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Abstract 

Use of pesticides has utterly changed our society and has probably helped save millions 

from starvation, but it also present a threat to the environment as it easily contaminates surface 

and ground water. Carbofuran is one of the most widely used pesticide in India that is found to 

contaminate the ground water heavily, which is a major source of drinking water. It is essential 

to detect and remove carbofuran from water source in order protect human health and 

environment. Among various techniques available, electrochemical and adsorption is the most 

preferred methods for the detection and removal of pollutants in the environment.  

Activated carbon (AC) is well known for its excellent electrical conductivity and high 

adsorbent capacity due to its high surface area and large pore volume. In recent years, enormous 

research has been focused towards converting the solid wastes into activated carbon, since this 

technology not only solves the problem of waste disposal but also converts a potential waste 

into a valuable product that can be used for different applications.  Post-consumer polyethylene 

terephthalate (PET) bottles, a solid polymer waste was selected as the raw material for the 

preparation of activated carbon in the present research work.  

Activated carbon was prepared through chemical activation using potassium hydroxide 

(KOH-AC), sulfuric acid (H2SO4-AC) and zinc chloride (ZnCl2-AC). Influence of various 

process parameters such as impregnation ratio, activation temperature and holding time on yield 

and porous characteristics of prepared activated carbon were studied. Prepared activated 

carbons were characterized by N2 adsorption-desorption isotherms at 77 K to obtain surface 

area, pore volume and pore size distribution. The microcrystallinities of the activated carbons 

prepared were examined by X-ray Diffraction (XRD) analysis. Information on the surface 

functional groups were obtained by Fourier Transform Infrared (FT-IR) spectroscopy analysis. 

The microstructure of the ACs prepared were examined by Field-Emission Scanning electron 

microscopy (FESEM) and Transmission Electron Microscopy (TEM) analysis. The results 

showed that KOH-AC prepared at optimum conditions (5 impregnation ratio, 1000 ˚C 

carbonization temperature and 60 min holding time) exhibited maximum values for surface area 

(1808 m2/g) and pore volume (1.38 cm3/g) with maximum contributions from mesopore surface 

area (925 m2/g) and mesopore volume (0.95 cm3/g). KOH-AC prepared at optimum conditions 
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were preferred among other ACs for electrochemical sensor and adsorption applications in the 

following studies. 

KOH-AC was used as electro catalytic material for the electrochemical detection of 

carbofuran phenol (carbofuran-hydrolysate). KOH-AC was used to modify glassy carbon 

electrode (GCE) (KOH-AC/GCE) and utilized as sensor for the detection carbofuran phenol. 

The electrochemical activity of KOH-AC/GCE was measured by cyclic voltammetry and 

amperometry. The enhanced surface area and desirable porosities of KOH-AC were attributed 

for the superior electrocatalytic activity on the detection of carbofuran phenol, where, the 

proposed sensor shows low detection limit (0.03 µM) and remarkable sensitivity (0.11 µA µM-

1 cm-2). The KOH-AC/GCE holds high selectivity towards potentially interfering species. It also 

provides desirable stability, repeatability and reproducibility on detection of carbofuran phenol. 

Furthermore, the proposed sensor is utilized for the detection of carbofuran phenol in real 

sample applications.  

Batch adsorption experiments were performed to evaluate the capacity of KOH-AC as 

an adsorbent to remove carbofuran from aqueous phase. The effects of solution pH, amount of 

KOH-AC, initial carbofuran concentration and temperature on carbofuran adsorption was 

examined. Maximum adsorption capacity of KOH-AC and removal (%) of carbofuran was 

achieved at pH-3, activated carbon dosage-3g/L, initial carbofuran concentration- 10 mg/L and 

temperature-50 ْC.  Furthermore, the experimental data were evaluated using Langmuir, 

Freundlich, Temkin and Dubinin–Radushkevich (D-R) isotherm showed that Freundlich 

isotherm model well fitted irrespective of varying temperatures. Adsorption kinetics data were 

best represented by pseudo-second-order kinetic model for all initial carbofuran concentrations 

studied. Thermodynamic study revealed that carbofuran adsorption on KOH-AC was 

endothermic and spontaneous process.  

Carbofuran adsorption process on KOH-AC was modeled through Response Surface 

Methodology (RSM) and Artificial Neural Network (ANN). The effects of the operational 

parameters such as initial solution pH, adsorbent dosage, initial carbofuran concentration and 

temperature on carbofuran removal (%) was studied using Central composite design (CCD).  

Same design was also utilized to obtain a training set for ANN. A comparison between the 

model results and experimental data gave a high correlation coefficient (R2) of 0.97 and 0.9474 
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for ANN and RSM, respectively. This proved that both models were able to predict the 

carbofuran removal by KOH-AC. The desirability function (DF) and genetic algorithm (GA) 

was used to estimate the optimum conditions to accomplish desired response for RSM and 

ANN, respectively.  

Keywords: Polyethylene terephthalate; Activated carbon; Carbofuran; Electrochemical 

sensor; Adsorption; Central Composite Design; Artificial Neural Network. 
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Chapter 1 

1.Introduction 

 Pesticide - Carbofuran 

Over the last three decades, there has been increasing global concern about the public 

health due to environmental pollution, in particular, the persistent organic pollutants. Persistent 

organic pollutants are the organic compounds that have a strong resistance towards the 

environmental degradation through chemical, biological and photolytic processes. The long 

persistence of these organic pollutants in the environment leads to bioaccumulation in human 

beings and animal tissue and interferes with the food chain. Pesticides are one such persistent 

organic pollutants which are widely used throughout the world to enhance the productivity in 

the agricultural sector by killing the insects and the pests. Pesticides are also used for killing 

pests that carry diseases [1,2]. In ancient days, elemental sulphur was used to protect the crops 

from insects. In 1939, Dichloro-Diphenyl-Trichloroethane (DDT) was found to be extremely 

effective to get rid of the insects and rapidly became the most widely used insecticide in the 

world. The serious concern about the human safety and biological impact of DDT led to ban 

this insecticide from further use. Because of the banning of this pesticide many synthetic 

organic pesticides were introduced in the market for the use which includes organophosphates 

(OP), carbamates, organochlorines and neonicotinoids [3,4]. The wide usage of these toxic 

compounds leads to the accumulation in the environment and produce adverse effects on public 

health. 

Carbofuran (2,2-dimethyl-2,3-dihydro-7-benzofuranyl N-methylcarbamate) is the most 

extensively used carbamate pesticides in India for agriculture because of its high insecticidal 

activity. It is widely used for several crops such as coffee, cotton, irrigated rice, cabbage, 

peanut, wheat, sugarcane, maize, lettuce, potatoes, tomatoes, grapes and corn. It is used to 

control soil-dwelling and foliar-feeding insects such as corn rootworm, wireworms, boll 

weevils, mosquitoes, alfalfa weevil, aphids, and white grubs [5,6]. As a result of excessive 

usage, poor management practice, run-off from agricultural lands, deposition from aerial 

application and discharge of industrial wastewater, carbofuran and its metabolites 
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bioaccumulate in food and water sources. In addition, carbofuran and its residues in aquatic 

environments produce adverse effects on human beings and animals [7].  

Carbofuran is classified as highly hazardous by the World Health Organization (WHO) 

and Maximum Contaminant Level Goals (MCLG) for carbofuran was set at 40 ppb by the 

Environmental Protection Agency (EPA). This toxin threatens human health by directly 

affecting the central nervous system with their inhibition activity against acetylcholinesterase 

(AChE), an enzyme crucial for nerve impulse transmission in humans [8]. Thus, sensitive, 

accurate, and rapid quantitative detection techniques and effective methods to remove 

carbofuran from contaminated aqueous phase are essential to protect the human health and 

environment.  

 Carbofuran Detection by Electrochemical Methods 

The estimation of concentration of pesticides in the environment is essential, prior to 

the removal of pesticides. In this context, several analytical and spectroscopic detection 

methods, such as, high pressure liquid chromatography (HPLC) [9], gas chromatography [10], 

mass spectrometry [11], spectrophotometer [12], thin-layer chromatography [13] and 

fluorimetry [14] have been developed for the determination of carbofuran in the environment. 

Nevertheless, there are some difficulties for the determination of carbofuran in very low 

concentration using the above techniques. In order to get accurate and sensitive results, the 

determination of the carbofuran is usually accomplished by many preliminary steps such as 

sampling, extraction, and cleanup for the removal of interfering substances. Various 

pretreatment methods, such as liquid-liquid extraction, solid-phase extraction, solid-phase 

microextraction, supercritical fluid extraction, pressurized liquid extraction are also carried out 

to solve the problem of inaccurate determination before chromatographic analysis [15]. 

Additionally, these techniques are often time-consuming and require sophisticated apparatus, 

extensive labor and toxic organic reagents, making them complicated and limit its application 

in field routine operation [16]. So, it is essential to have a fast, reliable and cost-effective 

technique for its detection in the environment. In recent years, the development of 

electrochemical methods have received considerable interest due to their benefits of minimal 

cost, easy operation, rapid response, compact nature, low detection limit and higher sensitivity.  



  

3 
 

 Carbofuran Removal by Adsorption 

Pesticides are a group of hazardous compounds which can pose serious threats even at 

very low concentration. Removal of these toxic materials from aqueous phase is necessary for 

health and environmental protection. Various treatment processes are widely investigated with 

varying degrees of success to remove carbofuran from its aqueous solutions, including 

advanced electrochemical oxidation [17], photodegradation [18], biological degradation [19], 

membrane filtration [20], UV irradiation [21]. However, these methods are either expensive or 

inefficient when carbofuran exists in low concentrations. And, also they have several 

disadvantages that include incomplete adsorbate removal, excess amount of chemical usage 

and generation of toxic sludge or other waste products that require proper disposal and further 

treatment [22]. So, it is important to find new treatment technologies for the removal of 

carbofuran from wastewater. The adsorption technique, which is based on the transfer of 

pollutants from the solution to the solid phase, caused by london dispersion forces, a type of 

van der waals force which exists between molecules. It is known as one of the efficient and 

general wastewater treatment method  because of its superior efficiency, economic, ease of 

operation, regeneration capability and minimal energy requirements and sludge production 

[23,24]. 

 Activated Carbon – Platform for Detection and Removal of 

Carbofuran 

Activated carbons (ACs) are the most versatile industrial carbon material due to their 

well-developed porosity, large surface area, variable characteristics of surface chemistry, high 

mechanical strength, good catalytic activity and chemical stability [25]. AC with its availability 

in different classifications is applicable for a broad spectrum of applications, including water 

purification, desalination, gas storage, gas purification and separation, pollutant and odour 

removal, catalysis, electrochemical and biomedical applications [26,27]. Growing concern and 

stringent regulations pertaining to environmental pollution have led to an increase in the 

activated carbon demand, which is forecasted to continue raising in the near future. 

Global demand for activated carbon was about 1.65 million tons in 2016 and 

approaching an estimated 2.10 million tons in 2021 [28]. Meanwhile, the market of activated 
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carbon in 2017 was estimated to amount to USD 4.2 billion and is projected to increase to USD 

10.2 billion in 2024 with compound annual growth rate (CAGR) of 12.1% during 2018-2024 

[29]. 

In recent times, activated carbon (AC) has become an interesting electrocatalytic 

material for electrochemical sensors due to their exclusive properties, such as increased surface 

area, well-developed porosity, exceptional electrical conductivity, good mechanical property 

and chemical stability [30,31]. Fascinatingly, the method of preparation for AC is simple, more 

straightforward, low cost and environment-friendly when compared to the other carbon-based 

materials.  

The intrinsic pore network in the lattice structure of AC offers a vast surface which is 

the main property of any adsorbent on which the process of adsorption can take place. 

Adsorption occurs in pores slightly larger than the molecules that are being adsorbed and ACs 

with its pore structures ranges in different sizes (micro, meso and macro pores) offers great 

possibilities for such phenomenon to happen on its surface [32,33].  

 Post-consumer Polyethylene terephthalate (PET) Bottles as Raw 

material 

The high cost of commercial AC is a major setback due to the use of expensive 

precursors such as wood or coal. Therefore, there is a great interest in finding economically 

attractive and readily available raw materials with high purity, good carbon content, and low 

inorganics for activated carbon preparation. Traditionally, activated carbons were prepared 

from renewable precursors such as, pine nutshell [34], coconut shell [35], rice husk [36], cotton 

stalk [37], palm date seed [38], corn cob [39], grape seeds [40], walnut shell [41], wood [42], 

peach stone [43], and coffee grounds [44]. 

The economic activities in modern society such as building, packaging, automotive, 

electric and electronics have gradually created a pattern of mass production, mass consumption 

as well as mass deposition of plastics.  In particular, polyethylene terephthalate (PET) bottles, 

being lighter, more durable and less bulky than many alternative materials find significance in 

the plastic industry sector. A statistical report states that India generates above 25,000 tonnes 

of plastic wastes everyday which includes polyethylene terephthalate (PET), Polyvinyl 
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Chloride (PVC), Polypropylene (PP), Polyethylene (PE), Polystyrene (PS), Polyamides (PA) 

(UrmI A. Goswami, Jun 01, 2018, 11.08 PM IST) [45]. Single-use PET bottles have a short 

service life and therefore turn into residential (post-consumer) plastic waste in a short period 

of time. Since they possess high decomposition temperature, enough resistance to ultraviolet 

radiation and are mostly not biodegradable, they can remain on both land and sea for almost 

500 years causing serious environmental pollution. The discharge of these wastes pose a serious 

challenge for waste management strategies. It is therefore of main relevance to find alternatives 

by which such materials can be reused or recycled according to environmentally acceptable 

procedures [46].  

Utilization of this abundant plastic waste as feedstock for the preparation of activated 

carbon leads to not only a production of a value-added commodity but also offers an efficient 

and cost-effective way to reduce solid wastes. The main advantage of using polymer wastes as 

raw materials for AC preparation is due to its high carbon content and its surplus availability 

in the relatively pure state [46]. 

 Motivation 

Demand for pure drinking water has been a major challenge globally. Firstly, extensive 

carbofuran usage as an insecticide in agricultural purposes in India has led to an increased flow 

of runaway water that contaminates the river as well as groundwater. Till date, there has been 

no clear-cut system to ensure environmental protection from the negative consequences of 

carbofuran or any pesticide usage. 

Secondly, the global increased production and consumption of polyethylene 

terephthalate (PET) bottles has been a major issue for solid waste management. Demand to 

tackle this problem is another such challenge. 

 Objectives 

This study focuses on the preparation of high surface area AC from the post-consumer 

PET bottle wastes and utilizes that for the effective detection and removal of carbofuran 

pesticide from the liquid phase. 

In order to achieve this objective, the following specific objectives were set: 



  

6 
 

 To prepare high surface area activated carbon from post-consumer PET bottles by 

chemical activation method. 

 To estimate the influence of different chemical activating agents such as KOH, H2SO4 

and ZnCl2 on the morphology, texture and porous characteristics of AC. 

 To investigate the effect of different preparation parameters including impregnation 

ratio, carbonization temperature and holding time on yield, BET surface area, total pore 

volume, micropore/mesopore/external surface area and micro/meso/external pore 

volume of AC. 

 To use the prepared AC at optimal conditions to modify glassy carbon electrode (GCE) 

and use it as a platform for the electrochemical detection of carbofuran-phenol 

(hydrolysate of carbofuran) and to test its selectivity, stability, reproducibility and 

repeatability.  

 To remove carbofuran from liquid solutions by prepared ACs at optimal conditions and 

to determine the effect of various process parameters such as pH, adsorbent dose, initial 

carbofuran concentration and temperature on the adsorbent capacity of AC and removal 

(%) of carbofuran. 

