-

exchange is an expensive method and it cannot handle very high concentrations of metal ions due to 

spoiling of the matrix that is used in the process (Arbabi et al, 2015). This limits its application for 

industrial wastewater treatment. 

2.5.3 Membrane filtration 

Membrane filtration is a technology that uses a membrane to separate substrates by application of 

pressure across the membrane. Examples of membrane filtration are reverse osmosis, microfiltration, 

nanofiltration, ultrafiltration, and electrodialysis (Keng et al, 2014). Reverse osmosis is a membrane 

technology which works by forcing solvent molecules through a semipermeable membrane against the 

concentration gradient thus separating the stream into a purified stream and a concentrated stream. This 

method is effective and cost effective in removing pollutants. However, reverse osmosis membranes 

are very susceptible to fouling due to deposition of the pollutants and concentration polarization on the 

membrane surface. This fouling leads to decline in the flux through the membranes 

and thus, the quality of the water produced may be affected. In their study on the efficiency of reverse 

osmosis in the removal of four heavy metals (lead, chromium, cadmium and zinc) from hospital dialysis 

feed water, Pirsaheb and colleagues (Pirsaheb et al, 2014) found that reverse osmosis was able to 

decrease zinc concentration to moderate and chromium concentration to lower levels. However, the 

process was not effective in the removal of lead and cadmium. Periodic washing and replacing of 

membranes were therefore required. 

2.5.4 Coagulation and flocculation  

Coagulation is one of the most extensively used methods used for heavy metal removal due to its 

simplicity and effectiveness. The method involves the addition of a chemical (known as the coagulant) 

into the polluted solution. The coagulant neutralizes the charge on the pollutant causing them on to 

destabilize and form flocculants which are removed by flocculation (Razzak et al, 2022).  
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2.5.5 Electrochemical treatment 

The most common electrochemical treatment method is electrodialysis. According to (Strathmann, 

2010), electrodialysis has been used for more than 50 years to produce clean water from brackish water 

sources. Cation-selective and anion-selective membranes are alternately placed in the course of an 

electric current in the electrodialysis technique. Anions flow through the anion-exchange membrane 

layer in one direction while cations flow through the cation-exchanging membrane layer in the other 

way when current is applied. As a result, one side has a decrease in salinity while the other experiences 

a rise in salinity (Driscoll et al, 2008). Water is then passed through the membranes until all the salinity 

is removed. Electrodialysis is mostly used in combination with other methods such as ion-exchange 

when producing  high-quality industrial process water or treating specific effluents (Strathmann, 2010).  

2.5.6 Biological treatment 

In biological degradation, a chemical removed from the environment by living things, typically 

microorganisms, such as bacteria and fungi that exist naturally in soil and water. Biological degradation 

is often accompanied by chemical oxidation. The chemical oxidation is applied as a pre-treatment 

method to reduce waste into biodegradable intermediates which are then treated through a biological 

process (Wang et al, 2013).  

 

Table 2-2: Conventional methods used in the removal of heavy metals from wastewater 

Method Advantages Disadvantages Reference 

Chemical 

precipitation 

• Less energy requirements. 

• High efficiency. 

• Easy to operate. 

• Chemicals added lead to large volumes 

of sludge which can lead to secondary 

pollution. 

• Cost intensive. 

(Azimi et al, 

2017; 

Da̧browski et al, 

2004) 

Ion exchange • Low cost. 

• High selectivity. 

• High efficiency. 

• Low volume of sludge. 

• Cost intensive. 

• Sensitive to pH of the solution. 

• Cannot handle very high 

concentrations due to spoiling of the 

matrix. 

(Arbabi et al, 

2015; Razzak et 

al, 2022) 

Membrane 

filtration 

• Small operation space required. 

• Low solid waste. 

• Rapid operation. 

• No chemicals required. 

• High energy consumption. 

• High cost of operation. 

• Not effective at low solute 

concentration. 

(Mulvany, 1969; 

Pirsaheb et al, 

2014) 

Electrochemical 

treatment 

• Versatile. 

• Does not require pH control. 

• Effective water treatment for 

small communities. 

• Cost-effective 

• Requires addition of chemicals such as 

coagulants. 

• Treatment of sludge leads to increased 

cost of operation. 

• High investment cost. 

• High energy requirement. 

(Radjenovic and 

Sedlak, 2015; 

Strathmann, 

2010) 

Biological 

treatment 

• Economical. 

• High efficiency for organic 

matter removal. 

• Suspended solids can be 

removed. 

• Ease of operation. 

• Results in large volume of biological 

sludge. 

• The process is slow. 

• Requires management and 

maintenance of microorganisms. 

(Durai and 

Rajasimman, 

2011; Sarayu 

and Sandhya, 

2012) 
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2.6 Adsorption  

In the recent years, research of new ways of treating wastewaters has gained mileage with researchers 

looking into application of technology in the water treatment. Adsorption is a traditional technology 

that outperforms the other traditional methods in terms of efficiency in the removal of heavy metals, 

cost, and convenience of use. Additionally, in many instances, when adsorption method is used, the 

material can be recovered and recycled through a desorption process (Bhaumik et al, 2013; Jiang et al, 

2018; Kera et al, 2017). The first quantitative findings were made by Scheele (Scheele, 1777) and 

Fontana (Fontana, 1777) in 1773  and 1777, respectively, who reported several experiments on the 

uptake of gases by charcoal and clays. Later, de Saussure discovered that heat was generated during the 

process and that the solid material's porosity is what caused the adsorption process to occur (de 

Saussure, 1812).  

Worch (2021) defines adsorption as a phase transfer process in which chemical species are removed 

from a fluid phase by attaching onto a solid surface. In water and wastewater treatment, adsorption 

involves removal of pollutants by attachment onto the surface of a solid material as either ions or 

molecules. The solid material on to which the chemical species being removed attaches is called 

adsorbent while adsorbate is the chemical species that is removed by adsorption (Rashed, 2013). In 

heavy metals adsorption, there are primarily three sequential steps: heavy metal transport from the bulk 

solution to the absorbent surface, followed by adsorption on particle surfaces, and finally, transportation 

within the adsorbent particle (Shrestha et al, 2021). Adsorption often coexists with desorption- a process 

in which the adsorbate is transferred from the adsorbent surface back to the solution.  Figure 2-2 shows 

an illustration of terms used in adsorption.  

 

Figure 2-2: Adsorption terms (Worch, 2021). 

 

There are two main categories of adsorption, physical adsorption and chemical adsorption (Hu and Xu, 

2020). In physical adsorption, the increase in the adsorbate amount on the surface of the adsorbent is 

due to interaction of intermolecular forces namely van der Waals forces and its thermal effect is small. 

Because intermolecular attraction is weak, there is hardly any changes to the adsorbate molecules and 

physical adsorption is therefore reversible. On the other hand, in chemical adsorption also referred to 
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as chemisorption, the adsorbate reacts with the adsorbent leading to creation of covalent or ion bonds. 

The process is irreversible and with high amount of heat being released (Webb, 2003). Additionally, 

the activation energy required is larger in chemical adsorption. In order to describe the extent and quality 

of the adsorption process, equilibrium isotherms, kinetic models, and thermodynamic parameters such 

as Gibbs free energy are used (Gupta et al, 2021). 

2.6.1 Adsorption isotherms 

Adsorption is affected by the availability of pollutants and adsorbent. The interactions between 

adsorbent and the contaminant can be understood by studying the adsorption isotherms (Anjum et al, 

2023). Adsorption isotherms are used to check the effect of changing the initial concentration of the 

contaminant on the removal of the contaminant at a constant temperature. Various adsorption isotherm 

models such as Langmuir, Freundlich, Dubinin-Radushkevitch and Temkin isotherm models have been 

applied by researchers in fitting of adsorption data (Muhammad et al, 2020). The most commonly 

studied isotherm models are Langmuir and Freundlich models. 

2.6.1.1 Langmuir isotherm model 

Langmuir isotherm model was originally developed for gas-solid-phase adsorption on activated carbon 

(Langmuir, 1918). With time, Langmuir isotherm model has been used to describe adsorption in liquid 

phases and on other adsorbents. The Langmuir isotherm is the most fitted isotherm model and assumes 

that a monolayer of the pollutant is adsorbed on to a homogeneous surface of the adsorbent with uniform 

distribution of energy. Additionally, the model assumes presence of fixed identical number of 

adsorption sites with equal affinity for the adsorbate (Hu et al, 2023). The non-linearized form of the 

Langmuir model is expressed in Equation (2-1): 

 
Q

e
=

KLQ
max

Ce

1+KLCe

 
(2-1) 

Where Qmax is the maximum adsorption capacity (mg/g), 𝑘𝐿 is the Langmuir adsorption equilibrium 

constant (L/mg) and 𝐶𝑒 is the equilibrium concentration of the pollutant in the solution (mg/L). The 

maximum adsorption capacity and the adsorption equilibrium constant parameters are fitted from the 

isotherm model. The linear form of the Langmuir model is expressed by Equation   

            (2-2): 

 Ce

Q
e

=
1

Q
max

Ce+
1

Q
max

KL

 
  

            (2-2) 

 

When using the linear form of the model, a linear plot of Ce Q
e

⁄  against Ce should give a straight line 

with a high coefficient of regression (approaching 1) if the data is best described by the model 

(Olafadehan et al, 2022). To determine the suitability of the Langmuir isotherm and efficiency of the 

adsorption process, a dimensionless constant known as separation factor RL is calculated from the 

Langmuir isotherm parameters (Ayawei et al, 2017): 
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RL = 

1

1 + KLCO
 

                                              

(2-3) 

 

Where 𝐶𝑂 is the initial concentration of adsorbate (mg/L). When the value of RL >1, the adsorption 

process is unfavourable, 0 < RL < 1, favourable,  RL = 1 linear and  RL = 0 irreversible. Many 

researchers use the linear form of the Langmuir model due to its simplicity, but this does not accurately 

describe the data hence using the non-linear form of the model is important. 

2.6.1.2 Freundlich isotherm model 

The Freundlich model was first used to describe adsorption of organic acids on coals by Freundlich 

(Freundlich, 1907).The Freundlich isotherm is used to account for the surface of the adsorbent being 

heterogeneous (Muedi et al, 2021). The adsorbent surface is assumed to be heterogenous, and the energy 

of active sites is exponentially described. It is therefore mainly applied to multi-layer adsorptions (Ma 

et al, 2014). The non-linearized form of the Freundlich isotherm model is expressed by Equation (2-4): 

 Q
e
=KF(T)Ce

1/nF 

 
(2-4) 

Where  KF and nF are the Freundlich isotherm parameters related to adsorption capacity (mg/g) and 

intensity of adsorption respectively. The adsorption intensity parameter (nF) indicates how favourable 

an adsorption is, with values nF>1 indicating a favourable adsorption, , nF=1 linear adsorption and  nF<1 

unfavourable adsorption (Muedi et al, 2021). According to (Isiuku et al, 2021) a good adsorption 

process is indicated by values between 1 and 10. The linear form of Freundlich isotherm model is given 

by Equation (2-5): 

 
ln𝑄𝑒 = ln𝐾𝐹 + 

1

𝑛
𝐶𝑒 

                                                                            

(2-5) 

 

2.6.1.3 Multiple surface Langmuir isotherm model 

According to McConnell et al (2020), neither Langmuir nor Freundlich isotherm models account for 

multiple pathways/surfaces of adsorption. This leads to underestimation of adsorption as well as 

reduction in the fit accuracy. The multiple surface Langmuir isotherm model was developed in 1918 by 

Irving Langmuir in his seminal work on adsorption modelling (Langmuir, 1918). The model assumes 

that there are multiple surfaces on which adsorption occurs thus improving the fit of adsorption 

compared to the general Langmuir and Freundlich models. The two-surface Langmuir isotherm is given 

by Equation (2-6): 

 
Q

e
=

kL,1(T)Q
max,1

Ce

1+kL,1(T)Ce

+
kL,2(T)Q

max,2
Ce

1+kL,2(T)Ce

 
(2-6) 

Where KL,1, KL,2 are the Langmuir adsorption equilibrium constant (L/mg) on the first and second 

surface and Q
max,1

, Q
max,2

  are the maximum adsorption capacity (mg/g) on the first and second surface 

respectively. 
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2.6.2 Adsorption thermodynamics 

Thermodynamic parameters are very important when it comes to checking the feasibility as well as the 

spontaneity of adsorption process (Raghav and Kumar, 2018). Thermodynamic parameters of 

adsorption which include: the standard Gibbs free energy change (ΔG°), standard enthalpy change of 

adsorption (ΔH°), and the standard entropy change of adsorption (ΔS°) can be determined from 

Equation (2-7) (Tran, 2016): 

 

{
ΔG°=-RT ln(K)= ΔH°-TΔS°

∴ ln(K)=-
ΔH°

RT
+

ΔS°

R

 (2-7) 
 

Where K is the dimensionless equilibrium constant obtained from Langmuir isotherm model, R 

(J/mol/K) is the ideal gas constant and T (K) is the absolute temperature at which the isotherm was 

operated. 

2.6.3 Adsorption kinetics 

Kinetics of the adsorbent are studied in order to determine the residence time required for completion 

of the adsorption process (Kajjumba et al, 2018). This information is important for large-scale 

application of material. Mathematical models know as kinetic models are used to describe adsorption 

data (Manjuladevi et al, 2018). There are many kinetic models, but the most commonly used ones are 

the pseudo first-order (PFO) and pseudo second-order (PSO) models and their improvements. 

2.6.3.1 Pseudo first-order kinetic model 

The PFO model was developed by Lagergren (Lagergren, 1898). It assumes that a single (mono) layer 

is formed on the surface of the adsorbent. Even though this model is widely used it has many drawbacks 

which make its application and interpretation of the fitted results difficult. The fitted rate constant 

depends on initial concentration of the pollutant in the experiment hence the model cannot be applied 

in cases where the initial concentration is unknown thus limiting the application to batch systems only 

(Muedi et al, 2021). The model is described by Equation (2-8) below: 

 dQ

dt
= k1(Qe − Qt) ∴ Qt = Qe(1 − e

−k1t) 
(2-8) 

Where k1(min
-1

) is the first-order rate constant and 𝑄𝑡 (mg/g) is the amount adsorbed per unit mass at 

any time. 

2.6.3.2 Pseudo second-order kinetic model 

Pseudo-second -order model was first used in the 80s but it was after a study by Ho and McKay (Ho 

and McKay, 1999) that it became popular and has since been applied in different adsorption studies. 

The PSO model assumes a second-order dependence of the adsorbed amount on the available active 

sites. The model is described by the following equation: 

 dQt
dt

= k2(Qe −Qt)
2 ∴ Qt =

k2Qe
2t

1 + k2Qet
 

(2-9) 
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Where k2 (g/mg min
-1

) is the pseudo-second-order rate constant and is an indicator of how fast the 

reaction reaches the equilibrium. According to George William et al (2018), Qe − Qt is the driving 

force and is proportional to the number of active sites available on the adsorbent.  

 

2.6.3.3 Two-phase adsorption kinetic model  

The two-phase adsorption (TPA) mostly known as two-compartment kinetic model was developed for 

temperature depended slow adsorption of organic compounds (Cornelissen et al, 1997). The TPA model 

was derived based on two parallel adsorption processes, a rapid and slow adsorption mechanism. 

According to Muedi et al (2021) the model provides an improvement to PFO and PSO models, however, 

the value of Q
e
 is not certain and this makes extrapolation of the model difficult. 

 

 

{
 
 

 
 
dQt,fast
dt

= kfast(Qe,fast − Qt,fast),

dQt,slow
dt

= kslow(Qe,slow − Qt,slow)

Qt,fast +Qt,slow = Qt
Qe,fast + Qe,slow = Qe

 

∴ Qt = Qe,fast(1 − e
−kfastt) + (Qe − Qe,fast)(1 − e

−kslowt) 

(2-10) 

 

Where k1( 1 min⁄ ), k2 (g/(mg.min)),. kfast (1/min), kslow (1/min) are the pseudo first-order, second-order, 

fast, and slow rate constants, respectively. Qt,fast and Qt,slow represent the adsorbed amounts (mg/g) in 

the fast and slow adsorption phases, respectively, and Qe,fast and Qe,slow represent the equilibrium 

adsorbed  amounts (mg/g) in the fast and slow adsorption phases, respectively. 

2.7 Conventional materials used in adsorption 

Presently different adsorbents have been used in the removal of Cr (VI) from water and wastewaters. 

These include graphene oxide and its composites, metal and metal oxides, carbon materials such as 

activated carbon, carbon nano-tubes.    

2.7.1 Graphene oxide and its composites 

Graphene oxide (GO) has drawn a lot of attention recently due to its lamellar shape and abundance of 

oxygen-containing groups such as carboxyl, hydroxyl and epoxy groups on its surface (Hou et al, 2021). 

Due to the characteristics mentioned above and its large surface area, GO has been used as an adsorbent 

sometimes after being combined with other materials. However, recycling the material is difficult 

because of the additional time-consuming centrifuging and filtration needed to separate the GO from 

the solution after usage (Hou et al, 2021). Magnetic adsorbents have therefore been used in combination 

with GO in order to overcome this challenge.  

2.7.2 Activated carbon 

Activated carbon is defined to include a large variety of amorphous carbon-based materials prepared 

through different methods such as physico-chemical treatment method (Roy and Halder, 2017), 
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hydrothermal carbonization (Liu et al, 2020) and recently microwave assisted production method (Ao 

et al, 2018). 

Although activated carbon is safe and environmentally friendly, its pore sizes range between 0.4-4nm. 

This makes it inefficient in removing metals with small sizes (Gu and Yushin, 2014). Additionally, 

activated carbon has a low adsorption capacity, slow adsorption rate, as well as difficulties in separation 

and regeneration (Guo et al, 2022; Nowruzi et al, 2020). 