 To model the carbofuran adsorption process on ACs by Response Surface Methodology 

(RSM) and Artificial Neural Network (ANN) and compare its efficiencies. 

 Scope of the Study 

This study intends to deliver an ideal solution to the carbofuran pesticide contamination 

in aqueous phase by preparing an effective electrocatalytic material and adsorbent for its 

detection and removal. It will also deliver a better technology to employ and convert solid 

polymer waste (post-consumer PET bottles) into valuable product i.e. activated carbon which 

can be utilized for various applications.  

 Organization of Thesis 

This thesis consists of eight chapters which are named Introduction, Literature review, 

Materials and methods, Preparation and characterization of activated carbon, Electrochemical 

detection of carbofuran, Adsorption of carbofuran on activated carbon, Modeling of carbofuran 

adsorption and Conclusions and future perspectives.  
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 Chapter-1 provides the introduction about carbofuran pesticide, conventional detection 

and removal methods of carbofuran and its drawbacks, activated carbon, post-consumer 

PET bottles as a precursor for its preparation and its advantages.  

 Chapter-2 deals with a detailed literature review on various topics related to the present 

work.  

 Chapter-3 presents the details of the experiments performed in the present study. This 

section contains the details of materials used, methods followed for the preparation of 

ACs and modified electrodes for electrochemical sensor application. Besides this, it 

also describes the different characterization techniques used for prepared ACs and the 

procedures adopted for electrochemical, adsorption and modeling studies.  

 Chapter-4 provides the details of the activated carbon preparation from post-consumer 

PET bottles by chemical activation with KOH, H2SO4 and ZnCl2. This chapter explains 

the effects of impregnation ratio, carbonization temperature, and holding time on yield, 

surface area, pore volume and surface-textural characteristics of prepared AC. It also 

contains N2 adsorption-desorption isotherm, XRD, Raman spectroscopy, FTIR, FESEM 

and TEM characterizations of the prepared ACs.  

 Chapter-5 describes the development of a non-enzymatic electrochemical sensor for 

carbofuran-phenol (carbofuran hydrolysate) detection using prepared AC. This section 

reveals the influence of various parameters such as scan rate, concentration and pH on 

carbofuran-phenol (carbofuran hydrolysate) detection. It also covers other important 

analysis such as stability, selectivity, reproducibility and repeatability of the modified 

electrode and practical applicability of the proposed sensor by real sample analysis. 

 Chapter-6 reveals the application of prepared AC as an adsorbent for carbofuran 

removal from aqueous solutions. This chapter elaborates the effects of solution pH, 

amount of adsorbent, initial carbofuran concentration and temperature on carbofuran 

adsorption. It also provides the evaluation of experimental data using various adsorption 

isotherms and adsorption kinetic models. Finally, it explains the thermodynamic studies 

of carbofuran adsorption on prepared AC. 

 Chapter-7 delivers the modeling studies and process optimization of carbofuran 

removal by prepared AC using two different techniques includes Response Surface 

Methodology (RSM) and Artificial Neural Network (ANN). This chapter also develops 
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the quadratic models and identifies the optimal neural network architecture for the 

adsorption study. Finally, compares the efficiencies of both the models.   

 Chapter 8 provides the overall conclusions that were drawn from the research work 

performed and also suggest the possible works that can be performed on this field for 

future developments. 
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Chapter 2 

2.Literature Review 

 Summary 

This chapter provides a detailed review of the relevant literature. It gives a detailed report on 

the history, types, preparation and characterization of activated carbon.  It demonstrates the 

carbofuran information, usage, effects of on environment. It delivers information about the 

electrochemical analysis, its applications in carbofuran detection and the influence of various 

parameters in the analysis. Finally, it offers details about adsorption studies and the influence 

of various parameters that affect carbofuran adsorption on activated carbon and its modeling 

studies.  

 Types of Carbon Materials  

The word carbon is derived from the Latin “carbo”, which means charcoal. Carbon is 

a fascinating element of the periodic table since it can establish bonds with almost any element, 

thus resulting in a wide spectrum of compounds and allotropic forms. The main allotropic forms 

of carbon are classified as diamond, graphite and fullerenes (Figure 2.1) [47]. 

Diamond is made up of repeating units of carbon atoms surrounded by four other carbon 

atoms in a tetrahedron structure. The carbon atoms in diamond are sp3 – based structure with a 

bond length of 1.54 × 10-10 m. Diamond has a high melting point and density but poor electrical 

conductivity because of its covalent bond structure. Graphite structure contains layers of 

carbon atoms with each carbon atom joined to only three other carbon atoms (sp2 – based 

structure). The delocalized electron in the structure allows graphite to conduct electricity and 

heat. Fullerenes have 60 carbon atoms arranged in closed shells. This is because of the re-

hybridization, resulting in a sp2+ɛ form, which is intermediate between sp2 and sp3 [48].  

Carbon materials are commonly classified into two categories in terms of the degree of 

graphitization after heat treatment: graphitizable carbon and non-graphitizable carbon. 

Graphitizable carbon is possible to convert to a three-dimensional (3-D) graphitic structure 

(graphite) upon heat treatment at a temperature above 2800 ˚C. On the other hand, non-
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graphitizable carbon is usually hard to convert to graphite even after heat treatment at high 

temperature [49]. 

 

Figure 2.1 Allotropic forms of carbon a) Graphite, b) Diamond, c) Fullerene. 

 Activated Carbon 

Activated carbon (AC) is a non-graphitizable carbon that has been processed to make it 

extremely porous and thus with a very high internal surface area per unit mass and highly 

disordered microstructure.  It is well known for its high adsorption capacity due to its high 

surface area and porosity.  

2.3.1. Historical Background 

The use of carbon extends far back to 450 B.C when the ancient Hindus in India used 

sand and charcoal filters for purifying drinking water. In 157 AD carbons of both vegetable and 

animal origin had been used for the treatment of a wide range of diseases by Claudius 

Galvanometer. In the year 1773, the Swedish chemist Karl Wilhelm Scheele recognized the 

specific adsorptive capacity of carbons derived from different sources. In 1785, Lowitz 

reviewed the abilities of charcoals to adsorb odors and vapours from a range of organic 

chemicals. He also studied the effectiveness of charcoal in decolourizing tartaric acid. In 1794 

wood charcoal was used to decolourize the sugar cane syrups. In 1811, Figuier evaluated the 

decolourizing capacity of bone char and wood char. Bussy (1822) demonstrated that the 

decolorizing properties of carbons were inherent to the source material and also depended on 

the thermal processing and the particle size of the finished product. Kayser (1881) first used 

the term adsorption to describe the uptake of gases by carbons. However, the marketing of first 
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industrially produced activated carbon was established in 1900 by the Fanto Works for the 

sugar refining industry in Germany [50].  

2.3.2. Preparation of Activated Carbon 

Activated carbon can be manufactured from virtually any carbon-containing material 

ranging from agricultural waste to blood and from petroleum coke to forestry residues. Several 

important factors of raw materials such as high carbon content, low ash content, and sufficient 

volatile content, cost and stability of material supply are considered before its selection for 

activated carbon preparation [51]. The production process of converting carbon-rich raw 

material into porous activated carbon can be divided into two methods, 1) physical activation 

method 2) chemical activation method [52]. 

2.3.2.1. Physical Activation 

Physical activation comprises of two steps: carbonization step and activation step. 

Initially, the raw material is carbonized at a moderate temperature under an inert atmosphere 

to remove volatile substances and increase the proportion of carbon. The resulting products are 

then subjected to activation by oxidizing gases such as steam or CO2 at high temperatures. 

Important parameters involved in physical activation include activation temperature, activation 

gas flow rate, dwell time, heating rate and vessel pressure [53–55]. Physical activation of 

various raw materials for AC preparation was shown in Table 2.1.  

Table 2.1 Various physical activating agents and precursors used for AC production 

Activating 

agent 

Precursor Source 

CO2 Coconut shell, palm shell, rubberwood sawdust, date stone, 

olive stone, waste tire, walnut shell, corncob, coffee 

endocarp 

[33,41,56–62] 

Air Rubber-seed shell, cherry stones, olive-tree wood, almond 

tree pruning, coal tar pitch 

[42,63–66] 

Steam Olive bagasse, pine nutshell, rice husk, bamboo, waste 

printed circuit board, corn cob, leather waste, paper mill 

sewage sludge, fruit bunch fibers, rubber-seed shell  

[39,52,55,63,67–

73] 
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2.3.2.2. Chemical Activation 

In chemical activation, both the carbonization and the activation step proceed 

simultaneously as it is a single-step process. Initially, the raw material is impregnated with a 

chemical activating agent, which acts as a dehydrating agent and oxidant. The impregnated 

mixture is pyrolyzed at a definite temperature to prepare activated carbon [74,75]. The chemical 

activation is considered better over physical activations because activated carbon prepared with 

chemical activation possess, lower activation temperature and time, high specific surface area, 

good pore development and high carbon yield [76,77].  The most commonly used chemical 

activating agents are KOH, H3PO4, H2SO4 and ZnCl2. Important parameters involved in 

chemical activation includes impregnation ratio, activation temperature and activation time. 

Table 2.2 shows various chemical agents used for the activation of AC prepared from different 

raw materials. 

Table 2.2 Various chemical activating agents and precursors used for AC production 

Activating agent Precursor Source 

KOH Gulfweed, petroleum coke, crab shell, coffee grounds, rice 

husk, corn stalk, tyre, grape seed, macroalgae waste, cow 

dung, sugarcane molasses, pineapple peel, cotton stalk 

[40,52,74,75,78–

86] 

ZnCl2 Chestnut shell, pumpkin seed, pineapple waste, olive 

waste, cocoa shell, buriti shell, pine cone, rice husk, 

sawdust, oil palm shell, date bead 

[33,87–96] 

NaOH Chitosan flakes, rattan hudrochar, guava seeds, Mongolian 

anthracite, macadamia nutshell, palm date seed, tea waste, 

rice husk, durian shell, jackfruit peel  

[36,38,97–104] 

H2SO4 Rice straw, coconut leaves, avocado seed, oil palm empty 

fruit bunch fibre, cherry stones, sunflower oil cake, 

tamarind wood 

[54,105–109] 

H3PO4 Waste tea, olive residue, cotton, olive stones, marigold 

straw, paulownia wood, palm kernel shell, leather waste 

[71,77,110–115] 

2.3.3. Structure of Activated Carbon 

Activated carbon can be defined as a rudimentary form of graphite with an amorphous 

structure. It contains a high porous network inside a rigid skeleton of disordered layers of 

carbon atoms. The efficiency of activated carbon in commercial applications is determined by 

its pore, crystallinity and chemical structure.  
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2.3.3.1. Porous Structure 

Activity of AC depends on the size and shape of the pores as well as pore size distribution. 

The pore structure of activated carbon highly depends on the nature of the raw material and 

production method. The carbonization process during activated carbon preparation leads to 

thermal decomposition of raw material and eliminates non-carbon species (H2 & O2) from a 

raw material producing fixed carbon mass with a rudimentary pore structure.  The activation 

process enlarges the diameters of the pores that are created during carbonization along with the 

creation of some new pores to form a well-developed pore structure [116–118]. The pores in 

activated carbons are scattered over a wide range of sizes and shapes. The typical pore size 

distribution of activated carbon can be observed in Figure 2.2. According to the International 

Union of Pure and Applied Chemistry (IUPAC), the pores are classified into three categories:  

(i) Micropores (Pore diameter  < 2 nm)  

(ii) Mesopores (Pore diameter  2-50 nm)  

(iii) Macropores (Pore diameter  > 50 nm)        

 

Figure 2.2 Schematic illustration of the pore structure of active carbon [119] 

Micropores are pores with a 2 nm diameter or smaller and generally provides a larger 

internal surface area. These are principal and dominant pore structure which are created during 

activation in traditional ACs. It can be further subdivided into two types ultra-micropores (pore 

diameter < 0.7 nm), and super-micropores (pore diameter 0.7 - 2 nm) [120–122]. 
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Mesopores range between 2 to 50 nm diameters. These are transitional pores between 

micropore and macropores which are created due to excess activation of raw materials. It 

facilitates faster kinetics of mass transfer as well as accommodation of molecules to the interior 

of carbon particles [117,123]. Mesopores provides selective adsorption towards larger 

molecules. Capillary condensation and adsorption-desorption hysteresis are the characteristic 

features of mesopores. Generally, mesopores are characterized by adsorption-desorption 

isotherms of gases, by mercury porosimetry, and by electron microscopy [124,125]. The 

mesopores, which branch off from the macropores, serve as passages to the micropores for the 

adsorptive besides acting as pores where capillary condensation can take place 

Macropores in AC is considered as transport channels to the mesopores and micropores 

enabling the molecules of the adsorptive to reach the interior of the carbon particle. Macropores 

can be characterized by mercury porosimetry and by electron microscopy [64,126]. 

2.3.3.2. Crystal Structure  

In 1951, R.E. Franklin classified the carbons obtained from pyrolysis of organic 

materials into two different types based on its graphitizing ability that includes graphitizing and 

non-graphitizing carbons. On heating 2000 ˚C or beyond, there are carbons that exhibit X-Ray 

diffraction (XRD) lines of three-dimensional graphite layers oriented parallel to each other. 

These carbons are devoid of pore structures. These are called graphitizable or anisotropic 

carbons. On the other hand, the porous activated carbons are non-graphitizable and isotropic 

carbons and do not have long-range parallelism of graphene layers. These carbons cannot be 

transformed into crystalline graphite or never exhibit three dimensional XRD lines for graphite 

even at temperatures 2000 ˚C or above [127,128].  

Another major difference between the crystalline structure of graphite and activated 

carbon is their interlayer spacing which is 0.335 for graphite and in the case of activated carbon, 

it ranges between 0.34 and 0.35 [129]. The small non-planar graphene crystallites of activated 

carbon became bonded with layers of fused hexagons, pentagons and other non-hexagonal rings 

held by weak van der Waals force during the carbonization process. Such crystal structure 

explains the porosity development of activated carbon and many of its other properties [130]. 
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2.3.3.3. Chemical Structure 

Along with porous and crystalline structures, the surface chemical structure of AC plays 

a significant role in various applications. The structure of activated carbon is comprised of 

carbon atoms that are ordered in parallel stacks of hexagonal layers, extensively cross-linked 

and tetrahedral bonded. These layers are randomly orientated and lack the directional 

relationship with one another. The development of pore system in activated carbon makes 

carbon atoms located at edges of the graphite basal planes unsaturated [131]. These structural 

imperfections of activated carbons are the sites with which the possible chemical reactions 

occur to form surface groups. Several heteroatoms such as oxygen, hydrogen, nitrogen, and 

others, can be found in the carbon matrix, in the form of single atoms and/or functional groups. 

Among these groups, oxygen is the most dominant surface group in AC. The formation of 

surface chemical structure highly depends on the preparation method, activation agent and raw 

material. Apart from oxygen-containing surface chemical groups, AC possesses other 

important functional groups, such as carboxyl, carbonyl, phenols, enols, lactones, and quinones 

[132].  

The importance of the surface groups lies in the fact that their presence or absence can 

have an important effect on the properties of AC which determines its applications. The surface 

chemical groups modify the hydrophobic/hydrophilic character of the AC and it influences the 

acidic/basic character of the AC. The role of surface chemistry in various applications of AC 

has been evaluated that includes adsorption [133,134], catalysis [135], supercapacitor 

[136,137]. 

2.3.4. Classification of Activated Carbon 

There are three main classifications of ACs based on their physical characteristics 

(particle size/shape) that include Powdered Activated Carbon (PAC), Granular Activated 

Carbon (GAC), and Activated Carbon Fibres (ACF) [138]. 