In an effort to overcome the challenges associated with activated carbon materials, modification 

techniques have been applied in the production of activated carbon in the past. However these 

modifications can be cost intensive making the material costly to produce and they could lead to 

secondary pollution (Guo et al, 2022). Activated carbon is therefore mainly used as a support matrix to 

increase surface area of other materials. According to (Karimi-Maleh et al, 2021), removal by 

adsorption of Cr(VI) by activated carbon depends on the pre-treatment and activation method used. 

Activation can be used to incorporate functional groups and alter the surface chemistry of the activated 

carbon. This can boost the reduction of Cr(VI) to the less toxic Cr(III) by donation of lone pair of 

electrons during adsorption. 

2.7.3 Polyaniline  

In an effort to come up with cheaper and more effective materials for adsorption of heavy metals, recent 

studies have been exploring natural polymers and their composites. Among these cyclodextrin (Chen 

et al, 2022; El-Kafrawy et al, 2017; Verma et al, 2022), chitosan (Amin et al, 2023; Bakar et al, 2023; 

Xu et al, 2022b), starch and derivatives of starch (Ibrahim and Fakhre, 2019; Karić et al, 2023; Singh 

et al, 2020) and polysaccharides (Al-Dhabi et al, 2020; Zhang et al, 2023; Zhao et al, 2023) have 

received special attention. This is due to their ability to chelate heavy metals, their chemical stability, 

physical and chemical properties, and their unique structures (Abdel-Halim and Al-Deyab, 2011). 

Electrically conducting polymers such as polyaniline (PANI) (Figure 2-3), polythiophene and 

polypyrrole  have gained interest in removal of heavy metals owing to the many advantages associated 

with using them including low cost and ease of synthesis, environmental stability, ease of operation and 

regeneration and a high amine group content in their structure which adsorbs and chelates heavy metals 

via hydrogen bonding or electrostatic interactions (Jiang et al, 2018; Kera et al, 2017; Singh and Shukla, 

2020). These polymers have many applications including drug delivery, chemical sensors, gas 

separation membranes, microwave adsorption, anti-corrosion coating among others (Jaymand, 2013; 

Lu et al, 2011).  Due to its semiconducting and macromolecule nature owing to expanded pi bonding 

system, PANI is one of the most important conducting polymers. It is the second most widely used after 

polypyrrole.  PANI is perfect for Cr(VI) removal due to its ability to simultaneously act as electron 

donor for the reduction of Cr(VI) to less harmful Cr(III) while also providing sites for adsorption of 

Cr(VI) (Harijan and Chandra, 2016; Kera et al, 2017).  

According to Yuan et al (2018), there are two main methods used in the synthesizing of polymers such 

as PANI. These are electrochemical polymerization and chemical oxidative polymerization methods. 
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The latter includes simple methods such as dilute polymerization, in interfacial polymerization and 

rapidly mixed polymerization. The method used in polymerization of PANI as well as the conditions 

affect its morphology and hence its effectiveness. A study done by Bhadra et al (2007) showed that 

PANI synthesized via the electrochemical method had more a higher solubility, more benzenoid rings 

than quinoid rings, higher particle size and  higher band energy compared to PANI synthesized by the 

chemical oxidative method. 

In order to improve the structure, effectiveness and conducting ability of polymers, some chemicals can 

be used in a process known as doping. A chemical dopant is a material that, when added in relatively 

tiny amounts, significantly alters the electrical, optical, magnetic, and/or structural characteristics of the 

polymer and significantly increases conductivity (MacDiarmid and Epstein, 1995). According to 

MacDiarmid and Epstein (1995), there are two forms of doping. Redox doping involves the use of 

oxidizing or reducing agents to remove or add electrons to or from the polymer backbone. On the other 

hand, in acid/base (protonic acid) doping the number of electrons on the polymer remain unchanged. 
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Figure 2-3: Basic chemical structure of PANI and its different bases (Beygisangchin et al, 2021).  

2.8 Modern materials used for adsorption 

Because of the limitations associated with conventional adsorption methods, many countries 

including South Africa are exploring the application of nanotechnology in water treatment. Nano-

technology makes use of nanometre materials i.e. materials in the size 1-100 nm range. Owing to their 

increased specific surface area and small intraparticle diffusion distance nano-adsorbents have gained 

extensive applications in place of conventional adsorbents. Nano-adsorbents have been found to be 

effective in removal of heavy metals ions and their selectivity towards a particular pollutant can be 

increased by functionalization. Nanotechnology is thus a promising route to develop low-cost and high 

performance large scale plants for heavy metal removal. 

2.8.1 Nanoparticles 

In comparison to other materials used for adsorption over the years, nanoparticles have shown very high 

performance in the removal of metals from wastewater and have been successfully used in remediation 

technology (Noli et al, 2023). This is due to their tiny size hence a large surface area. Some of these 
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nanoparticles used in adsorption include copper based nanoparticles (Noli et al, 2023), nickel ferrite 

nanoparticles (Alamier et al, 2023),  iron based nanoparticles e.g zero-valent iron (Bampaiti et al, 2013) 

among others. Despite their high performance, nanoparticles have limitations such as agglomeration 

which leads to decrease in surface area and high cost of synthesis. 

Magnetic nanoparticles are being used to produce composites of polymers because magnetic separation 

via application of an external magnetic field can be used to overcome the challenge of separation and 

the process is easier than filtration and centrifugation (Kera et al, 2017). According to Gupta et al 

(2017), ferrites of general formula A-Fe2O4 e.g. NiFe2O4, CoFe2O4, MnFe2O4 and CuFe2O4 have been 

applied in many areas such as in microwave devices, gas sensor, colour imaging, electronic devices, 

ferro fluids, magnetic drug delivery, among others. This is due to their high specific heat capacity, high 

electrical selectivity, low melting point and high resistance to corrosion (Shanmugavel et al, 2014), 

(Gupta et al, 2017). Due to their special magnetic and chemical stability advantages, inorganic spinel 

ferrites and their composite materials have been employed extensively in water treatment among the 

existing magnetic sorbents. Nonetheless, the most significant type of is spinel nickel ferrite (NiFe2O4). 

This is because of its ferromagnetic properties which result from the spins of Fe3+ ions on the tetrahedral 

points and both the Ni
2+

and Fe3+ ions on the octahedral points aligned in a parallel manner 

(Lingamdinne et al, 2016). 

2.8.2 Composites of polymer and nanoparticles 

Even though polymers have shown such a remarkable potential for the removal of heavy metals, when 

used on their own, these conducting polymers tend to have low adsorption capacity due to decreased 

surface area caused by agglomeration of particles. Additionally, it is a challenge to separate the polymer 

adsorbent from large volumes of solutions after adsorption (Das et al, 2019). This makes it hard to 

recover and recycle the adsorbent.  

Even though (Agrawal and Singh, 2016) reported using NiFe2O4-PANI nanocomposite in a previous 

study, they reported a very low maximum adsorption capacity (12.19 mg/g).  In this study, we 

investigate the effectiveness of 2-naphthalene sulfonic acid (2-NSA) doped polyaniline and nickel 

ferrite particle nanocomposite (PANI-NSA/NiFe2O4) produced via an in-situ chemical oxidative 

polymerization method in removing of Cr(VI) from aqueous solution.  
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Table 2-3: Nanocomposites used for removal of pollutants from wastewater. 

Nanocomposite material Target 

pollutant  

Removal 

efficiency 

Removal 

capacity 

(mg/g) 

Reference 

polyaniline@Ni(OH)
2
 Cr(VI) 98 % 661.1 Bhaumik et al 

(2018) 

Polypyrrole magnetite Cr(VI) 99.2 % 208.77  Aigbe et al 

(2018) 

Polypyrrole-

polyethyleneimine 

Pb 89.64 % 75.6 Birniwa et al 

(2022) 

Fe3O4/ZnO/PANI Congo red dye 81 % 96.46 Zare et al (2022) 

PANI-CuO  Pb, Cd, Cr 79.9 %, 78.9 

%, 82.1 % 

respectively 

1.123, 

1.409, 1.342 

Kumar and Joshi 

(2022) 

Graphene 

oxide/SiO2/Polyaniline 

Cu(II) and 

Cr(VI) 

- 512.47 and 

258.275 

Kumar et al 

(2020) 

Copper ferrite-

polyaniline 

Methyl orange 

dye 

- 345.9 Kharazi et al 

(2019) 

Polyaniline/Hexagonal 

Mesoporous Silica 

(PANI/HMS) 

nanocomposite 

Ni(II) 100 % 253.17 Javadian et al 

(2013) 

Magnetite-

polyethyleneimine 

montmorillonite 

Cr(VI) 84 % 8.77 Larraza et al 

(2012) 

Polyaniline/ZnO Methyl orange 

dye 

99.5 % 47.62 Garg et al (2022) 

Fe3O4 @Chitosan-Zr-

PANI) 

Cr(VI) 100 % 491.43 Xu et al (2022a) 

Reduce graphene 

oxide/Fe3O4 − TiO2 

Malachite green 

dye 

99 % - Bibi et al (2021) 
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Chapter 3 Materials and Methods 

3.1  Chemical reagents and standards 

Aniline (C6H7N), ammonium persulfate (APS(NH4)2S2O8), 2-Naphthalene sulfonic acid (2-NSA, 

C10H8O3S), potassium dichromate (K2Cr2O7), 1,5-diphenylcarbazide (DPC) and nickel ferrite 

(NiFe2O4) nanopowder (<50 nm particle size) were purchased from Sigma Aldrich. Sulphuric acid 

(H2PO4, 98 wt%), nitric acid (HNO3, 98 wt%), sodium hydroxide (NaOH) and methanol (CH3OH) were 

obtained from Fisher Scientific and Glassworld. All the chemicals were used as received without any 

further treatment. 

3.2  Preparation of chromium stock solution 

The Cr (VI) stock solution (1000 mg/L) of Cr (VI) was prepared by dissolving 1.414 g of potassium 

dichromate (K2Cr2O7) in ultrapure water in 1000 mL volumetric flask. Fresh working solutions for 

each experiment were prepared from the stock solution. 

3.3  Preparation of 1,5-DPC solution for Cr (VI) analysis 

1,5-DPC solution was prepared by dissolving 125 mg of 1,5-DPC in 25 mL of methanol. 7 mL of H2SO4 

(98%) was mixed with 125 mL deionized water and added to the above solution to make a 250 mL total 

volume. 

3.4  Synthesis of PANI and PANI/NiFe2O4   

PANI-NSA/ NiFe2O4 PNC was fabricated by emblematic in-situ oxidative polymerization method 

which was adapted from elsewhere (Long et al, 2005). In this synthesis method, 0.2 mL aniline and 

predetermined amount of NiFe2O4 nano-powder were mixed with 80 mL of 2-NSA solution (0.416 g 

of 2-NSA dissolved in 80 mL of deionized water) under ultrasonic agitation for 15 minutes. During the 

agitation period, aniline reacted with 2-NSA to form NSA-ANI micelles containing NiFe2O4 nano-

powder. Thereafter, 0.456 g of APS dissolved in 5 mL of deionized water in a separate beaker was 

added to the above NiFe2O4 suspension and sonicated for another 1 minute. The mixture was labelled 

(PANI-NSA/NiFe2O4, wt%) and kept undisturbed under room temperature for 24 h for in-situ 

polymerization. After 24 hours the product was vacuum filtered and washed with deionized water. 

Further washing with methanol was done to remove any possible oligomers. The final PNC product 

was dried in vacuum oven at 60 °C for 24 h. The synthesis process is shown in Figure 3-1.  Pure PANI 

was synthesized in the same manner without adding nickel ferrite. 

3.5  Chromium analysis methods 

A UV VIS spectrophotometer at 540 nm wavelength was used to determine the final concentration of 

Cr (VI) ions in the aqueous medium after adsorption. Standard solutions of 1 mg/L, 0.5 mg/L, 

0.25 mg/L, and 0.1 mg/L of Cr (VI) were used for the instrument's calibration curve. Flame Atomic 

Absorption Spectrometer (FAAS) was used to determine the total chromium after adsorption. Standard 

solutions of 1 mg/L, 2.5 mg/L, and 5 mg/L were used for the FAAS calibration. 
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Figure 3-1: Synthesis process of PANI-NSA/NiFe2O4 nanocomposite 

3.6 Preliminary studies 

It was noted from literature (Aigbe et al, 2018; Samuel et al, 2018) that acidic pH values and especially 

pH 2 gave a better removal percentage of Cr (VI) from solution hence initial pH of 2 was chosen for 

the preliminary studies. 

Preliminary studies were done to determine the optimum loading of NiFe2O4 in the PNC as well as the 

initial dosage for the batch experiments. To determine the optimum loading, the following masses of 

NiFe2O4 were used in the synthesis of the nanocomposite (10, 20, 25, 50, 100 mg). The obtained 

nanocomposites were used to remove 100 mg/L of Cr (VI) from 25 mL solution at pH 2. The solutions 

were shaken in the thermostatic water bath shaker at 25 °C with a shaking speed of 200 rpm. The initial 

pH of the solution was adjusted using HNO3 (0.1 M) and/or NaOH (0.1 M). 

 It was observed that a loading of 10 mg of NiFe2O4 in the nanocomposite led to a 94.9% removal of 

Cr (VI) from the solution. Changing the loading of NiFe2O4  from 10 to 20 mg led to a very slight 

increase in the percentage removal of Cr (VI) (95.7%) while any further increase from 20 mg led to a 

decline in the percentage removal to 80.8% at 100 mg loading. Even though a higher loading of NiFe2O4 

would increase the effectiveness of the material with reference to magnetic properties, the loading mass 

of 10 mg was used in the batch studies. 

Initial studies to determine the optimum dose for batch experiments were done where the dose of PNC 

was varied from 5 mg to 40 mg while the solution pH, the initial Cr (VI) concentration and the sample 

volume were kept constant at 2, 25 mg/L, and 25 mL, respectively. It was observed that complete 

removal of Cr (VI) was observed for all the dosages and therefore for the batch experiment, the initial 

Cr (VI) concentration and sample volume were both increased to 50 mg/L and 50 mL respectively. 

3.7  Batch adsorption studies 

All effect of initial Cr (VI) concentration, effect of temperature, effect of dosage and initial Cr (VI) pH 

effect experiments were conducted in a thermostatic water bath shaker agitated at 200 rpm for 24 hours 
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using 100 mL glass bottles containing 50 mL solutions of Cr (VI). Effect of agitation time experiments 

were conducted using an overhead stirrer on a 1000 mL beaker filled with 500 mL solutions of Cr (VI) 

mixed at a speed of approximately 200 rpm. All experiments were carried out twice and the average 

value reported. 

3.7.1 Effect of dosage 

To test effect of PANI-NSA/ NiFe2O4 dosage, Cr (VI) solutions were contacted with PANI-NSA/ 

NiFe2O4 nanocomposite whose dose was varied between 5 and 40 mg. The different masses of the 

adsorbent were weighed using a 4-decimal point digital mass balance. The efficiency (% removal) of 

Cr (VI) was calculated using Equation (3-1): 

 
% removal=

Co-Ce

Co

×100 (3-1) 

where Coand Ce are the initial and equilibrium concentration of Cr (VI), respectively, in mg/L. 

3.7.2 Effect of solution pH 

To analyze the effect of initial Cr (VI) solution pH on the removal of Cr (VI) by the synthesized PANI-

NSA/ NiFe2O4, the initial pH of the Cr (VI) solutions was adjusted to pH values between 2 and 11 

before contacting with 25 mg of PANI-NSA/ NiFe2O4 nanocomposite. 

3.7.3 Point of zero charge 

The point of zero charge (PZC) study was done following a method described elsewhere (Castellar-

Ortega et al, 2019).  0.125 g of adsorbent was added in 25 mL deionized water into several sample 

bottles, later the pH was adjusted between 2 and 12 units with solutions of HCl 0.1 M and NaOH 0.1 

M. After 24 h the final pH was measured. 

3.7.4 Effect of initial concentration 

To test the effects of initial concentration, Cr (VI) solutions with concentration varied between 50 and 

400 mg/L were prepared from the stock solution. The equilibrium capacity was determined using 

Equation (3-2): 

 
Q

e
=

Co-Ce

m
×V 

(3-2) 

Where 𝑄𝑒 (mg/g) is the amount of Cr (VI) adsorbed per unit mass of adsorbent at equilibrium, 𝑚 is the 

mass of the adsorbent (g) and 𝑉 is the sample volume (L). To test the effect of temperature the effects 

of initial concentration experiment was carried out at 3 different temperatures (25 °C, 35 °C and 45 °C) 

in a thermostatic shaker. The results were used for isotherm modelling.Table 3-1 summarizes the 

conditions for isotherm experiments. 
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Table 3-1: summary of studied parameters for adsorption isotherms 

Experiment Temperature 

(°C) 

Adsorbent 

dosage (mg) 

Initial Cr (VI) 

concentration 

(mg/L) 

Initial pH of Cr 

(VI) solution 

Experimental 

time (hours) 

1 25 25 50, 100, 150, 

200, 250, 300, 

350, 400 

2 ± 0.03 24 

2 35 25 50, 100, 150, 

200, 250, 300, 

350, 400 

2 ± 0.03 24 

3 45 25 50, 100, 150, 

200, 250, 300, 

350,400 

2 ± 0.03 24 

 

3.7.5 Effect of contact time 

The effect of contact time was studied by contacting 500 mL Cr(VI) of solution with 150 mg of PANI/ 

𝑁𝑖𝐹𝑒2𝑂4 nanocomposite in a beaker continuously stirred at 200 rpm with a non-magnetic stirrer. Three 

initial Cr(VI) concentration (50, 100 and 200 mg/L) were studied over a 6 h period. Sample volumes of 

4 mL were drawn from the beaker in selected time intervals between 0 and 360 min and analysed for 

residue Cr (VI) and Cr(III) concentration. The adsorption capacity of the adsorbent, 𝑄𝑡 (mg/g) at any 

time was obtained from Equation (3-3): 

 
Qt=

Co-Ct

m
×V 

(3-3) 

Where 𝐶𝑡 (mg/L) is Cr (VI) concentration in the solution at any time 𝑡. The results obtained from this 

experiment were used for kinetic model fitting.  