2.3.4.1. Powdered Activated Carbon 

Powdered Activated Carbon (PAC), are small AC particles with a diameter of less than 

0.1 mm. Thus, they present a large surface-to-volume ratio with a small diffusion distance. 

PACs are mainly used to treat small batches or used intermittently when required in 
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applications with high flow rates. Mostly it is used to treat taste and odour problems. 

Applications involving PAC entail high capital expense since it cannot be recycled [139–141].  

2.3.4.2. Granular Activated Carbon 

Granular Activated Carbon (GAC) has a mean particle size between 0.1 to 5 mm. It is 

usually used in fixed beds on a continuous process of both liquid and gas phase applications. 

GAC has an advantage over PAC, of offering a lower pressure drop along with the fact that it 

can be regenerated and therefore reused more than once. GAC has been the adsorbent of choice 

for removing organic impurities, which include volatile organic carbon (VOC) [142–145]. 

2.3.4.3. Activated Carbon Fibers 

Activated carbon fibers (ACFs) are obtained from the carbonization and activation of 

polymeric fibers such as rayon, saran, polyacrylonitrile (PAN) and phenolic resin [146–148]. 

It is an excellent microporous material with low mesoporosity and very limited macroporosity. 

In ACF, a large number of micropores can be found directly connected on their surface thus it 

assures faster heat and mass transfer properties compared to the other type of AC materials. 

ACFs are very useful for various applications such as adsorption, capacitors, catalysis, 

electrochemical applications, natural gas and biogas storage [147,148].  

2.3.5. Characterization of Activated Carbon 

Activated carbons are uniquely complex in terms of the size, shape and variability in 

their pore structure. In addition, the surface chemical properties, morphology and crystallinity 

of the ACs play more critical role in deciding its applications. So the comprehensive 

characterization of the structural and surface properties of ACs is fundamental to understand 

their role in applications. Due to the intrinsic complexity of activated carbons, no single 

technique is able to give a complete picture of the overall properties of activated carbons; 

instead, a range of complementary characterization techniques are needed to characterize these 

materials at different dimension scales. The surface area, porosity and its distribution were 

measured using gas adsorption analysis. Morphology at a micrometric scale was investigated 

by electron microscopy. Surface functional groups were analyzed using FTIR studies, 

Crystallinity and graphitization properties of activated carbon were studied by Raman 

spectroscopic method and X-ray diffraction analysis.  
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This section examines various methodologies involved in the characterization of 

activated carbons. 

2.3.5.1. Gas Adsorption Isotherms 

Adsorption of gas on porous materials usually described through a phenomenon known 

as adsorption isotherms and it is most widely used for characterization of porous materials. It 

is the graph between the amounts of adsorbate (gas) adsorbed on the surface of adsorbent (AC) 

and pressure at a constant temperature. There are many isotherms used for the characterization 

of AC such as N2 adsorption at 77 K [81], CO2 adsorption at 273 K [59], Ar adsorption at 87 

K [149], H2 adsorption at 77 K [150] and H2O adsorption at 298K [149]. Nitrogen and argon 

are most commonly used because of their nonpolarity in nature. 

Qualitative Interpretation of Adsorption Isotherms 

The isotherm depicts the nature of the adsorption-desorption process occurring on the 

surface and also reveals the pore structure of the adsorbent. The first systematic attempt to 

interpret adsorption isotherms for gas-solid equilibria was introduced by Brunauer, Deming, 

Deming and Teller (BDDT) in 1940. These authors classified isotherms into five types, i.e., 

type - I to type – V. These BDDT isotherms with an additional one introduced much later by 

Sing completes the IUPAC classifications [151,152]. Different types of adsorption isotherms 

of AC were shown in Figure 2.3.  

The type I isotherms are observed for microporous solids with a relatively small 

proportion of the outer surface. It depicts the single layer adsorption of adsorbate on the 

adsorbent surface. The characteristic type 1 isotherms of activated carbons were displayed in 

Figure 2.3. It usually termed as Langmuir type isotherm where a rapid rise in adsorption occurs 

at the initial adsorption stage (low partial pressure) of isotherm and attain equilibrium at later 

(high partial pressure) stage [33]. Example: Adsorption of nitrogen on carbon at 77K and 

ammonia on charcoal at 273K.  

The type II isotherm represents unrestricted monolayer-multilayer adsorption. It 

observed for non-porous or macroporous adsorbents with unrestricted monolayer-multilayer 

adsorption. As shown in Figure 2.3, the adsorption volume at low partial pressure rapidly 
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increases and near to the first point of inflection where monolayer is completed following which 

multilayer adsorption begins [153]. The strong mutual interactions of adsorbate molecules lead 

to multilayer adsorption and this type of isotherm is reversible [154].  Example: Nitrogen 

adsorbed on Iron catalyst at -195 ˚C and Nitrogen adsorbed on silica gel at -195 ˚C. 

 

Figure 2.3 Types of adsorption isotherm according to IUPAC classification [155] 

The type III isotherm indicates an unrestricted multilayer formation process because of 

stronger adsorbate – adsorbate interactions than adsorbate-adsorbent interactions. The amount 

of gas adsorbed increases for the entire range of relative pressure as shown in Figure 2.3 and 

the isotherm is entirely reversible.  Type III isotherms are not common and generally obtained 

in case of nonporous adsorbents. Example: Iodine adsorption on silica gel at 790 ˚C.  

The initial part of type IV isotherm resembles Type-II isotherm which explains the 

simultaneous formation of monolayer multilayer adsorption. The characteristic feature of type 

IV isotherm is its hysteresis loop, which is associated with capillary condensation in mesopores 

materials. Weaker interaction between the adsorbate molecules resulted in limited uptake 

(plateau region) of gas at higher relative pressure. Example: adsorption of Benzene on Iron 

Oxide (Fe2O3) at 500 ˚C. 

The type V isotherm is uncommon. As can be seen from Figure 2.3 lack of knee portion 

in the isotherm represents weak adsorbate-adsorbent interaction similar to the type III 

isotherms. It also features a hysteresis loop generated by the capillary condensation of the 
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adsorbate which is similar to type IV isotherms. Example: adsorption of water vapour on 

activated carbon at 100 ˚C. 

Type VI isotherm is characteristic of non-porous adsorbents with homogeneous surface 

and it is relatively rare. It represents stepwise multi-layer adsorption and the sharpness of the 

steps depends on the system and temperature. The step height now represents the monolayer 

capacity for each adsorbed layer, and in the simplest case, it nearly remains constant for two or 

three adsorbed layers.  

Hysteresis Loop 

In the case of isotherms for nonporous material, the desorption curve traces the 

adsorption curve. However, for the mesoporous and macroporous materials, the desorption 

curve does not retrace the adsorption curve resulting in a wide loop. This is known as the 

hysteresis loop and corresponds to the capillary condensation of adsorbate in the multilayer 

region, pore filling and emptying mechanism [55,93,156,157]. The hysteresis loop is usually 

attributed to the thermodynamic or network effects or the combination of these two effects 

[158]. Its nature is associated with different pore shapes and is shown in Figure 2.4. 

 

Figure 2.4 Classification of hysteresis loops [159] 

The H1 hysteresis loop is narrow, the adsorption and desorption branches are almost 

vertical and nearly parallel and it is associated with porous materials exhibiting a narrow 
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distribution of relatively uniform cylindrical pores. The H2 hysteresis loop is broad with the 

desorption branch being much steeper than the adsorption branch and it is associated with more 

complex pore structures with ill-defined shape and wide pore size distribution in which network 

effects are important. H3 hysteresis loop appears on isotherm type II which does not exhibit 

any limiting adsorption at high relative pressure and represents aggregates of adsorbent with a 

very wide pore size distribution that contains parallel plates, slit- shaped pores or wide 

capillaries. The H4 hysteresis loop is nearly horizontal and parallels over a wide range of 

relative pressure and it is associated with narrow slit- shape pores. H4 hysteresis loops are 

generally observed with complex materials containing both micropores and mesopores [160].  

2.3.5.2. X-ray Diffraction 

X-ray diffraction (XRD) is a non-destructive phenomenon by which X-rays are 

reflected (diffracted) from the atoms in a crystalline solid, such diffracted X-rays generate a 

pattern that reveals the structural orientation of each atom in a given material. It can be used to 

determine either the lattice parameters, the arrangement of individual atoms in a single crystal, 

or the phase analysis in case of polycrystalline materials and compounds but it is also used to 

study non-crystalline materials [161].  

The interaction of the incident rays with the sample produces constructive interference 

(and a diffracted ray) when conditions satisfy Bragg’s law: 

nλ = 2dsinθ          (2.1) 

Where n is an integer representing the order of the diffraction peak, λ is the wavelength of the 

X-ray, d is the interplanar spacing of (i.e atoms, ions, molecules), and θ is the scattering angle. 

This law relates the wavelength of electromagnetic radiation to the diffraction angle and 

the lattice spacing in a crystalline sample. These diffracted X-rays are then detected, processed, 

and counted. By scanning the sample through a range of 2θ angles, all possible diffraction 

directions of the lattice should be attained due to the random orientation of the powdered 

material. Conversion of the diffraction peaks to d-spacings allows identification of the 

compound because each compound has a set of unique d-spacings. Typically, this is achieved 
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by comparison of d-spacings with standard reference patterns [162,163]. For typical powder 

samples, data are collected at 2θ from 5˚ to 70˚ angles that are preset in the X-ray scan. 

2.3.5.3. Fourier Transform Infrared (FTIR) Spectroscopy 

Infrared (IR) spectroscopy is the measurement of the absorption (or transmission) of 

infrared radiation by a material as a function of wavelength (or frequency). It provides specific 

information about the vibration and rotation of the chemical bonding and molecular structures, 

making it useful for analyzing organic materials and certain inorganic materials. It is a powerful 

tool for identifying types of chemical bonds in a molecule by producing an infrared absorption 

spectrum that is like a molecular "fingerprint". Because each different material is a unique 

combination of atoms, no two compounds produce the exact same infrared spectrum [164]. 

Therefore, infrared spectroscopy can result in a positive identification (qualitative analysis) of 

every different kind of material. In addition, the size of the peaks in the spectrum is a direct 

indication of the amount of material present.  

The IR region is commonly divided into three smaller areas: near - IR (400 - 10 cm-1), 

mid - IR (4000 - 400 cm-1), and far - IR (14000 – 4000 cm-1). When exposed to infrared 

radiation, molecules absorb the radiation at frequencies that cause the vibrations in the covalent 

bonds. These vibrations include stretching and bending modes. Like electronic transitions, 

these vibrational transitions correspond to distinct energies, and molecules absorb infrared 

radiation only at certain wavelengths and frequencies. Measuring radiation absorption as a 

function of frequency produces a spectrum that can be used to identify functional groups and 

compounds. In order to make an identification, the measured interferogram signal cannot be 

interpreted directly. A means of “decoding” the individual frequencies is required. This can be 

accomplished via a well-known mathematical technique called the Fourier transformation. This 

transformation is performed by the computer which then presents the user with the desired 

spectral information for analysis [165,166]. 

2.3.5.4. Microscopic Analysis 

Field Emission Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is one of the most versatile and well known 

analytical techniques for observing the surface of the specimen. Compared to a conventional 
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optical microscope, an electron microscope offers advantages including high magnification, 

large depth of focus, great resolution and ease of sample preparation and observation.  

A fine probe of electrons (primary electrons) liberated by a field emission source with 

energies typically up to 40 keV that is accelerated through a high electrical field within the high 

vacuum column. These primary electrons are focused and deflected by electronic lenses to 

produce a narrow scan beam that bombards the specimen and scanned along with a pattern of 

parallel lines. The specimen generates many low energy secondary electrons, backscattered 

electrons from the primary beam and characteristic X-rays. The angle and velocity of these 

secondary electrons are governed by the surface topography of the sample. An image of the 

sample surface is therefore constructed by measuring secondary electron intensity as a function 

of the position of the scanning primary electron beam [167,168]. 

 Activated Carbon Applications 

Activated carbons are used in a number of industrial applications including separation 

and purification technologies, catalytic processes, energy storage, electrochemical and 

biomedical engineering. The aqueous-phase adsorption of both organic and inorganic 

compounds has been a very important application of AC. It is projected that around 80% of the 

world production of AC is used in liquid-phase applications [75,79,96,108,169]. Table 2.3 

displays adsorptive removal applications of activated carbon for various pollutants.  

Table 2.3 Application of activated carbon in adsorption of various contaminants from gas and liquid 

phase 

Adsorption Contaminants Source 

Dyes Acid yellow 17, textile dyes, methylene blue, orange G dye, 

reactive red 

[22,23,170–

173] 

Heavy metals Cr(VI), cadmium (II), lead (II) [76,174–176] 

Pesticides Carbofuran, 2,4-dichlorophenoxyacetic acid, bentazon [177–181] 

Phenolic 

compounds 

2-nitrophenol, o-cresol, 2-chrorophenol, p-cresol [182–186] 

The amorphous nature of AC and the presence of sp2 carbon structures which 

predominantly control the electronic and transport properties enhances the possibility of using 

it for wider applications involving electrical conductivity [187]. The presence of mesopores 
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significantly enhance the catalytic activity of materials by allowing macromolecules to 

penetrate them and get easily adsorbed on the surface [188]. The enhanced adsorptive capacity 

of ACs due to the presence of extensive pore structure makes it suitable material for hydrogen 

storage applications. Table 2.4 presents the other applications of activated carbon.  

Table 2.4 Other applications of activated carbon 

 Pesticide 

It is defined as any substance or mixture of substances intended for preventing, 

destroying or controlling any pest, including vectors of human or animal disease, unwanted 

species of plants or animals causing harm during or otherwise interfering with the production, 

processing, storage, transport or marketing of food, agricultural commodities, wood and wood 

products or animal foodstuffs, or substances which may be administered to animals for the 

control of insects, arachnids or other pests in or on their bodies. The term includes substances 

intended for use as a plant growth regulator, defoliant, desiccant or agent for thinning fruit or 

preventing the premature fall of fruit. Also used as substances applied to crops either before or 

after harvest to protect the commodity from deterioration during storage and transport [201]. 

 By chemical nature, the pesticides are broadly classified into two types 

 Inorganic pesticides include sulphur, lime, arsenic, copper sulphates, lead and mercury. 

 Organic pesticides - the vast majority of modern pesticides come under organic 

pesticides. Hundreds of organic pesticides were synthesized using organic substances 

often coupled with some inorganic elements like phosphorus, sulphur and oxygen. 

The organic pesticides are further subdivided into two types. 

Applications AC precursor Source 

Electrochemical sensors Banana stem, cajeput tree bark, pomegranate 

peel,  banana stem 

[30,31,189–191] 

Supercapacitors Rice husk, rubberwood, sawdust, sugarcane 

bagasse 

[57,192–

194] 

Catalysts Coconut shell, commercial (NORIT), 

polymers 

[195–198] 

Hydrogen storage Polyethylene terephthalate, coal-tar pitch [199,200] 



  

24 
 

 Natural organics - These are pesticides derived from some naturally occurring 

materials. Rotenone and Pyrethrum are examples of natural organic pesticides. 

 Synthetic organic pesticides - These are pesticides produced artificially by chemical 

synthesis. These pesticides are widely used in the agricultural sector to control insects 

and pests. DDT, methyl parathion, parathion, fenitrothion, imidacloprid, lindane and 

carbofuran are some examples of these classes of pesticides. 

Depending on the usage, the pesticides are further classified as follows, 

 Acaricides - These are pesticides that kill members of the arachnids which includes 

ticks and mites. 

 Fungicides - Fungicides are chemical compounds or biological organisms used to kill 

or inhibit fungi or fungal spores. 