3.7.6  Effect of other ions 

To test the effect of co-existing ions on the adsorption of Cr (VI), copper (Cu2+), zinc (Zn2+), sulfate 

(SO4
2-), and nitrate (NO3

- ) ions were used in a mixed (binary) sorption system described by (Bhaumik et 

al, 2018). In this experiment, 50 mL aqueous solution containing initial concentration of 50 mg/L of Cr 

(VI) and initial concentrations of the co-existing ions (50, 100, 150 mg/L) was mixed with 0.025 g of 

PANI/NiFe2O4 and shaken at room temperature for 24 h after which it was analysed for Cr (VI) 

concentration. 

3.7.7  Desorption studies and re-usability 

To test the regeneration of PANI-NSA/NiFe2O4, 0.05 g of PANI-NSA/NiFe2O4 was conducted with 

50 mL of 50 mg/L Cr (VI) solution in a 100 mL glass bottle. After 24 h, a centrifuge was used to 

separate the solid material residual from the supernatant. The supernatant was analysed for Cr (VI). 

 The residual was washed with de-ionized water to remove excess Cr (VI) and mixed with 50 mL of 

1M NaOH and sonicated for 5 minutes. The Cr (III) concentration was calculated from the difference 

between the total chromium and Cr (VI) concentration. The same desorption step was repeated with 

HNO3 to remove Cr (VI) ions. The residue recovered from the two desorption steps was mixed with 
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de-ionized water and centrifuged for 25 min at 9000 rpm before separating. It was then contacted with 

a new Cr (VI) solution for a new adsorption cycle. 

3.7.8 Test on real chromium water 

Chromium wastewater from a chrome plating company in Silverton (Pretoria), South Africa was used 

for this study. After measuring the initial concentration of Cr (VI) in the wastewater, it was diluted to a 

50 mg/L concentration using de-ionized water. 50 mL of the solution were contacted with varying doses 

of PANI-NSA/NiFe2O4 (15, 25, 30 and 40 mg) after adjusting the pH to 2. The solutions were shaken 

for 24 hours after which the final Cr (VI) concentration was measured.  

3.8  Characterization  

A Micrometrics TriStar II BET analyzer (Micrometrics Inc., Norcross, GA) was used to obtain the 124 

Brunauer-Emmett-Teller (BET) specific surface area and pore size of PANI-NSA and PANI-

NSA/NiFe2O4 nanocomposite. Liquid nitrogen at 77 K was used for the measurement. To remove 

impurities and moisture from the samples before analysis, degassing was done by vacuum drying for 

10 h at a temperature of 100 °C. A field emission scanning electron microscope (Zeiss Ultra PLUS FEG 

SEM) and a high resolution transmission electron microscope (Jeol 2100F FEG TEM) were used to 

obtain morphological images of PANI-NSA and PANI-NSA/NiFe2O4 and Energy Dispersive X-Ray 

(EDX) composition analysis of PANI-NSA/NiFe2O4. The morphology of the material was checked on 

the material as synthesized without coating. X-ray photoelectron spectroscopy (XPS) was used to 

characterize the PANI-NSA/NiFe2O4 before and after Cr (VI) adsorption with a Thermo ESCAlab 250 

Xi (USA). The samples were washed with water and methanol and dried at 60 °C after adsorption. 

Silica gel was placed in the container with the samples to remove moisture. Functional groups of the 

PANI-NSA/ NiFe2O4 nanocomposite were obtained from IR spectra using a Perkin-Elmer (USA) 

Fourier transform infrared spectrometer (Spectrum 750 S spectrometer). To explore the temperature 

dependent magnetic properties of the composite and its components, a Physical Property Measurement 

System (PPMS) from Quantum Design (USA) with a Vibrating Sample Magnetometer (VSM) 

measurement mode was used. X-ray diffraction (XRD) crystalline profiles for NiFe2O4 and PANI-

NSA/NiFe2O4 were recorded on a PANanalytical X’pert PRO diffractometer.  
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Chapter 4 Results and discussions 

4.1  Characterization  

BET results indicated that the surface area of PANI-NSA/ NiFe2O4 (26.513 
𝑚2

𝑔
) is higher than that of 

PANI-NSA (21.773 
𝑚2

𝑔
) which shows that synthesizing a composite of PANI and NiFe2O4  significantly 

increases the surface area of the material. SEM images of synthesized pure PANI-NSA and PANI-NSA/ 

NiFe2O4 are shown in Figure 4-1 (a) and Figure 4-1 (b).  

  

 

 

Figure 4-1: SEM images of (a) PANI-NSA/ NiFe2O4, (b) PANI-NSA (b) and (c) TEM image of 

PANI-NSA/ NiFe2O4 and (d) EDX analysis of PANI-NSA/ NiFe2O4. 

From the images (Figure 4-1 (a) and Figure 4-1 (b)), it can be observed that PANI-NSA forms rod-like 

structures whose surface is smooth while PANI-NSA/ NiFe2O4 composite forms rods with a rough 

surface. The rough surface is linked to NiFe2O4 attaching on to the forming PANI-NSA. This increases 

(a) (b) 

(c) (d) 
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the pore diameter and provides more surface for Cr (VI) adsorption. It is also observed that PANI-NSA 

exhibits noticeable agglomeration while PANI-NSA/ NiFe2O4 has less agglomeration with most rods 

occurring individually (Figure 4-1 (a) and Figure 4-1 (b)). Figure 4-1 (c) shows the TEM analysis of 

PANI-NSA/NiFe2O4. It can be noted that the NiFe2O4 nanoparticles are completely encapsulated in 

the PANI-NSA/NiFe2O4 structure (signified by the presence of dark spots). This confirms that this 

method allows for the encapsulation of NiFe2O4 in the forming rods of aniline during the 

polymerization. A study by Bhaumik et al (Bhaumik et al, 2019) yielded similar results. The EDX 

analysis shown in Figure 4-1 (d) confirms the presence of Ni and Fe ions in the structure of the PANI-

NSA/NiFe2O4. The EDX results also show that the polymer (PANI-NSA) is the main component of 

the PANI-NSA/NiFe2O4 due to the higher composition of C and H. 

The species of PANI-NSA/NiFe2O4 as well as the valence of chromium on the surface of PANI-

NSA/NiFe2O4 were determined by XPS. The results obtained from XPS before and after treatment with 

Cr (VI) solution are shown in Figure 4-2(a). C1s, N1s, O1s, S2ps are observed at the corresponding 

binding energies of 284.9, 399.3, 531.8, 168.2 eV suggesting presence of mainly PANI in the PANI-

NSA/ NiFe2O4 nanocomposite. Additionally, Cr2p peak was observed at 577.3 eV in the after treatment 

XPS spectrum as shown in Figure 4-2(b) confirming the adsorption of Cr (VI) on the surface of the 

PANI-NSA/NiFe2O4 nanocomposite.  

No peaks suggested the presence of NiFe2O4 on the surface of the nanocomposite. This could be due 

to the low composition of NiFe2O4 in the nanocomposite. Another possible explanation is that since 

XPS is a surface method of analysis, it may not detect the Ni and Fe ions since NiFe2O4 is encapsulated 

in the PANI-NSA structure. The presence of S2p peaks in the nanocomposite indicates presence of 

sulfur group due to the doping of PANI with NSA. The deconvoluted S2p peaks Figure 4-2(b) shows 

that the of SO3
2- group which was present before treatment with Cr (VI) solution (Figure 4-2(a)) 

disappears after treatment with Cr (VI) solution indicating that SO3
2- group takes part in the removal of 

chromium. The N1s spectrum in the PANI-NSA/NiFe2O4 before treatment with Cr(VI) solution was 

deconvoluted into 2 distinct curves with peaks at 399.2 and 400.7 (Figure 4-2(c,d)) while two curves 

with peaks at 399.3 and 401.2 are observed in the PANI-NSA/ NiFe2O4 after treatment with Cr(VI) 

solution (Figure 4-2(e,f)). The peaks at 399.2 and 399.3 are related to the undoped amine groups 

( -NH- ) while the peaks at 400.7 and 401.2 are related to the doped amine ( -NH+ ) and ( -NH4
+ ) cations 

associated with the ammonium persulfate used in oxidation of aniline in the polymerization process. 
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Figure 4-2: XPS survey of PANI-NSA/ Ni Fe2O4 (a) before and (b) after treatment with Cr (VI) and 

deconvoluted peaks of before and after treatment with Cr (VI) for: (c, d) S2ps, (e, f) N1s. 

The FTIR spectra of PANI-NSA/ NiFe2O4 nanocomposite, NiFe2O4 nanoparticles and PANI are 

shown in  

Figure 4-3. Peaks of PANI-NSA are observed at 1575, 1488, 1299, 1238, 1048, 1028, 829, and 670 

cm-1. The peaks at 1575 and 1488 are associated with functional groups of C-C bond of quinonoid and 

benzenoid rings, peak at 1299 associated with C-N stretching of the B rings as a result of protonation 

of PANI (Basavaraja et al, 2014). The peak at 1238 represents –C(CO)O- stretching (Terraza et al, 

2018),  at 1048 the presence of C-O stretching (Lingegowda et al, 2012), and the peak at 829 is 

(c) 

(d) 

(e) 

(f) 

(a) (b) 
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associated with C-H bonds in aromatic rings, peaks at 1028 and 670 are associated with doped -SO3H 

group (Macherla et al, 2022).  