 Herbicides - pesticides used to kill unwanted plants 

 Insecticides- An insecticide is a pesticide used against insects 

 Nematicides- A nematicide is a type of chemical pesticide used to kill parasitic 

nematodes 

 Plant growth regulators – these are chemical compounds which regulate plant growth 

Pesticides are extremely beneficial for protecting agriculture products from insects, pests, 

weeds and disease. However, their toxicity is not limited to the location where it is applied. It 

is transported to the other parts of the environment by various physical processes and it is mixed 

with the drinking water resources [202,203]. There is evidence of the contamination of the 

groundwater by applying pesticides in agricultural fields [204]. Due to the long persistence of 

organic pesticides, their residue exists in the environment for quite a long time and produces 

some inauspicious health effects.  

2.5.1. Carbofuran – Overview 

Carbofuran (2,2-dimethyl-2,3-dihydro-7-benzofuranyl N-methylcarbamate) is the most 

extensively used carbamate pesticides in India for agriculture because of its high insecticidal 

activity. The commercial name of carbofuran is Furadan and used for several crops such as 

coffee, cotton, irrigated rice, cabbage, peanut, wheat, sugarcane, maize, lettuce, potatoes, 

tomatoes, grapes and corn in the control of various pests [5,205]. The chemical structure of 
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carbofuran is shown in Figure 2.5. The chemical formula of carbofuran is C12H15NO3 and 

molecular weight is 221.26. It has high solubility (700 mg/L) and low degradability in aquatic 

environments. This toxin threatens human health with their inhibition activity against 

acetylcholinesterase (AChE), an enzyme crucial for nerve impulse transmission in humans [8]. 

 

Figure 2.5 The chemical structure of carbofuran 

2.5.2. Environmental Fate 

Carbofuran is rapidly taken up by plants through the roots from soil and water and is 

translocated mainly into the leaves and has a half-life around 4 days. The main metabolite in 

plants has been identified as 3-hydroxycarbofuran. In soil, it is degraded by chemical hydrolysis 

and microbial process. Photodegradation and aquatic microbes help in carbofuran degradation 

in water [6]. Hydrolysis occurs rapidly in both soil and water under alkaline conditions. 

Degradation products in soil include carbofuran phenol, 3-hydroxycarbofuran and 3-

ketocarbofuran and in water include 3-hydroxy-7-phenolcarbofuran, carbofuran phenol, N-

methylcarbamic acid. It is more stable in anaerobic conditions. Other processes such as 

oxidation and volatilization are considered minor dissipation pathways for carbofuran [206–

208]. Environmental contamination of carbofuran occurs as a result of excessive usage, run-off 

from agricultural lands, deposition from aerial application and discharge of industrial 

wastewater. 

2.5.3. Toxicity and Effects 

Carbofuran is highly toxic through inhalation and oral routes of exposure but low toxic by 

dermal absorption. Mode of action of carbofuran involves the reversible inhibition of enzyme 

acetylcholinesterase (AChE) which hydrolyzes acetylcholine (ACh), a compound that assists 
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in transmitting signals through the nervous system leading to the excessive accumulation of 

ACh at the synapses and neuromuscular junctions. The above-mentioned actions resulted in 

overstimulation of ACh receptors which could ultimately lead to death due to respiratory failure 

[209]. Some of the side effects of carbofuran poisoning include [210]: 

 Miosis 

 Blurred vision 

 Nausea 

 Vomiting 

 Abdominal cramps 

 Sweating 

 Diarrhea 

 Profuse salivation 

 Imbalance 

 Breathing difficulty 

 Headache 

 Lassitude (weakness, exhaustion) 

 Muscle twitching 

 Incoordination 

 Convulsions 

 Increased blood pressure 

 Incontinence 

 Analysis of carbofuran 

The estimation of the concentration of carbofuran in the environment is essential, prior 

to the removal of pesticides. In this context, many sensing methodologies are available in the 

literature including high-pressure liquid chromatography (HPLC), gas chromatography-mass 

spectrometry (GC-MS), liquid chromatography-mass spectrometry (LC-MS), flow injection 

analysis, thin-layer chromatography and chemiluminescence [5,211,212]. Nevertheless, there 

are difficulties in the direct determination of pesticides in very low concentrations using the 

above techniques. In order to get accurate and sensitive results, the determination of the 

pesticides is usually accomplished by many preliminary steps such as sampling, extraction, and 
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cleanup for the removal of interfering substances before chromatographic analysis [16,213]. A 

variety of pretreatment methods, such as liquid-liquid extraction, solid-phase extraction, solid-

phase microextraction, supercritical fluid extraction, pressurized liquid extraction, microwave-

assisted extraction, ultrasound-assisted extraction, gel permeation chromatography and solid-

phase extractions are available in the literature. Apart from these, the above mentioned 

techniques are often time-consuming and require sophisticated apparatus, extensive labor and 

toxic organic reagents, making them complicated and limit its application in field routine 

operation [212,214,215]. So it is essential to have a fast, reliable and cost-effective technique 

for its detection in the environment. In recent years, the development of electrochemical 

methods have received considerable interest due to their benefits of minimal cost, easy 

operation, rapid response, compact nature, low detection limit and higher sensitivity. 

2.6.1. Electrochemical Analysis 

There are three main types of electroanalytical sensors: (1) potentiometric sensor (2) 

amperometric sensor (3) conductometric sensor. In potentiometric sensors a local equilibrium 

is obtained at the electrode-electrolyte interface, the potential developed at the electrode or 

membrane is measured which gives the information about the composition of a sample. In 

amperometric sensors, the potential is applied between the working electrode and the reference 

electrode, the resultant current due to the oxidation or reduction of an electroactive species is 

measured. On the other hand, the conductometric sensors are the measurement of conductivity 

of the ions in the solution. Description of fundamental aspects, developments and the 

contribution of these sensors to the area of analytical chemistry were reviewed by N. R. 

Stradiotto et al. [216]. The reviews concerned with the status of the development of 

electrochemical sensing principles which include potentiometric sensors, reference electrodes, 

voltammetric sensors, electrochemical biosensors were published by Eric bakker [217] and B. 

J. Privett et al. [218]. Additionally, continuous monitoring of the pollutants like pesticides in 

the environment requires portable fast-response sensors that are robust with sufficient 

sensitivity and long lifetime. In this context, many miniaturized sensor fabrication methods are 

available in the literature. The advancement in miniaturization and fabrication of sensor 

technologies was reviewed by Joseph Wang et al. [219]. Potential benefits and important design 

factors of electrochemical sensors are also available in the literature [220]. Numerous 
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enzymatic sensors have been reported to quantify carbofuran based on its inhibition action 

against the enzyme acetylcholinesterase (AChE) [221]. However, serious drawbacks associated 

with enzymes such as poor stability, complicated immobilization procedures, critical 

operational conditions, and difficulties in handling and storing make these systems more 

difficult to work. Therefore, a simple enzyme-free electrochemical sensor is highly desirable 

to alleviate the drawbacks of enzyme-based sensors.  

Initially, mercury was used as the non-enzymatic electrode material for the sensing of 

pesticides in the cathodic region [222] due to its various advantages: (i) availability of wide 

cathodic potential window makes the possible analysis of a number of electroactive pesticides 

(ii) excellent surface renewability and (iii) offers reproducible results. However, the fear of 

toxicity of mercury limits the use of this electrode material in electrochemical experiments and 

there is a need to substitute the mercury electrode with the other nontoxic materials. In this 

context, solid electrodes have greater attention among the researchers. Among the available 

electrode materials, glassy carbon electrode is particularly useful because of its (i) high 

electrical conductivity (ii) high thermal stability (iii) availability of wide potential range makes 

the possible analysis of electroactive species in cathodic as well as anodic region (iv) 

impermeable to gases and (v) higher resistance to the attack of acids as well as alkalis 

[223,224]. 

The solid electrode poisoning due to the adsorption of reactant/product molecules is 

probably the biggest obstacle for the wide applications of electroanalytical methods in the 

environmental analysis [225]. C.M.A. Brett suggested the three ways of reducing the poisoning 

of the electrode surfaces. They are, 

(i) The time for which the adsorption of the poisoning substances (reactant/product 

molecules) contact is reduced via the reduction of contact time between the analyte and 

the working electrode surface. 

(ii) By making the working electrode surfaces incompatible with the adsorption of the 

poisoning substances through the modification of the electrode surfaces using suitably 

designed membrane. 
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(iii)Using the disposable electrodes which are employed only a short span of time during 

which the adsorption problem can be minimized [220][Brett 2001]. 

In 1975 Murray and co-workers [226] introduced the term ‘chemically modified electrodes’ 

to depict electrodes that had foreign molecules purposely immobilized on their surfaces. 

Research on such modified electrodes and utilization of these modified electrodes for sensor 

applications has been expanding rapidly [227,228]. The glassy carbon surface modifications 

are made in many ways which includes (i) addition of molecular catalysts and mediators to the 

electrode surface by adsorption (ii) making a covalent bond between the electrode surface and 

the electrocatalysts (iii) embedment of metal nanoparticles in the polymer matrix and (iv) 

electrodeposition of metals directly on the electrode surface [229]. Many modified electrodes 

were reported in the literature to minimize the electrode fouling and enhance the sensitivity and 

selectivity during the electrochemical sensing of pesticides. The voltammetric and 

amperometric methods used in the analysis of pesticides and other environmental samples were 

documented in a review by Delerue-Matos et al [230].  

Several non-enzymatic sensors for carbofuran detection have been developed, such as 

cobalt oxide-reduced graphene oxide modified glassy carbon electrode [213], hemin and 

nickel-graphene oxide modified carbon paste electrode [211], screen-printed carbon electrodes 

modified with gold nanoparticles and graphene oxide [231] and disposable screen-printed 

carbon electrode [215]. The earlier studies proved that the preparation of these above materials 

involves complicated procedures and needs complex calibration. Moreover, it cannot be 

utilized for on-field applications. 

Over the past few years, porous carbon-based materials mainly activated carbon have been 

attracting the researchers worldwide and been receiving much attention in analytical chemistry 

owing to its large surface area, well-defined pore size, high thermal stability, exceptional 

electrical conductivity, good mechanical property and chemical stability. Fascinatingly, the 

method of preparation for AC is simple, more straightforward, low cost and environment-

friendly when compared to the preparation of other carbon-based materials [30,189,190,232].  

 Carbofuran Removal by Adsorption from Aqueous Phase 
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As discussed, the contamination caused by carbofuran is high and therefore, it is 

considered necessary to take some effective measures to remove carbofuran from the 

contaminated aqueous phase to protect the human health and environment. Various treatment 

processes are widely investigated to remove carbofuran from its aqueous solutions, including 

advanced electrochemical oxidation, photodegradation, biological degradation, membrane 

filtration, UV irradiation, and adsorption. These conventional removal methods have many 

disadvantages, for instance, the high capital and operational cost, the production of the amount 

of carbofuran sludge and possible generation of secondary pollution resulting in high disposal 

costs. Table 2.5 summarizes the various treatment processes used to remove carbofuran from 

aqueous solutions.   

Adsorption has been widely used in the removal of carbofuran from wastewater due to 

its simple operation, high removal efficiency and low treatment cost. A number of adsorbents 

from industrial wastes, agricultural byproducts such as orange peel, walnut shell, fly ash has 

been reported for the removal of carbofuran [233–235].   

Table 2.5 Various techniques used for carbofuran removal and their limitations 

Technique Limitations Source 

Biodegradation  Requirement of longer residence time  

 Complete removal of the contaminant is not possible 

 Highly depends upon the conditions 

 Production of secondary pollutants 

[19,236,237] 

Photodegradation  Depends on the nature and concentration of the contaminant 

 Depends on the concentration of the contaminant 

 Affected by the various inorganic ions presence in wastewater 

 Not suitable for water with high levels of suspended solids, 

turbidity, color 

[18,238,239] 

Membrane 

filtration 

 High equipment cost 

 Prone to membrane fouling 

 Short membrane life-time 

 low selectivity 

[240,241] 

Ozonation  Not an economical option for wastewater with very high 

amounts of suspended solids or total organic compounds 

 More expensive 

 Formation of residuals and byproducts 

 High reactivity 

[242,243] 
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2.7.1. Carbofuran Adsorption by Activated Carbons 

Although various adsorbents available, activated carbon is the most common and 

efficient adsorbent used to remove pesticides from wastewaters because of its large surface area 

and pore volume, simplicity of design, high efficiency, relatively low cost, high adsorption 

capacity, and diverse functional groups. Various raw materials can be used to prepare activated 

carbon by adopting different techniques. Both, type of raw material and method of preparation 

plays important roles in the enhanced adsorption capacity of prepared activated carbon. Table 

2.6 displays various types of precursors, operation conditions and their adsorption capacities 

Table 2.6 Comparison of activated carbons prepared from various feedstocks and the optimum 

conditions for carbofuran) removal 

Precursor Preparation 

conditions 

Activating 

agent 

Co 

(mg/l) 

pH Temp 

(°C) 

Qe 

(mg/g) 

Sour

ce 

Date seed 850, 3h 37 min KOH+CO2 25-250 5.5 30 137.04 [244] 

bituminous coal - - 50-225 6-6.5 30 96.15 [245] 

Fertilizer and steel 

industry waste 

450, 1h Air - 7.5 25 208 [246] 

Banana stalks 600, 2h KOH 25-250 7 50 164 [180] 

Coconut frond 500, 2h H3PO4 25-250 7 30 198.4 [247] 

2.7.2. Effect of Process Parameters 

The process of adsorption strongly depends on various parameters such as pH, 

adsorbent dose, initial pesticide concentration, contact time and temperature. Detailed studies 

on the influence of these parameters on adsorption of carbofuran by AC determines the 

optimum conditions. 

2.7.2.1. Effect of pH 

Initial solution pH is an essential parameter that affects the process of adsorption due 

to its impact on the ionization of functional groups and their interactions with adsorbates. 

Salman and Hameed (2010) tested commercial granular activated carbon for the removal of 

carbofuran at different pH values ranges from 2 to 12 [180]. They observed no significant 

variation in the amount of carbofuran removal with an increase in pH from 2 to 7.  With a 

further increase in pH up to 12, it was observed that the removal of carbofuran reduced 
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marginally. Similar results were also obtained by Salman et al., (2011) and Njoku et al., (2014) 

[23,179]. The non-ionizable nature of carbofuran which is having the pKa value of 11.9 was 

the main reason for the insignificant changes in the carbofuran adsorption at acidic pH 

[180,246]. Rama Krishna and Philip (2008) reported that the small decrement in the removal 

of carbofuran at basic pH may be due to the masking of functional groups [248].  

2.7.2.2. Effect of Adsorbent Dose 

The adsorbent dose highly influences the removal of adsorbate for a given initial 

adsorbate concentration. The study on adsorbent dosage is important as it determines the 

capacity of adsorbent for a particular adsorbate. Activated carbon prepared from different 

precursors such as coconut shell, date bead, tea waste, rubber tire were used as adsorbents to 

remove textile dyes, Lead ion, phenol, Azo dye – Acid blue 113 respectively [22,95,186,249]. 

In all cases, adsorption percentage of adsorbate increased with an increasing amount of 

adsorbent, and a decrement in the adsorption capacity of adsorbent towards a particular 

adsorbate was observed. It is apparent that increasing the adsorbent dose leads to the increment 

in the number of active adsorption sites which increased the adsorption of adsorbate 

[171,250,251]. But adsorption density, which is the amount adsorbed per unit mass, decreases 

due to reduced total surface area as a result of clustering and agglomeration of excessive 

adsorbents [91,170,252].  

2.7.2.3. Effect of Initial Carbofuran Concentration 

Activated carbons produced from various raw materials including date seed, banana 

stalks, coconut frond, steel industry wastes and commercial granular activated carbon were 

utilized for the adsorption of carbofuran from liquid phase [179,180,244,246,247]. Increment 

in the removal of carbofuran was observed with increase in contact time for all the types of AC. 

The amount of carbofuran adsorbed on AC also increased with the increase in initial carbofuran 

concentration. Salman and Hameed 2010 observed that carbofuran with low concentrations 

attained equilibrium faster than the high concentrations [180]. Salman et al., 2011, Gupta et al., 

2006 and Salman and Hameed 2010 noted that the carbofuran adsorption was rapid at the 

beginning due to a large number of vacant sites available with the adsorbent and high affinity 

of the interacting groups on the surface of the activated carbon towards carbofuran but 

progressively slowed down with time until equilibrium was finally attained [179,180,246]. 
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Njoku et al., 2014 observed desorption of carbofuran from AC back to the solution soon after 

reaching the equilibrium [247].  Experiments involved AC prepared from different precursors 

resulted in a reverse relationship between the percentage removals of carbofuran (removal %) 

and the initial concentration of carbofuran. 

2.7.2.4. Effect of Temperature 

Solution temperature has a significant influence on the adsorption process utilizing 

different adsorbents and the optimum value of temperature for effective adsorption process 

varies with the type of adsorbent and adsorbate. Adsorption studies carried out for various 

adsorbates such as methylene blue, Lead ion, Remazol Brilliant Orange 3R dye, Methyl orange 

on AC prepared from biomass waste, Date bead, coffee husk respectively resulted in an increase 

in adsorption with increasing temperature [95,250,253]. This kind of adsorption process is 

known as the endothermic adsorption process. Njoku et al., 2014 and Salman and Hameed 2010 

carried out carbofuran adsorption studies on coconut frond and banana stalks based AC and 

observed that the adsorption increases with increasing temperature thus the carbofuran 

adsorption is endothermic process [180,247]. Increasing the temperature is known to increase 

the adsorbate mobility to penetrate inside the adsorbent pores crossing the external boundary 

layer. Besides, it might also be due to the increase in chemical interaction between the adsorbate 

and surface functionalities of adsorbent [90,252,254].  

 Modelling of Adsorption 

2.8.1. Design of Experiments 

Design of Experiments (DOE) is the branch of statistics that uses a collection of 

statistical and mathematical techniques to plan, conduct, analyze and interpret experiments to 

investigate the effect of input factors on the response. 

A process is a conversion of inputs (factors) into outputs (response). An ultimate 

purpose of any experiment is to fine-tune or improve the process in order to obtain better 

outputs. In every process, there are inputs that can be controlled and others that cannot be 

controlled.  These both controllable and uncontrollable factors are responsible for the 

variability in the response of the process. The main purpose of DOE is to ascertain the optimal 
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settings of controllable factors to reduce the effects of uncontrollable factors on the outputs 

[255]. 

2.8.1.1. Response Surface Methodology (RSM) 

Response surface methodology (RSM) is a statistical technique used for modeling and 

analysis of problems in which a response of interest is influenced by several input factors. It is 

also useful in estimating linear, interaction and quadratic effects of the input factors. The study 

of individual and interactive effects of input factors will be helpful in efforts to find the target 

value [19,256,257].  

The design procedure for RSM involves  

 Performing a series of experiments for adequate and reliable measurement of the 

response of interest. 

 Developing a mathematical model of the second-order response surface with the best 

fit. 

 Determining the optimal set of experimental parameters that produce a maximum or 

minimum value of the response. 

 Representing the direct and interactive effects of process parameters through two and 

three-dimensional (3D) plots. 

RSM uses an experimental design such as the central composite design (CCD) to fit a model 

by the least-squares technique. It contains in-built factorial designs with center points that are 

augmented with a group of ‘star points’. There are three types of Central Composite designs 

that include, Central Composite Circumscribed (CCC), Central Composite Inscribed (CCI), 

and Central Composite Face-centered (CCF) designs. It gives almost as much information as a 

multilevel factorial, requires much fewer experiments than a full factorial. Analysis of variance 

(ANOVA) was used to confirm the adequacy of the proposed empirical model. The response 

surface plots can be employed to study the surfaces and locate the optimum [258–260].  

Central composite designs were widely used for process analysis, modelling and 

optimization studies in various multifactor engineering applications [258–262]. The advantages 

of CCD include 
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 Reduced number of experiments, cost, time and physical efforts. 

 It is very flexible with the availability of different types of CCD. 

 Provides curvature effects along with interaction effects and main effects. 

 To find an ideal “window” of operability using a response surface plot. 

2.8.2. Artificial Neural Networks (ANN) 

Artificial neural network (ANN) is a self-learning nonlinear statistical computational 

modeling tool based on the structure and functions of biological neural networks. It helps to 

model the complex relationships between input and output data. ANN takes data samples rather 

than entire data sets and arrives at solutions by detecting the patterns and relationships in data 

and learn (or are trained) through experience thereby saves both time and money [263,264]. 

ANN consists of a number of interconnected processing elements that are called neurons. 

The neurons are arranged in groups called layers or slabs and interact with each other via 

weighted connections. These weights determine the nature and strength of the influence 

between the interconnected elements. There are two types of ANN architectures which is feed 

forward and feedback. The most common architecture of ANN usually consists of three layers 

and use feed forward system with backpropagation algorithm:  

1. Input layer, where the data are presented;  

2. Hidden layer or layers, where data are processed; and  

3. Output layer, which holds the response of the network. 

The success of this architecture resides in its self-learning ability where it can learn the 

behavior of a system from training data without requiring prior knowledge about the system. 

The training of ANNs was accomplished with a set of input and known output data by a back-

propagation algorithm. Back-propagation is the most commonly used supervised training 

algorithm in the multilayer feed-forward networks which use the gradient-descent method to 

minimize the error function. In the beginning, the weights are initialized either with a set of 

random values or based on previous experience and network output is calculated. The Mean 

Square Error (MSE) which is a measure of the distance between the network output and the 

known target is obtained. Next, the process is repeated by systematically changing the weights 
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according to the learning algorithm until the obtained MSE is converged to a small value [265–

268].   
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Chapter 3 

3.   Materials and Methods 

 Summary 

This chapter gives a detailed account of different materials, chemical reagents and 

methodologies adopted to accomplish the objectives of the study. It primarily describes the 

experiments performed to prepare activated carbon (AC) from precursor and various techniques 

used for the characterization of adsorbent as well as raw sample. Additionally, it details the 

experiments involved in electrochemical detection and adsorptive removal of carbofuran using 

activated carbon prepared at optimal conditions. Finally, it outlines the techniques and 

procedures involved in modeling of carbofuran adsorption process. List of instruments and 

software used for the experimental study is given at the end of this chapter (Table 3.3 and Table 

3.4). 

 Materials 

Post-consumer PET bottles were collected from the premises of National Institute of 

Technology Rourkela, India. Analytical grade carbofuran was commercially obtained from 

Sigma-Aldrich and potassium hydroxide (KOH), sulphuric acid (H2SO4) and zinc chloride 

(ZnCl2) were procured from Merck. The supporting electrolytes (phosphate buffer solution 

(PBS)) at pH 7.0 for electrochemical studies were prepared using 0.05 M Na2HPO4 and 

NaH2PO4 solutions and the pH was adjusted with 0.1 M H3PO4 and 0.1 M NaOH. All other 

chemicals used were of analytical reagent grade and were used as received without further 

purification. All experiments were performed with ultrapure water (Millipore) at room 

temperature.  

 Methodology 

3.3.1. Characterization of Raw Material 

Raw material collection, preservation and its characterization is an essential part of 

these experiments. 
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3.3.1.1. Proximate Analysis 

The proximate analysis is the simplest and most common method to determine the 

major constituents of a sample, its properties and assess its compositional parameters. It covers 

the determination of moisture, volatile matter, ash, and the calculation of fixed carbon content. 

It is formally defined by the American Society for Testing and Materials (ASTM) methods. 

The oven-drying test method was adopted to obtain the moisture content of the sample. 

It is determined by the mass loss that occurs when a sample is dried to a constant weight in an 

oven. A completely dried sample was taken into alumina crucible that was previously weighed. 

The sample was dried in an oven for 110 ̊ C.  The drying and weighing continue until a constant 

weight was achieved. Finally, the percentage difference in weight as percentage was expressed 

as the moisture content of the sample. 

Volatile matter is products of a sample that are evolved in the form of gas and vapour 

at high temperatures as a result of thermal decomposition. The weight of the empty crucible 

with cover was initially measured, and about 1.0 g of the sample was also measured in sample 

crucible. This covered crucible was then positioned in a muffle furnace at 950 ˚C for about 7 

min. Subsequently, the covered crucible was removed from the furnace and cooled to room 

temperature in a desiccator for 10 min. The mass of the crucible was noted. The percentage 

weight loss was regarded as the percentage of volatile matter [269]. 

Ash is the inorganic residue obtained after the combustion of the sample. The 

completely dried sample of 2g was placed into the crucible that was previously weighed. The 

crucible with the dried sample was inserted in the muffle furnace at 650 ˚C until whitish-grey 

ash was obtained. The crucible was let to cool down until it reaches the room temperature in a 

desiccator and the weight of the crucible was measured. The procedure was repeated until there 

is no change in the mass of the ash. The weight (%) of the obtained sample was denoted as ash 

content. Fixed carbon in the sample was calculated by the difference which was detecting the 

combined percentage of moisture, ash, and volatile matter from 100 [270].  

Fixed carbon (%) = 100 – (moisture (%) + ash (%) + volatile matter (%))  (3.1) 
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3.3.1.2. Ultimate Analysis 

The ultimate analysis involves the estimation of carbon, hydrogen, nitrogen, sulphur 

and oxygen. The first four elements were determined directly using CHNS analyzer (Elementar 

Vario EL CUBE). Carbon and hydrogen were determined simultaneously by the combustion 

tube method. The nitrogen content in the sample was determined by digesting the sample (1 

gm) in Kjeldahl flask with potassium sulphate, selenium oxide and sulphuric acid and 

subsequently by distillation and titration. The total sulphur content of the sample was 

determined gravimetrically by Eschka method. The oxygen (%) was obtained by the difference 

as follows [271]. 

Oxygen (%) = 100 – (C (%) + H (%) + N (%) + S (%))    (3.2) 

3.3.2. Preparation of Activated Carbon 

Raw material, PET, used in this study was collected from the premises of National 

Institute of Technology Rourkela. Prior to use, the precursor was properly washed with distilled 

water to remove dirt from its surface and dried. The dried PET was cut into small pieces of size 

5-10 mm. 10 g of PET granules were impregnated with different activating agents such as 

KOH, H2SO4 and ZnCl2 in varying impregnations. The chemical activation was carried out in 

100 ml of diluted solutions at 85 ˚C for 24 h in a hot air oven and then dried for 4 h at 120 ˚C. 

The resulting impregnated samples were placed in a horizontal tubular furnace (Bysakh & Co, 

Model: 40T4Y) (Figure 3.2) and heated (10 ˚C/min) in N2 atmosphere (100 ml/min) to final 

carbonization temperature. At final temperature, the samples were kept for various holding 

times. After cooling, the activated carbon was subjected to thorough washing with 0.1 M HCl 

and 0.1 M NaOH to leach out the activating agent and subsequently with hot water (80 ˚C) till 

the rinsed water showed neutral pH. The washed samples were oven-dried at  120 ˚C  for  24 h 

and stored in airtight containers.  The activated carbons (ACs) prepared by KOH, H2SO4 and 

ZnCl2 impregnations were designated as KOH-AC, H2SO4-AC and ZnCl2-AC, respectively in 

the entire work. The schematic diagram of activated carbon preparation is displayed in Figure 

3.1. 
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Figure 3.1 Schematic diagram of activated carbon preparation 

3.3.2.1. Effect of Impregnation 

The influence of various activating agents including potassium hydroxide (KOH), 

sulphuric acid (H2SO4) and zinc chloride (ZnCl2) on the textural properties of prepared ACs 

was estimated. Impregnation ratios of 1-6 were used for KOH and impregnation ratios of 1-5 

were used for ZnCl2. In case of sulphuric acid, concentrations ranging from 30 – 70 % were 

used for activation. The impregnation ratio was calculated as the ratio of the weight of 

activating agent to the weight of precursor. For H2SO4 activation, 10 g of the precursor was 

activated with 100 ml of various diluted concentrations of acid. 

3.3.2.2. Effect of Carbonization Temperature 

Effect of carbonization temperature on porous characteristics of prepared ACs was 

investigated in the range of 900-1100 ˚C for KOH impregnation, 600-800 ˚C for H2SO4 

impregnation and 900-1200 ˚C for ZnCl2 impregnation. The ideal carbonization temperature 

differs with the type of raw materials and activating agent used for AC preparation.  

3.3.2.3. Effect of Holding Time 

Holding time is the period that was taken to keep the sample at a final carbonization 

temperature. It was varied in between 0 – 90 min for KOH & ZnCl2 impregnations and 0-60 
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min for H2SO4 impregnation to investigate its effect on the surface area, pore volume and pore 

size distribution of prepared ACs. 

 

Figure 3.2 Tube Furnace used for pyrolysis. 

3.3.3. Characterization of Activated Carbon 

3.3.3.1. Yield  

The yield of the AC was calculated based on the following equation: 

Yield (%) = 
𝑊𝐴𝐶

𝑊𝑅
× 100       (3.3) 

Where 𝑊𝐴𝐶 and 𝑊𝑅 are the dry weight of the final AC (g) and dry weight of precursor (g), 

respectively. 

3.3.3.2. Bulk Density 

Bulk density was estimated using a powder AC sample filled into a glass cylinder (25 

ml). Before placing it to a glass cylinder to a specific volume it was oven dried for 12 h at 105 

˚C. The cylinder was tapped for 1-2 minutes so that the AC sample is compacted. The bulk 

density was calculated using the Indian standard (IS) method of measurement. The formula is 

given below. 

Bulk density (g/ml) = (
M1−M0

V
)                                                                          (3.4) 
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M1 = mass of the glass cylinder plus AC sample (g). 

M0 = mass of the empty glass cylinder (g). 

V = volume of the glass cylinder (ml). 

3.3.3.3. Porosity Characterization 

The N2 adsorption-desorption isotherms of the prepared ACs were measured using an 

automatic adsorption instrument (Quantachrome Corp., Autosorb-1 surface area analyzer) at 

liquid nitrogen temperature (-196 ˚C). Prior to analysis, the samples were outgassed for 12 h 

under helium at 200 ˚C.  

The surface area of the samples were calculated by the standard BET (Brunauer, 

Emmett and Teller) method using the adsorption isotherm data of N2 over a relative pressure 

range of 0.05 to 0.3. The BET equation is given as [154]. 

𝑝

𝑉(𝑝0−𝑝)
=  

1

𝑉𝑚𝐶
+ 

(𝐶−1)

𝑉𝑚𝐶
(𝑝|𝑝0)        (3.5) 

where, 𝑝 is partial vapour pressure of adsorbate gas in equilibrium (Pa), 𝑝0 saturated pressure 

of adsorbate gas, 𝑉 is the adsorbed gas quantity at STP (cm3/g), 𝑉𝑚 is the monolayer adsorbed 

gas quantity at STP (cm3/g), and the term C is the BET constant, is associated with the energy 

of adsorption in the first adsorbed layer and this denotes the extent of the adsorbent-adsorbate 

interactions. 

The total pore volume was estimated by converting the amount of N2 gas adsorbed at a 

relative pressure of 0.9975 to the equivalent liquid volume of the adsorbate (N2) [272]. 