 

Figure 4-3: FTIR spectrum of PANI-NSA, Ni Fe2O4 and PANI-NSA/ Ni Fe2O4 composite. 

Figure 4-4 depicts the magnetic hysteresis loops of PANI-NSA, Ni Fe2O4, and PANI-NSA/Ni Fe2O4 

composite. According to the graph, the magnetization of PANI-NSA/Ni Fe2O4  and Ni Fe2O4 increased 

and tended to reach saturation as the magnetic field increased. The magnetization values are 25 and 2.5 

emu/g for Ni Fe2O4 and PANI-NSA/Ni Fe2O4 respectively. As a result, the magnetization curves shows 

that the PANI-NSA/Ni Fe2O4 composite has good magnetic properties.  

 

Figure 4-4: Magnetic hysteresis loops of PANI-NSA, Ni Fe2O4, and PANI-NSA/Ni Fe2O4 composite 
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Figure 4-5 gives the XRD pattern of NiFe2O4 and PANI-NSA/NiFe2O4 nanocomposite. The diffraction 

peaks observed at 2θ of 21.7° (111), 35.8° (220), 41.8° (311), 43.3° (222), 51.3° (400), 63.5° (422), 

67.5° (511) and 75.0° (440) are the characteristic peaks of NiFe2O4 (PDF Card 96-591-0065). The 

characteristic peaks are also observed on the PANI-NSA/NiFe2O4 nanocomposite XRD pattern even 

though they broaden out. This confirms the interaction between PANI-NSA and NiFe2O4 in the 

formation of PANI-NSA/NiFe2O4 nanocomposite. Additionally, these broader peaks could be due to 

NiFe2O4 nanoparticles being covered by PANI-NSA. 

 

Figure 4-5: XRD pattern of PANI-NSA/Ni Fe2O4 and Ni Fe2O4 

4.2 Effect of solution pH  

Solution pH has an effect on the Cr (VI) removal efficiency because it determines the charge on the 

surface of the adsorbent as well as the degree of ionization and speciation of the adsorbate which affects 

the ions available in the aqueous solutions (Agrawal and Singh, 2016). Figure 4-6 (a) shows the effect 

of initial solution pH on the removal efficiency of Cr (VI) by PANI-NSA/Ni Fe2O4.  It is observed that 

the percentage removal of Cr (VI) by PANI-NSA/Ni Fe2O4  decreases with an increase in the pH of the 

solution with the maximum removal observed at pH 1 and 2. The pH dependence of Cr (VI) removal 

rate by PANI-NSA/Ni Fe2O4  is due to the existence of different chromium species at different pH 

values and change in the charge of the PANI-NSA/ Ni Fe2O4 surface which affect the adsorption 

efficiency. In acidic solution conditions (pH values between 1 and 6), HCrO4
-  predominantly coexists 

with Cr2O7
2- while at higher pH values (pH values above 6), Cr2O7

2- is the predominant species. 

Additionally, in acidic conditions, the surface of PANI-NSA/Ni Fe2O4 is highly protonated due to the 

presence of NH+ functional groups. This leads to a high electrostatic attraction between the oxyanions 

of Cr (VI) and the positively charged surface of the adsorbent. As the pH increases, the positive charge 

on PANI-NSA/Ni Fe2O4  surface decreases and thus a decline in the removal rate due to the repelling 
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nature between the surface and the oxyanions. Additionally, at pH above 6 there is a high abundance of 

hydroxyl (OH-) ions which compete with the oxyanions of Cr(VI) for the active sites thus leading to a 

further decrease in Cr (VI) removal. (Agrawal and Singh, 2016) and (Yang et al, 2014) reported a 

similar trend on the effect of pH on the Cr (VI) removal efficiency. 

 

 

 

 

 

 

Figure 4-6: Effect of (a) dosage and (b) pH on Cr (VI) removal efficiency and (c) point of zero charge 

of PANI-NSA/NiFe2O4 . 

4.1 Determination of point of zero charge  

The pH of the solution is important in cation adsorption because it effects the speciation and ionisation 

of adsorbent active sites (Hamadeen et al, 2022). The net charge of the adsorbent affects the 

protonation-deprotonation behaviour of the adsorbent which is relevant in explaining the mechanism of 

adsorption. The point of zero charge determines the charge on the surface of the adsorbent and hence 

the electrostatic interactions between the adsorbent and the adsorbate. At a solution pH equal to the 

point of zero charge pH (pHpzc), the adsorbent's surface charge is neutral. When the pH of the solution 

(a) (b) 

(c) 
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is less than pHpzc, the adsorbent operates as a positively charged surface; whereas when it is greater 

than pHpzc, the adsorbent behaves as a negatively charged surface (Asanu et al, 2022). From Figure 

4-6 (c), it is observed that the pHpzc of PANI-NSA/Ni Fe2O4 is 2.8±0.1. This shows that PANI-

NSA/Ni Fe2O4 surface is positively charged at pH below 2.8 which attracts the negatively charged 

HCrO4
-  hence the higher Cr (VI) removal efficiency observed at lower pH values. At pH above 2.8, the 

surface of PANI-NSA/Ni Fe2O4 is negatively charged which repels the CrO7
2- ions hence lower Cr (VI) 

removal efficiency. These results are consistent with the effect of pH results which show a rapid drop 

in the Cr (VI) removal efficiency when pH is increased from 2 to 4. 

4.2  Effect of dose 

Figure 4-6 (b) shows the effect of dose on the removal of Cr (VI) from the aqueous solution. It can be 

observed that the removal efficiency from a 50 mL of 50 mg/L Cr (VI) solution increases from 56.9% 

for 0.2 g/L adsorbent mass to 99.9% for 1 g/L adsorbent mass. This is due to an increase in surface area 

which translates to more active sites being available for adsorption. The removal percentage does not 

change with any further increase in adsorbent dose due to the adsorbate (Cr (VI)) becoming limiting in 

the system which means that the concentration of Cr (VI) is less than the active sites available for 

adsorption. This also shows that an adsorbent loading of 1 g/L is enough to remove Cr (VI) from 50 

mL solution with an initial Cr (VI) concentration of 50 mg/L. These results were consistent with two 

other previous studies (Fan et al, 2017), (Bhaumik et al, 2018) and confirm that PANI-

NSA/NiFe2O4 nanocomposite has a high affinity for Cr (VI) removal. In another study using a nickel 

ferrite-polyaniline material synthesized through oxidative polymerization,  (Agrawal and Singh, 2016) 

found that an adsorbent dosage of 0.5g/10 mL attained a 70% removal of Cr(VI) from 10 mL of 10 

mg/L initial Cr(VI) concentration which confirms that the PANI-NSA/NiFe2O4 synthesized in this 

study has a higher removal capacity. Comparing the performance of pure Ni Fe2O4 to that of the PANI-

NSA/NiFe2O4 nanocomposite shows that pure PANI-NSA/Ni Fe2O4  nanocomposite performs better 

than pure Ni Fe2O4  implying that modifying the nanoparticles with PANI-NSA increases the surface 

area for adsorption.  

4.3 Adsorption isotherms  

Figure 4-7 (a) shows the effect of initial Cr (VI) concentration. It is observed that the percentage 

removal of Cr (VI) declines with increase in initial Cr (VI) concentration. This is due to enough active 

sites not being available for the adsorption. Since the number of active sites is not increasing, increasing 

the concentration of Cr (VI) does not lead to any significant increase in the Cr (VI) uptake. It was also 

observed that the percentage removal increases with increase in temperature signifying that the process 

is endothermic in nature. The maximum removal of Cr (VI) is observed at 45 °C for all concentrations 

hence this is the optimum temperature recommended for this process. 
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Figure 4-7: (a) Effect of initial concentration and (b) Freundlich, (c) Langmuir and (d)Two-surface 

Langmuir isotherm fitting. 

Figure 4-7 (b, c, d) shows the fitting of non-linearized Langmuir, Freundlich and Two-surface Langmuir 

isotherm models on the experimental data at different temperatures. The increasing value of 𝑄𝑒 with an 

increase in temperature for all models confirms that the adsorption of Cr(VI) on PANI-NSA/ Ni Fe2O4 

is an endothermic process. The various adsorption parameters calculated from these model fittings are 

given in Table 4-1. The coefficient of determination (R2) is observed to decrease in the order: Two 

surface Langmuir, Freundlich and Langmuir indicating that the Two-surface Langmuir isotherm model 

best fits the isotherm data confirming that adsorption of Cr(VI) occurs on more than one surface sites. 