The micropore surface area, mesopore/external surface area and micropore volume 

were calculated by the t-plot method with a relative pressure (P/P0) range of 0.2–0.5. The 

meso/external pore volume was calculated by subtracting micropore volume from total pore 

volume [112]. The pore size distribution was derived from the Density Functional Theory 

(DFT) method and Barrett-Joyner-Halenda (BJH) method using adsorption branches of the 

isotherms. 
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3.3.3.4. X-Ray Diffraction Spectroscopy 

X-ray powder diffraction (XRD) experiment was carried out in Rigaku ultima IV 

diffractometer equipped with Cu Kα radiation. A small amount of fine powder AC sample was 

placed into a glass slide (sample holder). The sample was smeared uniformly onto a glass slide 

to create a flat upper surface to achieve a random distribution of lattice orientations. The 

intensity of diffracted X-rays was continuously recorded as the sample and detector rotate 

through their respective angles. Scans were set with a step size of 0.02 ˚/s of 2θ, 

characteristically in the angle range between 5˚ and 80˚. 

3.3.3.5. FTIR Analysis 

The surface functionalities of the prepared ACs were examined by Fourier Transform 

Infrared (FTIR) spectroscopy (FTIR-2000, Perkin Elmer) analysis using the KBr pellet method. 

FTIR spectra of prepared ACs were analyzed at 4 cm-1 of resolution and 20 scans min-1 between 

4000 and 400 cm-1. A small amount of AC sample (about 0.1‐ 2% of the KBr amount, or just 

enough to cover the tip of a spatula) was taken with the required amount of KBr to make a 

pellet and mixed thoroughly in a mortar while grinding with the pestle for 3‐ 5 minutes. Placed 

just enough mixture to cover the bottom of the pellet die subsequently transferred to the 

hydraulic press and pressed at 5000-10000 psi. The pressed sample was carefully removed from 

die and placed in the FTIR sample holder for the analysis. The pellets were kept in a hot air 

oven at 100 ˚C overnight previously the spectra were recorded.  

3.3.3.6. Field Emission Scanning Electron Microscopy 

The surface topography of the AC sample was analyzed by the Field Emission Scanning 

Electron microscope (FESEM) (FEI, Nova NanoSEM 450) operated at 10 kV. Oven-dried 

moisture-free AC samples were mounted on an adhesive carbon tape which is attached to an 

aluminum stub. Subsequently, the samples were sputter-coated with an extremely thin layer of 

gold for 5 min in order to make conductive for current. The images were captured at different 

magnifications ranging from 1000× to 50000×. 

3.3.3.7. Transmission Electron Microscopy 

Specimens were prepared for TEM by dispersing the AC sample in alcohol (40 %), 

mixing ultrasonically and spreading onto the grid. Images were analyzed by Transmission 
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Electron Microscope (TEM) (FEI, Tecnai S-TWIN) operated at 300 kV. The sample 

preparation for TEM was described elsewhere [273]. The images were captured at different 

magnification.  

3.3.3.8. Raman Spectroscopy 

The Raman spectra were recorded using a multiRAM stand-alone FT-Raman 

spectrometer (BRUKER RFS 27) at ambient temperature.  

The powder sample was densely packed on a glass sample plate and excited by using 

1064 nm Nd:YAG laser source operating at 100 mW power. The spectrum were collected at 

multi-point within the spectral range of 300–2500 cm-1. 

3.3.4. Electrochemical Experiments 

Glassy carbon electrode (GCE) was modified by as prepared KOH-AC and utilized as 

a sensing platform for the detection of carbofuran. Cyclic voltammetry and amperometry 

techniques were used for the electrochemical characterization of the modified electrode. The 

proposed sensor was utilized for real sample analysis and its reliability was also checked with 

analytical data obtained by the spectrometric method. 

3.3.4.1. Cell Assembly, Electrodes and Electrolytes 

In Electrochemical system, the properties of the reaction are carried out in a set up called 

Electrochemical Cell. It consists of three electrodes, they are working electrode, reference 

electrode and auxiliary or counter electrode. The block diagram of the electrochemical cell is 

given below in Figure 3.3.  

A typical electrochemical cell consists of the sample dissolved in a solvent, an ionic 

electrolyte, and three (or sometimes two) electrodes. Cells (that is, sample holders) come in a 

variety of sizes, shapes, and materials. The type used depends on the amount and type of 

sample, the technique, and the analytical data to be obtained. The material of the cell (glass, 

Teflon, polyethylene) is selected to minimize reaction with the sample. The undivided glass 

cell fabricated in our laboratory was used in all electrochemical experiments. In all the 

electrochemical experiments phosphate buffer solution (PBS) was used as an electrolyte.  
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Figure 3.3 Block diagram of three electrode electrochemical cell 

Working Electrode (WE):    Electrochemical reactions being studied occur at the 

working electrode. The working electrode can be bare metal or coated. The working electrodes 

are of various geometries and materials, ranging from small Hg drops to flat Pt disks. The 

glassy carbon electrodes (GCE) used in this study were fabricated using the GC (Alfa 

Aesar/Tokai GC-A) 3mm diameter rods (Figure 3.4a). The GC rods were cut into pieces and it 

was embedded in the pyrex glass tube. The glass tube with embedded glassy carbon was 

attached to the suitable ground joints, according to the size of the electrochemical cell for the 

proper fitting. The electrical contact was given through the mercury poured into the glass tube. 

This fabricated glassy carbon electrode surface was activated by hand polishing successively 

with the fine emery papers (1/0, 2/0, 3/0, 4/0, 5/0 and 6/0) and/or 0.3 and 0.05 µm alumina 

powder, rinsed thoroughly with deionized water, cleaned successively in 10% NaOH solution, 

1:1 HNO3–H2O (v/v) and methanol, each for 2 min and dried in air. The level of activation and 

its reproducibility was often checked with the redox system ferrocyanide/ferricyanide in 

potassium chloride solution [274]. 

Reference Electrode (RE): A reference electrode is used to measure the working 

electrode potential. A reference electrode should have a constant electrochemical potential and 

should not allow current to flow through it. The reference electrode should provide a reversible 

half-reaction with Nernstian behavior, be constant over time, and be easy to assemble and 
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maintain. The reference electrode used in this study was silver/silver (Ag/AgCl) chloride 

electrode (Figure 3.4b), with potential determined by the reaction AgCl(s) + e– = Ag(s) + Cl–. 

 

Figure 3.4 a) Working electrode b) Reference electrode c) Counter electrode 

Counter Electrode (CE): The counter electrode is a conductor that completes the cell 

circuit. The counter electrode in laboratory cells is generally an inert conductor like platinum 

or graphite. In field probes, it is generally another piece of the working electrode material. The 

platinum foil was used as counter electrodes in this study (Figure 3.4c). 

3.3.4.2. Preparation of AC-modified electrode 

As prepared KOH-AC (5 mg) was dispersed in 1 ml ethanol, under sonication for 3 h. 

Meanwhile, the surface of the GCE was mirror polished/activated. An aliquot of 5 µl 

ethanol/KOH-AC suspension was introduced onto the surface of GCE using the drop-casting 

method, followed by drying at 50 ̊ C for 2 h. Subsequently, the KOH-AC modified GCE (KOH-

AC/GCE) was gently rinsed with ultrapure water again to remove loosely bound ACs. Finally, 

the fabricated KOH-AC/GCE was explored as the working electrode for further 

electrochemical measurements. Figure 3.5 shows the schematic diagram of GCE modification. 
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Figure 3.5 Schematic diagram of GCE modification 

3.3.4.3. Conversion of Carbofuran into Carbofuran-phenol 

According to earlier research, carbofuran with limited electrochemical activity could be 

converted into carbofuran-phenol by hydrolyzing it in alkaline solution to increase 

electrochemical activity, where its complete conversion was ensured [213,215]. Carbofuran 

solution of 1.0 × 10-3 M was prepared by dissolving 22 mg of the compound in 100 ml of 0.1 

M NaOH solution and heated for 1 h to hydrolyze all the carbofuran to carbofuran phenol 

(Figure 3.6).  

 

Figure 3.6 Hydrolysis of carbofuran to carbofuran phenol 

3.3.4.4. Electroanalysis of Carbofuran using Modified Glassy Carbon Electrodes 

Cyclic voltammetry (CV) 

It is the most widely used electroanalytical technique for acquiring information about 

the redox processes. In cyclic voltammetry, the potential of a stationary working electrode (in 

an unstirred solution) is ramped linearly with respect to time between any two fixed potentials. 

After the set potential is reached, the working electrode's potential is ramped in the opposite 
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direction to return to the initial potential.  The current at the working electrode is plotted versus 

the applied voltage (that is, the working electrode's potential) to give the cyclic voltammogram 

trace. The working electrode used was bare and modified glassy carbon electrode. The platinum 

foil and Ag/AgCl electrodes were employed as a counter and reference electrodes, respectively. 

All the electrochemical studies were carried out using Autolab PGSTAT 30 Potentiostat / 

Galvanostat controlled with GPES 4.9 software (Eco-Chemie B.V., The Netherlands). Cyclic 

voltammetry has been used to optimize the experimental conditions by estimating the effect of 

various parameters such as scan rate (20 mv/s to 200 mv/s), pH (4-10), carbofuran-phenol 

concentration (10 – 100 µM). All the electrochemical experiments were carried out in a 30 ml 

voltammetric glass cell at 30+1 ˚C. Prior to electrochemical measurements, the solution was 

deoxygenated by purging with pure nitrogen for 15 min. Prior to the electroanalysis of 

pesticides, the modified glassy carbon electrodes were electrochemically polarized in the 

background solution until the steady background current was obtained.  

Amperometry 

It is an electrochemical technique in which the constant potential is applied to the 

working electrode and the resulting current from faradaic processes occurring at the electrode 

is monitored as a function of time. It was also recorded using Autolab PGSTAT 30 Potentiostat 

/ Galvanostat controlled with GPES 4.9 software (Eco-Chemie B.V., The Netherlands). 

The analytical parameters such as the limit of detection (LOD) and sensitivity were calculated 

from the calibration curve of amperometric study by using the equations; LOD = 3×standard 

deviation/slope and sensitivity = 10 ×standard deviation/slope. 

3.3.5. Batch Equilibrium Studies 

Experimental investigation through batch studies were conducted using 100 mL 

carbofuran solution of known concentration at constant solution pH containing known quantity 

of adsorbent in 250 mL Erlenmeyer flasks. Flasks with its contents were placed in a 

temperature-controlled incubator shaker at 120 rpm over a definite time period. At a specific 

time interval, samples were withdrawn from flasks and examined for carbofuran concentration 

using a UV-visible spectrophotometer (double beam) at an absorbance wavelength of 270 nm. 

All samples were filtered prior to analysis in order to minimize interference of the carbon fines 
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with the analysis. A control sample without adsorbent was simultaneously studied. Each 

experiment was duplicated under identical conditions and their average values were considered. 

Equilibrium adsorption capacity of KOH-AC, qe (mg/g), was calculated as 

𝑞𝑒 =  
(𝐶𝑖𝑛𝑡−𝐶𝑒𝑞𝑣)𝑉𝑜𝑙

𝑀
          (3.6) 

Percentage carbofuran removal was determined by the following relationship 

(%) Removal   =
𝐶𝑖𝑛𝑡−𝐶𝑒𝑞𝑣

𝐶𝑖𝑛𝑡
 × 100       (3.7) 

Where Cint (mg/L) - initial carbofuran concentration , Ceqv (mg/L) - equilibrium carbofuran 

concentration, Vol (L) - solution volume  and M (g) - adsorbent dosage. 

3.3.5.1. Effect of Initial Solution pH 

To study the effect of solution pH on carbofuran adsorption, the batch equilibrium 

studies were carried out in the pH range of 3–12. Other parameters such as initial concentration 

(10 mg/L), KOH-AC dosage (3 g/L) and temperature (30 ˚C) were kept constant. The pH was 

adjusted with 0.1 M NaOH and 0.1 M HCl solutions by using pH meter (Systronics 361 – 

micro). 

3.3.5.2. Effect of Adsorbent Dose 

To observe the influence of adsorbent dose on carbofuran removal, different amounts 

of adsorbent (varying from 1 g/L to 4 g/L) were added into an initial concentration of 10 mg/L 

carbofuran solution. The mixtures were shaken in 250 mL stoppered flasks at 30 ˚C at pH 3 

until the equilibrium time was reached. 

3.3.5.3. Effect of Initial Carbofuran Concentration 

In order to study the effect of carbofuran initial concentration on its adsorption, 

carbofuran solutions with initial concentrations of 2–10 mg/L were agitated with 3 g/L of KOH-

AC. In this case, the solution pH and temperature were kept at 3 and 30 ˚C, respectively. 
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3.3.5.4. Effect of Solution Temperature 

To observe the effect of solution temperature on carbofuran adsorption, the batch 

experiments were studied at four different temperatures (20 ˚C, 30 ˚C, 40 ˚C and 50 ˚C), where 

all other variables such as pH: 3, KOH-AC dose: 3 g/L, initial carbofuran concentration: 10 

mg/L remained constant.  

3.3.5.5. Adsorption Isotherms 

The adsorption isotherm gives an idea about the interaction between adsorbate 

molecules and adsorbent in an adsorption system. These isotherms show that how the adsorbate 

molecules are distributed between the aqueous solution and the adsorbent surface at 

equilibrium. The theoretical adsorption capacity of adsorbent material can be calculated by 

fitting the experimental isotherm data in theoretical adsorption isotherm models.  

Adsorption equilibrium isotherms for carbofuran adsorption by KOH-ACs were 

determined at various temperature’s (20 ˚C, 30 ˚C, 40 ˚C and 50 ˚C) by keeping other 

parameters constant such as pH 3, sample dosage of 3 g/L and initial carbofuran concentration 

of 10 mg/L. Batch adsorption experiments were performed with flasks of 100 ml carbofuran 

solutions kept in a temperature-controlled shaker. Experiments were continued with agitation 

speed (120 rpm) for 3h of contact time to attain equilibrium after that the results were recorded. 

Table 3.1 displayed the different types of isotherms studied. 

Langmuir Isotherm 

Langmuir model assumes that the surface of an adsorbent is uniform with identical 

adsorption energies and the process of adsorption creates uniform monolayer coverage on the 

surface of adsorbent, with no lateral interaction of adsorbates in the plane of surface. The linear 

mathematical equation for Langmuir isotherm is expressed as: 

𝐶𝑒

𝑞𝑒
=  

1

𝑄𝑚𝑚𝑏
+  

𝐶𝑒

𝑄𝑚𝑚
         (3.8) 

Where Ce (mg/L) - equilibrium carbofuran concentration at liquid phase, qe (mg/g) – amount 

of carbofuran adsorbed per unit mass of KOH-AC at equilibrium time, Qmm -maximum 

monolayer adsorption capacity and b (L/mg) - Langmuir constant related to the intensity of 
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adsorption. Langmuir constants ‘b’ and ‘Qmm’ were determined when Ce/qe was plotted versus 

Ce. Dimensionless equilibrium parameter (r), which predicts the efficiency of adsorption can 

be represented as 

𝑟 =  
1

1+𝑏𝐶𝑀
          (3.9) 

Where CM - maximum concentration of carbofuran used in this study (mg/L). The value 

of r > 1 represents unfavorable Langmuir isotherm, whereas r = 1 signifies linear, r = 0 indicates 

irreversible and 0 < r < 1 denotes favorable Langmuir isotherm. 

Freundlich Isotherm 

The Freundlich isotherm is the most important non-ideal adsorption isotherm that 

involves multisite adsorption of adsorbate on the heterogeneous adsorbent surface. It can be 

illustrated as: 

𝑙𝑛 𝑞𝑒 = 𝑙𝑛 𝐾𝐹 +
1

𝑛
𝑙𝑛 𝐶𝑒        (3.10) 

Where KF (L/mg) Freundlich constant denotes the adsorbent capacity and n denotes the 

adsorption process favorability. A graph between ln qe and ln Ce yields the slope (1/n) that 

represents the measure of adsorbent surface heterogeneity and intercept (KF). 

Temkin Isotherm 

Temkin isotherm demonstrates the effect of indirect adsorbate/adsorbate interactions on 

adsorption and assumes linear reduction in heat of adsorption with increment in extent of 

adsorption. The linear form of Temkin isotherm has been given below: 

𝑞𝑒 = (𝑅𝑇/𝑏) 𝑙𝑛 𝐴 + (𝑅𝑇/𝑏) 𝑙𝑛 𝐶𝑒       (3.11) 

Where RT/b = B, which represents the heat of adsorption (J/mol). T (K) denotes absolute 

temperature of adsorption process, R implies ideal gas constant (8.314 J/K mol), A (L/mg) 

represents equilibrium binding constant. Plot qe versus ln Ce at different temperatures provides 

constants A and B.  
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Dubinin – Radushkevich Isotherm 

Dubinin – Radushkevich (DR) model has been used widely to estimate the porosity 

characteristics and apparent free energy of adsorbent. It is considered to be much simpler than 

the Langmuir model as it is not based on uniform surface nor constant sorption potential 

assumptions. Linear representation of D-R model is given as: 

𝑙𝑛 𝑞𝑒 = 𝑙𝑛 𝑞𝑚𝑎𝑥 −  𝛽𝜀2        (3.12) 

In this model, β (mol2/kJ2) is a constant related to adsorption mean free energy, qmax (mol/g) 

maximum saturation capacity of adsorbent, ε Polanyi potential that is given as: 

𝜀 = 𝑅𝑇 𝑙𝑛 [1 +
1

𝐶𝑒
]         (3.13) 

The parameters β and qmax were calculated from the slope and intercept of the D-R isotherm 

plot between ln qe versus ε2. Adsorption mean free energy (E) (J/mol) was estimated by 

equation given below.  

𝐸 = 1/√2𝛽`  

Table 3.1 Different isotherm models used in the present study 

Isotherms Equation 

Langmuir 𝐶𝑒

𝑞𝑒
=  

1

𝑄𝑚𝑚𝑏
+ 

𝐶𝑒

𝑄𝑚𝑚
  

Freundlich 𝑙𝑛 𝑞𝑒 = 𝑙𝑛 𝐾𝐹 +
1

𝑛
𝑙𝑛 𝐶𝑒  

Temkin 𝑞𝑒 = (𝑅𝑇/𝑏) 𝑙𝑛 𝐴 + (𝑅𝑇/𝑏) 𝑙𝑛 𝐶𝑒  

Dubinin – Radushkevich (DR) 𝑙𝑛 𝑞𝑒 = 𝑙𝑛 𝑞𝑚𝑎𝑥 −  𝛽𝜀2  

3.3.5.6. Batch Kinetic Studies 

The adsorption kinetics is also a necessary index to evaluate the adsorption efficiency. 

It generally depends on the physical and/or chemical features of the adsorbent material which 

influences the adsorption mechanism. Therefore, it is very vital to fit the experimental kinetics 

data in theoretical kinetic models in order to estimate the rate of adsorption and potential rate-

controlling step. In the present study, to express mechanism that controls carbofuran adsorption 



  

53 
 

on KOH-AC, different kinetic models have been applied, such as pseudo-first order, pseudo-

second order and intraparticle diffusion model. The procedures of kinetic experiments were 

basically identical to those of equilibrium tests. The adsorption kinetic studies were carried for 

different carbofuran initial concentrations (2, 4, 6, 8, 10 mg/L) by keeping other parameters 

constant such as adsorbent dosage 3 g/l, pH 3 and temperature 30 ˚C. The aqueous samples 

were taken at preset time intervals and the concentrations of carbofuran were measured. The 

amount of adsorption at time t, qt (mg/g), was calculated by: 

𝑞𝑡 =  
(𝐶𝑖𝑛𝑡−𝐶𝑡)𝑉𝑜𝑙

𝑀
           (3.14) 

Where Ct (mg/l) is the liquid-phase concentrations of carbofuran at time, t.   

Pseudo-First-Order Kinetic Model 

The linear form of pseudo-first order equation has been expressed below: 

𝑙𝑜𝑔(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔 𝑞𝑒 −  
𝑘1

2.303
𝑡       (3.15) 

Where qe (mg/g) amount of carbofuran adsorbed at the equilibrium and qt (mg/g) amount of 

carbofuran adsorbed at time t (min), k1 (min-1) pseudo first-order rate constant. Values of k1 

and qe for various initial carbofuran concentrations were obtained from the slope and intercept 

of a linear plot between log (qe – qt) and t. 

Pseudo-Second-Order Kinetic Model 

The linear form of pseudo-second-order kinetic equation is represented as: 

𝑡

𝑞𝑡
=  

1

𝑘2𝑞𝑒
2 +  

1

𝑞𝑒
𝑡         (3.16) 

Where, k2 (g/mg min) - pseudo-second-order rate constant. k2 and qe values have been estimated 

from the slope and intercept of linear plot t/qt versus t. 

Intra-Particle Diffusion 
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To further understand the steps in the diffusion mechanism of adsorption process, 

kinetic results have been tested using the intraparticle diffusion model, which can be 

expressed using equation below: 

qt = kit
0.5 + c          (3.17) 

Where, ki (mg/g min0.5) denotes intraparticle diffusion rate constant, and c is constant that 

represents boundary layer thickness. Both ki & c were determined from the slope and intercept 

of plot qt against t0.5, respectively.  

Table 3.2 Different kinetic models used in present study 

Kinetic Model Equation 

Pseudo-first order model 
𝑙𝑜𝑔(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔 𝑞𝑒 −  

𝑘1

2.303
𝑡 

Pseudo-second order model 𝑡

𝑞𝑡
=  

1

𝑘2𝑞𝑒
2 +  

1

𝑞𝑒
𝑡 

Intraparticle diffusion model qt = kit
0.5 + c 

3.3.5.7. Thermodynamic Study 

In order to evaluate the effect of temperature and understanding the nature and 

feasibility of the carbofuran adsorption process on KOH-AC, the experiments were performed 

with an initial carbofuran concentration of 10 mg/L at 20, 30, 40 and 50 ˚C. Thermodynamic 

parameters such as ΔH° (change in enthalpy), ΔS° (change in entropy) and 𝛥𝐺°(change in 

Gibbs free energy) were investigated. These parameters were calculated by the following 

equations 

𝛥𝐺° = -RT lnKD          (3.18) 

KD = CA/Ce           (3.19) 

lnKD = 
𝛥𝑆°

𝑅
−  

𝛥𝐻°

𝑅𝑇
          (3.20) 
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3.3.6. Modeling of Carbofuran Adsorption 

3.3.6.1. Central Composite Design (CCD) 

Modeling of the carbofuran adsorption on KOH-ACs was accomplished using Central 

Composite Design (CCD) by Design of Experiments (DoE). CCD is a statistical method based 

on the multivariate nonlinear model that has been widely used for the optimization of process 

variables of adsorption and also used to determine the regression model equations and operating 

conditions from the appropriate experiments [172,256]. There are three main steps involved in 

this process: experimental design, modeling, and optimization. A central composite design 

(CCD) with 5-levels and 4-factors was selected for this study because it can evaluate quadratic 

interactions between pairs of factors while minimizing the number of required experiments. 

The influence and interactions of four factors were examined in this study: pH, adsorbent 

dosage, initial carbofuran concentration and temperature while their ranges and values were 

described according to the previous studies. 30 experiments with different factor values were 

performed. The response (Removal (%)) was measured for each experiment and the synthetic 

scores were evaluated based on an established mathematical model. The empirical relationships 

between the four input factors were evaluated from these results. The coded design patterns 

represent the scaled factor values (lowest (-α), low (-1), central (0), high (+1) and highest (+α)) 

used in each run for pH, adsorbent dosage, initial carbofuran concentration and temperature.  

The statistical software package Design Expert 11 (STAT-EASE Inc., Minneapolis, USA) 

was used for regression analysis of the experimental data to fit the equations developed and 

also for evaluation of the statistical significance of the equations. ANOVA was used to estimate 

the statistical parameters. The quality-of-fit of the polynomial model was expressed by the 

coefficient of determination (R2) and statistical significance was checked by an F-test. The 

residual error, pure error and lack-of-fit were calculated from the repeated measurements. To 

visualize the relationship between responses and experimental levels for each of the factors, 

the fitted polynomial equation was expressed as surface plots. 

Desirability function (DF) is a common and established technique to discover the global 

optimal conditions. The DF distinguishes and creates a function for each response (di). Finally, 

the DF determines a global function (D) that should be maximum after the selection of the 
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optimum value of effective variables while considering their possible interactions. The main 

advantages of desirability functions are ability to obtain qualitative and quantitative responses 

by a simple and quick transformation of different responses for one measurement. Firstly, the 

response (y) is converted into a particular desirability function (dfi) in the range of 0–1. The 

approach of its value to 1 gives more desirable response. The values equal to zero show non-

desirable situation or minimum applicability [275,276].  

3.3.6.2. Artificial Neural Networks 

Artificial neural network (ANN) is a dynamic computational model that has been 

widely utilized to establish the link between input and output data sets of complex nonlinear 

systems. Multilayer perceptrons (MLP) is the renowned ANN architecture used to elucidate 

nonlinear problems. It consists of three layers including an input, an output layer and one or 

more hidden layers as shown in Figure 3.7. The weights (w) and biases (b) that are known as 

parameters of the ANNs are also used as strength connections between inputs, hidden and 

output layers. The efficiency of model is determined by the variables such as number of its 

layers, the number of nodes in each layer and the nature of transfer function. In this study, 

MATLAB 2018a mathematical software was employed to estimate the percentage removal of 

carbofuran by KOH-AC. A three-layered feed forward ANN with a tangent sigmoid transfer 

function (tansig) at hidden layer, a linear transfer function (purelin) at output layer was 

constructed in this work. Levenberg–Marquardt back-propagation algorithm was used in this 

work to train the network. Experimental data obtained from central composite design was used 

as input to train the network. All experimental data (30) were arbitrarily distributed into two 

groups (75% & 25% for training and testing, respectively). Four neurons in the input layer 

including pH, adsorbent dose, initial concentration of carbofuran and temperature, 1 to 30 

neurons in the hidden layer, 1 output node which is percentage removal of carbofuran, and 1000 

iterations were used as the training parameters. All inputs and output are normalized between 

a uniform range of (0.1 – 0.9) by the following equation: 

y = 0.8 × (𝑥𝑖 −  
𝑥𝑚𝑖𝑛 

𝑥𝑚𝑎𝑥
− 𝑥𝑚𝑖𝑛 + 0.1)        (3.21) 

Where y is the normalized value of xi, xmax and xmin are the maximum and minimum value of 

xi, respectively.  
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The criterion used for selecting an optimal ANN architecture was based on the coefficient of 

determination (R2) and mean square error (MSE) which can be estimated by the following 

equations: 

MSE = 
1

𝑁
 ∑ (|ypred,i – yexp,i|)

𝑁
𝑖=1

2           (3.22) 

R2 = 1 -  
∑ (ypred,i – yexp,i)𝑁

𝑖=1

∑ (ypred,i – ym)𝑁
𝑖=1

         (3.23) 

Where yprd,i the forecasted value of the ANN model, yexp,i was the experimental value, N was 

the number of data, and ym was the average of the experimental value.  

 

Figure 3.7 Structure of a back-propagation artificial neural network 

3.3.6.3. Optimal Conditions Based on Genetic Algorithm 

The genetic algorithm (GA) has been proved to be a successful method for solving 

linear and nonlinear problems, inspired by the process of natural selection and genetic 

evaluation. GA applies mutation, crossover and selecting operators to a population of encoded 

variables space. The algorithm explores different areas of the parameter space and directs the 

search to the region where a high probability of global optimum exists. In the proposed method, 

after developing the trained ANN, the genetic algorithm was used to optimize the input 

variables, with an objective to maximize the percentage of pesticide removal.   
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Instruments 

Table 3.3 Instruments used 

Parameter Instrument  Model 

Pyrolysis Tubular furnace  Bysakh & Co, Model: 40T4Y 

Ultimate Analysis CHNS analyzer  Elementar Vario EL CUBE 

Porosity characterization BET surface area analyzer Autosorb-1, Quantachrome 

Corp.,  

Crystallinity X-ray powder diffraction 

(XRD) 

Rigaku ultima IV 

Surface Chemistry Fourier Transform Infrared 

(FTIR) spectroscopy  

FTIR-2000, Perkin Elmer 

Surface topography Field Emission Scanning 

Electron microscope (FESEM)  

FEI, Nova NanoSEM 450 

Microporosity Transmission Electron 

Microscope (TEM) 

FEI, Tecnai S-TWIN 

Raman Spectra MultiRAM Stand Alone FT-

Raman Spectrometer 

BRUKER RFS 27 

Electrochemical experiments Potentiostat / Galvanostat  Autolab PGSTAT 30 

controlled with GPES 4.9 

software (Eco-Chemie B.V., 

The Netherlands) 

Absorbance measurement UV-visible spectrophotometer UV-1800 SHIMADZU   ENG 

240V, SOFT 

 

Softwares 

Table 3.4 Software’s used 

Purpose Software 

Response surface methodology Design Expert-11 (Stat-Ease, Inc) 

Artificial neural network MATLAB 2018a 
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Chapter 4 

4.Preparation and Characterization of 

Activated Carbon 
 Summary 

A cost-effective precursor, post-consumer PET bottles, were characterized to evaluate 

its applicability for the activated carbon (AC) preparation. Novel ACs were produced through 

chemical activation method with various impregnating agents including KOH, H2SO4 and 

ZnCl2. The influence of impregnation ratio, activation temperature and holding time on yield 

and pore structure development of the AC were explored. The morphology and surface 

properties of the PET-derived AC were characterized by N2 adsorption/desorption isotherm, 

X-ray diffraction (XRD), Fourier Transform Infrared Spectroscopy (FT-IR), Field Emission 

Scanning/Transmission Electron Microscopy (FE-SEM/TEM). 

 Selection of Raw Material 

Activated carbons (ACs) can be derived from any carbon containing materials, both 

naturally occurring and synthetic such as wood, coal and different agricultural by-products. 

Due to the high cost in the production of AC from conventional precursors, there is a great 

interest in finding cheap and readily available raw materials with high carbon content for the 

activated carbon preparation. Extensive works have already been carried out for AC preparation 

using conventional biomasses. On the contrary, Polymer (post-consumer PET bottles) waste 

attracted very little attention as a raw material for the preparation of AC. The proximate and 

ultimate analysis of precursor post-consumer PET is illustrated in Table 4.1. PET had high 

volatile matter which is a key requirement for justifying its suitability as activated carbon 

precursor because the volatile matter would be ejected by high temperature treatment during 

which a rudimentary pore structure will be formed. Though the fixed carbon content of PET 

was very low, utilization of chemical activating agents expected to increase the carbon contents 

of all the prepared AC samples during activation and carbonization process. Activating agents 

are dehydrating agents which influence the pyrolytic decomposition of precursor and inhibits 
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the formation of ash. As a result, volatile compounds containing mainly hydrogen, oxygen and 

nitrogen leave the carbonaceous product which becomes rich in carbon.  