The observation that KL2 → ∞ indicates that the second surface corresponds to irreversible adsorption, 

i.e. initially surface corresponding to KL2 and Qmax2 (second surface) is saturated with irreversibly, after 

which the surface corresponding to KL1 and Qmax1 (first surface) reversibly adsorbs the adsorbate. This 

results in Ce = 0 values for low initial concentrations of adsorbate, at higher initial concentrations the 

second surface saturates and the first surface starts to reversibly adsorb the adsorbate. It is noteworthy 

(a) (b) 

(c) (d) 
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that the first surface has a Qmax,1 which was nearly independent of temperature, while the second surface 

exhibited a significant increase in Qmax,2 for increased temperature. 

The Freundlich isotherm second best describes the isotherm data in this study. The fitted parameter 

nF>1 for all temperatures implying that adsorption is favourable at all the studied temperatures. For 

Langmuir isotherm model, the KL values increased with an increase in temperature indicating an 

increased affinity for Cr(VI) by PANI-NSA/ Ni Fe2O4 with increase in temperature. The calculated 

Qmax values are comparatively higher when compared to that of other studies (Agrawal and Singh, 

2016; Aigbe et al, 2018; Karthik and Meenakshi, 2014; Yang et al, 2014) which further confirms that 

the synthesized PANI-NSA/ Ni Fe2O4 has a very high affinity for Cr (VI) and therefore suitable for 

industrial applications. 

Table 4-1: Parameters from the isotherm models calculations. 

Isotherm 

model 

Differential form Fitted parameters Temperature 

25 °C 35 °C 45 °C 

Langmuir 
Q

e
=
KLQ

max
Ce

1+KLCe

 
Q

max
 (mg. g−1) 338.93 366.02 420.0 

𝐾𝐿  (𝐿/𝑚𝑔) 0.0864 1.9776 6.5238 

R2 0.754 0.8681 0.8176 

Freundlich Q
e
=KF(T)Ce

1/nF 
KF  (L

1
nF  mg

1− 
1
nF  g−1) 

128.81 181.5 232.2 

 𝑛𝐹 5.61 6.19 6.56 

 R2 0.9769 0.9798 0.9616 

Two-surface 

Langmuir Q
e
=

kL,1(T)Q
max,1

Ce

1+kL,1(T)Ce

+
kL,2(T)Q

max,2
Ce

1+kL,2(T)Ce

 
KL,1(L/mg) 0.01145  0.02194 0.0416 

KL,2(L/mg) ∞ ∞ ∞ 

Q
1
(mg. g−1) 262.55 254.41 260.14 

Q
2
(mg. g−1) 153.89 212.52 259.32 

R2 0.9966 0.9912 0.9868 

 

4.4 Thermodynamic Properties 

Thermodynamic properties of adsorption such as standard enthalpy change (ΔH°), standard entropy 

change (ΔS°), and standard Gibbs free energy change (ΔG°) were calculated from Equation (2-7). Due 

to the poor fit of the data to the Langmuir Isotherm (see Table 4-1), the results for the Langmuir isotherm 

were not used for the thermodynamic analysis.  The value of ΔS°, ΔH° and ΔG° were calculated from 

the intercept and the slope of the linear plot of ln𝐾 vs 1/T where the isotherm constants (KF and KL1) 

from Freundlich and two-phase Langmuir isotherm models respectively were used to calculate K using 

Equations (4-1)  and (4-2)  (Tran, 2016).  

 K = KL ×Mw × 55.5 × 10
3                    (4-1) 
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K = KF × ρ × (
106

ρ
)

1− 
1
nF

                       (4-2) 

With MW the molecular weight of the adsorbate (116 g/mol), 55.5 mol/L the molar concentration of 

pure water (mol/L), and ρ the density of pure water (1 g/mL). The various thermodynamic parameters 

calculated from these models are given in Table 4-2.  

The results for the Freundlich and Two-surface Langmuir Isotherm models were significantly similar 

with positive values of ΔS° = 246.8 and 263.7 J/mol/K was calculated, respectively. This indicates an 

increase in randomness at the interface of the solution and the catalyst (PANI-NSA/ Ni Fe2O4). 

Additionally, the calculated values of ΔH° = 30.3 and 50.8 kJ/mol, for the Freundlich and Two-surface 

Langmuir Isotherm models respectively, indicated  physical and reversible adsorption processes (Guo 

et al). The positive values of ΔH° also confirms an endothermic adsorption process. Negative values of 

ΔG° were calculated at all the studied temperatures thus proving the spontaneity of the adsorption 

process. The decrease of ΔG° with an increase in temperature further shows that the adsorption becomes 

more favourable at higher temperatures. 

Table 4-2: Thermodynamic parameters for adsorption of Cr(VI) 

Isotherm Temperature (K) ΔG° (J/mol) ΔH° (kJ/mol) ΔS° 

(J/mol/K) 

R2 (linear fit) 

Freundlich 298 -43215 30.3 246.8 0.991 

308 -45839 

318 -48145 

Two-

surface 

Langmuir 

298 -27790 50.8 263.7 1.000 

308 -30388 

318 -33066 

 

4.5 Adsorption kinetics 

The Cr (VI) concentration in the solution as a function of contact time is shown in Figure 4-8 (a). It is 

observed that the Cr (VI) concentration decreases rapidly in the first 30 minutes followed by a slower 

decrease until equilibrium is reached. The rapid removal rate observed initially is due to availability of 

large number of vacant active sites that provide surface for adsorption of Cr (VI). The presence of 

vacant sites creates adsorption gradient between the adsorbate ions and the adsorbent which leads to the 

adsorption. As the adsorption progresses, most of the active sites are occupied and thus the decrease in 

adsorption gradient. When equilibrium is reached, all the active sites are occupied and thus no further 

change in the removal rate. The time required to reach equilibrium is also observed to depend on initial 

concentration of Cr (VI) in the solution with more time required for higher initial concentration.  

Equilibrium is reached within 24 h for all the concentrations studied in this paper and no further change 

in concentration was observed after 24 h. This is consistent with other results from literature (Muedi et 
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al, 2022) which demonstrated an apparent equilibrium after approximately 10 minutes, which was 

followed by a continued removal of Cr (VI) continuing for as long as 180 minutes. This subsequent 

slower removal was attributed to a Cr (VI) reduction phase following the initial adsorption. The in-situ 

reduction of Cr (VI) to Cr (III) after adsorption has been well documented in literature (Chen et al, 

2018; Liu et al, 2021; Liu et al, 2023a). 

  

 
 

Figure 4-8: The effect of time on concentration (a), (b) pseudo-first order, (c) pseudo-second order 

and (d) Two-phase adsorption models fitting.       

The fitting of the kinetic data on kinetic models is shown in Figure 4-8(b, c, d) and the parameters 

obtained from the fitting are given in Table 4-3. The two-phase Langmuir model is observed to fit the 

data more accurately compared to the PFO and PSO models. The rate constant is observed to decrease 

with an increase in the initial concentration of Cr (VI) for both the PFO and PSO models. The calculated 

equilibrium uptake of Cr (VI) increases with increase in the initial concentration of Cr (VI) for all 

models. The rate constants calculated from the TPA model do not follow the trend for the other two 

models.              

(a) (b) 

(c) (d) 
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Table 4-3: Kinetic parameters fitted from the models. 

Kinetic 

model 

Differential form Fitted 

Parameters 

Concentration (mg/L) 

 

25  50  100 

Pseudo first 

order 

dQ

dt
= k1(Qe − Qt) ∴ Qt = Qe(1 − e

−k1t) 
Q

e
 41.24 67.12 95.10 

k1 0.2761 0.1672 0.0693 

R2 0.876 0.875 0.850 

Pseudo 

second 

order 

dQt
dt

= k1(Qe − Qt)
2 ∴ Qt =

k2Qe
2t

1 + k2Qet
 

k2 0.0118 0.00384 0.00095 

Qe 42.7 70.58 103.88 

R2 0.9523 0.9461 0.9232 

Two phase 

adsorption 

{
 
 

 
 
dQt,fast
dt

= kfast(Qe,fast − Qt,fast),

dQt,slow
dt

= kslow(Qe,slow − Qt,slow)

Qt,fast + Qt,slow = Qt
Qe,fast + Qe,slow = Qe

 

∴ Qt = Qe,fast(1 − e
−kfastt)

+ (Qe − Qe,fast)(1 − e
−kslowt) 

kslow 0.02547 0.01795 0.0139 

kfast 1.272 0.8401 1.1485 

q
e,slow

 16.28 30.2 62.031 

q
e,fast

 27.97 43.41 45.79 

R2 0.9941 0.985 0.9774 

 

4.6 Effect of competing ions 

In industries where chromium is used such as electroplating, paint production, and paper and dye 

manufacturing, a few other metals are also used and hence the discharge wastewater may contain other 

metals such as zinc, copper, metal sulfate, and metal nitrates (Bhaumik et al, 2018). Figure 4-9 shows 

the effect of other ions (copper (Cu2+), zinc (Zn2+), sulfate (SO4
2-) and nitrate (NO3

- )) on the Cr (VI) 

removal efficiency. An insignificant increase in the percentage removal of Cr (VI) is observed in the 

presence of other ions even when their concentrations is increased. The percentage removal of Cr (VI) 

increases from 94 % to 96.8 % when the concentration of other ions is increased from 50 to 150 mg/L. 

The results suggest that the competing ions have no significant effect on the overall effectiveness of the 

PANI-NSA/Ni Fe2O4  in the removal of Cr (VI).   A further study to check effect of individual ions is 

suggested for a better conclusion. 
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Figure 4-9: Effect other ions on the removal of Cr (VI). 

4.7 Reusability studies 

Reusability studies were done to determine the ability of PANI-NSA/ Ni Fe2O4 to be re-used in the 

removal of Cr (VI). The results are shown in Figure 4-10. The material could effectively be recovered 

and re-used for 5 cycles. A slight decline in Cr (VI) was observed after the second adsorption cycle of 

using PANI-NSA/ Ni Fe2O4 indicating a change in chemical composition of the material after a second 

cycle. The Cr (VI) removal efficiency is still above 80% for the first 3 cycles which indicates that PANI-

NSA/Ni Fe2O4 is effective and can be reused. These results further confirm that PANI-NSA/Ni Fe2O4 

is an excellent adsorbent for industrial application.  

 

Figure 4-10: Recycling of PANI-NSA/ Ni Fe2O4 for the removal of Cr (VI) 
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4.8 Test on real chromium water 

An effect of dose study with real chromium wastewater was done and the results are shown in Figure 

4-11. The results show that the removal efficiency of PANI-NSA/Ni Fe2O4 is slightly lower when using 

real chromium wastewater compared to when using the synthetic wastewater. This could be due to the 

presence of other competing ions in the real wastewater. The removal efficiency is observed to increase 

with an increase in dosage with a complete removal observed at 40 mg dosage. These results are 

consistent with effect of dosage study on synthetic water and therefore confirm that PANI-

NSA/Ni Fe2O4 can be applied in removal of Cr (VI) from industrial wastewater. 

 

Figure 4-11: Effect of dose study on real chromium water 

4.9 Leaching test 

Leaching studies confirmed the presence of and Ni and Fe in the solution both after adsorption and 

desorption procedures at pH 2. This indicates that the synthesized PANI-NSA/Ni Fe2O4 is not very 

stable in acidic conditions. Further studies to check the stability of PANI-NSA/Ni Fe2O4 in other pH 

conditions is recommended.  

4.10 Comparison with other adsorbents 

A comparison of maximum adsorption capacity between PANI-NSA/Ni Fe2O4 and other adsorbents 

was done and is given in Table 4-4. 
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Table 4-4: Comparison of PANI-NSA/Ni Fe2O4 and other PANI based adsorbents studied for Cr (VI) 

removal. 

Name of the material Q
m

 (mg/g) Temperature (°C) pH Reference 

Polypyrrole/Fe3O4 

nanocomposite 

169.49 25  2.0  Bhaumik et al 

(2013) 

Polypyrrole/maghemite 209 Room temperature 2.0 Chávez-Guajardo 

et al (2015) 

Polyaniline/maghemite 196 Room temperature 2.0 Chávez-Guajardo 

et al (2015) 

Polyaniline-coated date 

seed biochar 

27.3 50 5.0 Tripathy et al 

(2021) 

Polyaniline@ magnetic 

chitosan 

186.6 25 2.0 Lei et al (2020) 

Polyaniline/ZnO 120.92 30 2.0 Ahmad (2019) 

Polyaniline 198.67 15 3.0 Zhu et al (2016) 

Polyaniline coated 

PVDF-HFP 

15.08 24 4.5 Dognani et al 

(2019) 

Tea waste/Fe3O4 75.76 45 2 Fan et al (2017) 

PANI-NSA/ Ni Fe2O4 420.0 45 2.0 This study 

 

4.11  Proposed mechanism of adsorption 

Figure 4-12 (a) shows the comparison between the total Cr and Cr (VI) available in the solution after 

adsorption. The comparison between total chromium and Cr (VI) concentration with time ( Figure 4-12 

(b)) shows that initially total Cr is equal to Cr (VI) thus no Cr (III) present. As the time goes, the total 

chromium is more than Cr (VI) thus presence of Cr (III). The presence of Cr (III) in the solution proves 

that some of the Cr (VI) gets adsorbed by PANI-NSA/ Ni Fe2O4 is reduced to Cr (III) which is released 

back to the solution. The deconvoluted chromium peaks from the XPS (Figure 4-12 (c)) shows the 

presence of both Cr (VI) and Cr (III) on the surface of PANI-NSA/ Ni Fe2O4 which further confirms 

the reduction of Cr (VI) to Cr (III). 

 Therefore, from the XPS results and the comparison between total chromium and Cr (VI) present in 

the solution, the mechanism of Cr (VI) removal by PANI-NSA/ Ni Fe2O4 involves adsorption of Cr 

(VI) onto the surface of PANI-NSA/Ni Fe2O4 and then reduction of Cr (VI) to Cr (III). Some of the Cr 

(III) is adsorbed onto the PANI-NSA/Ni Fe2O4 surface while part of the Cr (III) is released back into 

the solution. Consequently, Cr (VI) removal is believed to occur in two stages: 

1. In acidic conditions (in the pH range 2 to 6), dichromate oxyanion is hydrolysed to 

HCrO4
-  which electrostatically interacts with the positively charged amine groups from PANI-

NSA/Ni Fe2O4 while at higher pH values (above 6), dichromate oxyanions are the most valent 

and are removed by binding with the protonated amine group from PANI-NSA/Ni Fe2O4 

leading to Cr (VI) removal via adsorption: 
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CrO7
2-+H2O↔2HCrO4

-   

-NH3
+ + HCrO4

-  = -NH3
+---HCrO4

-  

-NH3
+ + CrO7

2- = -NH3
+---CrO7

2- 

2. Cr (VI) is subsequently reduced to Cr (III) due to presence of electron donors of PANI: 

HCrO4
- +7H++3e- ↔Cr3++4H2O 

 
 

 

 

Figure 4-12: Concentration of Cr (VI) and total chromium under different parameters (a) pH and (b) 

contact time and (c) XPS speciation analysis of chromium. 

(a) (b) 

(c)  
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Figure 4-13: proposed mechanism of Cr (VI) removal by PANI-NSA/Ni Fe2O4 
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Chapter 5 Conclusion and Recommendations 

The removal of Cr (VI) from aqueous solution using PANI-NSA/NiFe2O4 nanocomposite was studied. 

Based on the objectives of the study the following conclusions were made: 

1. Characterization studies showed that the nanoparticles attach onto the surface of the forming 

polymer which is tubular in shape. Surface functional groups determined by XPS proved that 

Cr (VI) is reduced to Cr (III) which attaches on the surface of PANI-NSA/NiFe2O4 with some 

released back into the solution.  

2. The maximum removal efficiency (99%) of Cr (VI) was observed at a pH value of 2 and 

adsorbent loading of 0.5 g/L. The removal efficiency also increased with an increase in 

temperature and contact time at constant concentration. 

3. A maximum adsorption capacity of 420 mg/g at 45°C was calculated using the Langmuir 

isotherm model. Compared to other materials from the literature, the adsorption capacity of 

PANI-NSA/NiFe2O4 was higher. The two-phase Langmuir kinetic model best fitted the kinetic 

data from the experiment.  

4. The effect of other ions on the removal of Cr (VI) was minimal proving that the material is 

effective even in the presence of other ions and hence can effectively be applied in industrial 

wastewater treatment.  

5. Up to 87% Cr (VI) removal efficiency could be achieved for three adsorption cycles, hence 

PANI-NSA/NiFe2O4 can effectively be recycled. When using real chromium wastewater, it 

was observed that 40 mg of PANI-NSA/NiFe2O4 could achieve 100 % Cr (VI) removal 

efficiency from 50 mL solution with 50 mg/L initial concentration. 

Based on these conclusions, the following recommendations can be considered for future studies: 

1. Further investigation on the specific mechanisms underlying the reduction of Cr (VI) to Cr (III) 

on the surface of the nanocomposite in greater detail. The use of advanced techniques such in-

situ spectroscopy or computational modelling is recommended. 

2. Investigate the long term-term stability and performance of PANI-NSA/NiFe2O4 

nanocomposite in a continuous flow systems or real-world wastewater treatment scenarios. 

3. Develop and test efficient regeneration techniques for PANI-NSA/NiFe2O4 nanocomposite to 

maximize its reusability. 

4. Conduct an assessment of the environmental impact of using PANI-NSA/NiFe2O4 

nanocomposite in wastewater treatment. 

5. Conduct in-depth investigations into the mechanisms of how different ions present in industrial 

wastewater affect the removal efficiency of Cr (VI) using the nanocomposite to understand the 

selectivity of the material. 
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6. Investigate ways to enhance the sustainability of the synthesis process and consider 

incorporating green chemistry principles into the production of PANI-NSA/NiFe2O4  

nanocomposite. 

7. Explore the scalability of the synthesis process for PANI-NSA/NiFe2O4 nanocomposite to meet 

the demands of industrial wastewater treatment by exploring the cost effectiveness of large 

scale production and application.  
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