Table 4.1 Proximate and ultimate analysis of Raw-PET 

Analysis PET 

Proximate analysis  

Moisture 2.11 

Volatile matter 71.24 

Ash 6.02 

Fixed carbon 20.63 

Ultimate analysis  

Carbon 58.88 

Hydrogen 3.56 

Nitrogen 3.31 

Sulfur 0.05 

Oxygena 34.2 

a  Estimated by difference 

 Preparation of PET-AC 

The precursor was repeatedly washed using distilled water so that adhered dirt from its 

surface could be removed, subsequently dried and cut into small pieces of 5-10 mm. About 10 

g of PET granules were soaked in 100 ml solutions of KOH and ZnCl2 in varying impregnation 

ratio in the range 1-6 (w/w) and 1-5 (w/w), respectively. Similarly, 10 g of PET granules were 

soaked in 100 ml of diluted H2SO4 solutions to varying concentrations in the range (30-70 %). 

Soaked mixture kept at 85 ˚C continuously for 24 h within hot air oven and then dried for 4 h 

at 120 ºC to prepare the impregnated sample. The impregnated samples were pyrolyzed through 

temperature programmable horizontal tubular furnace in N2 atmosphere (100 ml/min) at final 

carbonization temperature in the range of 900-1100 ˚C for KOH activation, 600-800 ˚C for 

H2SO4 activation and 900-1200 ̊ C for ZnCl2 activation at a heating rate 10 ̊ C/min. The samples 

were held at final temperature for various holding time in between 0 - 90 min for KOH and 

ZnCl2 activation and 0-60 min for H2SO4 activation before cooling down to room temperature. 

The obtained activated samples were rinsed using 0.1 M HCl and 0.1 M NaOH, subsequently 
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by water (80 ˚C) until pH of the supernatant solution reached neutral. Finally, washed samples 

were dried in a hot air oven at 120 ˚C for a day and stored in airtight containers. Table 4.2 

shows the ranges of different parameters involved in AC preparation.  

Table 4.2 Various preparation parameters involved in AC preparation 

Parameter KOH H2SO4 ZnCl2 

Impregnation Ratio 1-6 (w/w) 30-70% 1-5 (w/w) 

Carbonization Temperature (˚C) 900-1100 600-800 900-1200 

Holding time (min) 0-90 0-60 0-90 

 Optimization of Parameters 

4.4.1. Impregnation Ratio 

Impregnation ratio is defined as the ratio of chemical activating agent to the precursor. 

Impregnation ratio is a key parameter for the preparation of AC by chemical activation. Type 

of the chemical used and effect of impregnation ratio on various properties of prepared samples 

were explored in this section. 

4.4.1.1. Effect of Impregnation Ratio on the Yield of AC 

The effect of impregnation ratio on the yield of AC is shown in Figure 4.1. The yield 

of AC increased with an increase in impregnation ratio up to a certain value and then 

diminished. Generally, conversion of precursors to activated carbon involves the releasing of 

non-carbon elements such as N, O and H in the form of CO2, CH4, CO and H2O, tar distillation 

or aldehydes [277,278]. In case of H2SO4 impregnation, highest yield (21%) was achieved at 

40 % impregnation, whereas in case of KOH and ZnCl2 the maximum yields were attained at 

4 and 3 respectively (28% and 20%, respectively). The diminution in AC yield at higher 

impregnation is due to increased evolution of volatiles from precursors and enhancement of 

carbon burn-off by the excessive impregnating agent [112]. A similar trend was observed by 

other researchers including Foo and Hameed. They found that augmenting KOH IR from 0.25 

to 1.25 displayed an enhancement of coconut-derived AC yield from 75.22 to 86.95%. Beyond 

the value, a subsequent increase in IR illustrated a gradual decrease of carbon yield. Both Angin 

et al., and Prahas et al., observed the lowest AC yield that was prepared from biochar and 

jackfruit peel waste at highest IR of ZnCl2 and H3PO4, respectively [278–280]. 
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Figure 4.1 Effect of impregnation ratio on the yield of activated carbon 

4.4.1.2. N2 Adsorption – Desorption Isotherms 

Figure 4.2 illustrates N2 adsorption-desorption isotherms of KOH-ACs prepared with 

different impregnation ratios and carbonized at 1000 ˚C for 60 min. It is seen that the shape of 

the isotherms changes gradually with increasing impregnation ratio. The adsorption capacity 

of prepared AC increased with an increase in the amount of KOH and attained maximum (894 

cm3/g) at impregnation 5. The decrement in the adsorption capacity with a further increase in 

impregnation ratio is due to the destruction of pore structure caused by the excessive activation 

agent. At impregnation ratio 1, N2 isotherms for activated carbon exhibited type I 

characteristics according to the IUPAC classification, indicating samples are mainly 

microporous [281,282]. As the impregnation ratio increases, obtained isotherms belong to a 

mixed type (type I and IV) [110,278]. The initial part of the isotherm is of type I where a 

substantial increase of the adsorbate uptake is observed, this indicates the microporosity of the 

sample. At intermediate and high relative pressure the isotherms are less steep, suggesting that 

the pores are widened. Thus, the isotherms become types IV. Additionally, the desorption 

hysteresis (H4 type) loop becomes significant for a sample at high impregnation ratios, this 

indicates the presence of slit-shaped pores [53]. 
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Figure 4.2 N2 adsorption-desorption isotherms of KOH-AC at different impregnation ratios 

Figure 4.3 illustrates N2 adsorption-desorption isotherms of H2SO4-ACs prepared with 

different impregnation ratios and carbonized at 700 ˚C for 30 min. The N2 adsorption capacity 

of the prepared samples increased from 148 cm3/g to 1219 cm3/g with the increase of 

impregnation ratio from 30% to 60% and then decreased to 227 cm3/g with the further increase 

of impregnation ratio to 70%. The isotherms of AC samples prepared at low impregnation ratios 

upto 40% exhibited type I characteristics with a more pronounced increase in volume of N2 

adsorption at low relative pressure followed by horizontal plateau at high relative pressure, 

indicating samples are mainly microporous. As the impregnation ratio increased to 50% & 

60%, the obtained isotherms are of type II according to the IUPAC classification which 

indicates unrestricted monolayer-multilayer adsorption. The isotherm exhibited a slight 

increment in adsorbed volume at low relative pressure followed by long plateau upto 0.8 which 

represents the existence of micropores in the sample. As the relative pressure increases above 

0.8, the isotherm demonstrates an abrupt increase in adsorbed volume which confirms the 

presence of macroporous structure in the prepared materials [283,284].   
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Figure 4.3 N2 adsorption-desorption isotherms of H2SO4-AC at different impregnation ratios 

Figure 4.4 shows the N2 adsorption-desorption isotherms of the ACs samples prepared 

by different ZnCl2 impregnations and carbonized at 1100 ˚C for 60 min. An increase in 

impregnation ratio from 1 to 4, the volume of N2 adsorbed gradually increased from 214 cm3/g 

to 409 cm3/g, which suggests the evolution of new pores. The decrement in the volume of N2 

adsorbed (300 cm3/g) with a further increase in impregnation ratio to 5 is due to the destruction 

of pore walls caused by high impregnation of ZnCl2 to the precursor. It can be established from 

Figure 4.4 that the isotherms of all ACs exhibited type – I isotherms with an important uptake 

of N2 at low relative pressure and an almost horizontal plateau at high relative pressures. This 

adsorption behavior implies the dominance of microporosity in the materials. The presence of 

parallel adsorption-desorption branches over wide range at high relative pressure in isotherm 

confirms the highly narrow pore size distribution in all the samples [282].   
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Figure 4.4 N2 adsorption-desorption isotherms of ZnCl2-AC at different impregnation ratios 

4.4.1.3. Surface Area and Pore Volume 

 

Figure 4.5 Effect of impregnation ratio on a) BET surface area, micropore surface area and mesopore 

surface area. b) Total pore volume, micropore volume and mesopore volume of KOH-AC 

The effect of impregnation ratio on the surface area (BET, micropore and mesopore) 

and pore volume (total, micro and meso) of the activated carbon is shown in Figure 4.5. It is 

obvious from Figure 4.5 that using KOH as an impregnating agent is very crucial to produce 

activated carbon with high surface area and pore volume and that impregnation ratio has a 

significant influence on porosity development. The surface area and pore volume of the 

activated carbon increased abruptly from 607 m2/g to a maximum of 1808 m2/g and 0.37 cm3/g 

to 1.38 cm3/g respectively, as the impregnation ratio increased from 1 to 5 then decreased 
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slightly for impregnation ratio 6. The contribution of micropore surface area and pore volume 

to the BET surface area and total pore volume was significant until the impregnation ratio is 4. 

As the impregnation ratio increased to 5 there is a pronounced increase in mesopore surface 

area and pore volume with a subsequent decrease in micropore surface area and pore volume, 

which suggested that many as-existed micropores were enlarged to mesopores. The results 

show good agreement with the studies carried out by Muniandy et al. and Quian et al [36,285]  

These results indicate that at a low impregnation ratio addition of KOH with the precursor leads 

to the evolution of volatile carbonization products thereby creating micropores. As the 

impregnation ratio increased, the catalytic oxidation of carbon surface caused by the 

intercalation of potassium metallic leads to the widening of micropore to mesopores. The 

generally known chemistry of KOH activation under high temperatures is as follows [286].  

2𝐾𝑂𝐻 ⟶   𝐾2𝑂 + 𝐻2𝑂         (4.1) 

𝐶 + 𝐻2𝑂 ⟶ 𝐻2 + 𝐶𝑂         (4.2) 

𝐶𝑂 + 𝐻2𝑂 ⟶ 𝐻2 + 𝐶𝑂2         (4.3) 

𝐾2𝑂 + 𝐶𝑂2  ⟶ 𝐾2𝐶𝑂3         (4.4) 

𝐾2𝐶𝑂3 + 2𝐶 ⟶ 2𝐾 + 3𝐶𝑂         (4.5) 

𝐾2𝐶𝑂3  ⟶ 𝐾2𝑂 + 𝐶𝑂2         (4.6) 

𝐾2𝑂 + 𝐶 ⟶ 2𝐾 + 𝐶𝑂         (4.7) 

 

Figure 4.6 Effect of impregnation ratio on a) BET surface area, micropore surface area and external 

surface area. b) Total pore volume, micropore volume and external pore volume of H2SO4-AC 
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The effect of H2SO4 impregnation on the surface properties of the prepared ACs is 

shown in Figure 4.6. It is evident that the surface area and pore volume of ACs are enhanced 

from 397 m2/g to 664 m2/g and 0.23 cm3/g to 1.89 cm3/g, respectively as the acid concentration 

increased from 30 % to 60 %. At lower acid concentrations micropore volume and surface area 

contribute more to the total pore volume and BET surface area. When the acid concentration 

raised above 40 %, the contribution of macropores (external) to BET surface area and pore 

volume increased abruptly. During the activation, the incorporation of sulfuric acid into the 

interior char matrix may retard the formation of tars and promote the introduction of oxygen 

functionalities according to the reaction given below. H2SO4 activation may induce the 

formation of stable C-O complexes, which accounts for the internal porosities [279]. At lower 

concentrations, the addition of H2SO4 to the polymer precursor starts the formation of 

micropore structure in the AC and at higher concentrations, it leads to pore widening which 

converts micropores into macropores (External).  

2𝐻2𝑆𝑂4 + 𝐶 ⟶ 2𝑆𝑂2 + 𝐶𝑂2 + 2𝐻2𝑂       (4.8) 

 

Figure 4.7 Effect of impregnation ratio on a) BET surface area, micropore surface area and mesopore 

surface area. b) Total pore volume, micropore volume and mesopore volume of ZnCl2-AC 

The influence of ZnCl2 impregnation ratio on surface characteristics of AC is depicted 

in Figure 4.7. As can be seen from Figure 4.7, surface area and pore volume of prepared ACs 

are all augmented with increasing impregnation ratio and achieved its peak value 1104 m2/g 

(surface area) and 0.633 cm3/g (pore volume) at impregnation ratio 4. Increasing the 

impregnation of ZnCl2 increases the dehydration of carbon containing precursor which results 
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in charring and aromatization of carbon skeleton. Simultaneously it inhibits the tar formation 

and enhances the release of volatile compounds thereby creating a pore structure that leads to 

an increase in both surface area and pore volume [287]. But the trend was reversed when the 

impregnation ratio increased to 5. These results suggest that as the impregnation ratio increases 

above 4, the excessive activation agent promotes the substantial release of volatile compounds 

which resulted in destructing the pore structures that are created in the materials [282,288]. The 

contribution of micropore surface area and pore volume to the BET surface area and total pore 

volume is significant for all the impregnation ratio analyzed in this study. As the impregnation 

ratio increased to 5 there is a pronounced decrease in micropore surface area and pore volume 

similar to the BET surface area and total pore volume, which suggested that many as-existed 

micropores were destructed by the excessive activating agents. This mechanism of pore 

creation was also evidenced by other researchers [281]. 

4.4.1.4. Pore Size Distribution 

 

Figure 4.8 Effect of impregnation ratio on the pore size distribution of KOH-AC 

The internal structures of porous ACs are generally characterized by PSD. Figure 4.8 

shows the effect of impregnation ratio on pore size distributions (PSD) of the KOH-AC, which 

was calculated using DFT method. All samples yielded multimodel PSDs with the distinct 

maxima in the micropore and small mesopore region. The PSD curves for KOH-AC prepared 

with impregnation ratios 1 & 2 exhibits single peak below 2 nm, the pore development is mainly 

in the ultra micropore (3-5 A) for impregnation ratio 1 and supermicropores (10-15 A) for 



  

69 
 

impregnation ratio 2. For KOH-AC prepared with impregnation ratios 5 & 6 exhibits two 

distribution peaks, which signify the presence of two pore fractions in these materials: the first 

fraction is of micropores (mainly ultramicropores and small supermicropores), and the second 

fraction is of mesopores. It is clearly seen that the accumulation of mesopores occurs in a small 

size range (around 20-40 A). However, for micropores, there are two different maxima at 4 and 

18 A, indicating different microporous structures of the ACs. For activated carbon prepared 

with impregnation ratios 3 & 4 also exhibit two distribution peaks. The first is a fraction of 

micropores (mainly supermicropores) and the second is a fraction of mesopores. The quantum 

of pore development in mesopore is one-half as compared to the AC prepared with higher 

impregnation ratios.  

 

Figure 4.9 Effect of impregnation ratio on the pore size distribution of H2SO4-AC 

Figure 4.9 shows the BJH pore size distributions of H2SO4-AC with different 

impregnations ratios. It appears that H2SO4-AC includes micropores and macropores. At lower 

impregnations (less than 50%), the maxima of the distribution curves occur at less than 2 nm. 

When the impregnation ratios increased to 50 % and 60% prepared ACs exhibits pores in the 

micropore as well as macro pore regions. However, at the highest impregnation ratio (70%) the 
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ACs yielded micropore distribution because of the pore destruction by the excessive activating 

agents. 

Figure 4.10 shows the effect of ZnCl2 impregnations on pore size distributions (PSD) 

of the prepared AC. The maxima of the PSDs in all samples are below 20 A and multimodel 

with the distinct maxima indicating the prepared activated carbons are mainly microporous. 

The pore development is mainly in the ultra micropore (3-5 A) region for impregnation ratio 1, 

4 and 5 and supermicropores (10-15 A) region for impregnation ratio 2 and 3.  

 

Figure 4.10 Effect of impregnation ratio on the pore size distribution of ZnCl2-AC 

4.4.2. Carbonization Temperature 

Carbonization temperature is a critical parameter in the preparation of activated carbon 

that has a great effect on the final product and careful selection of carbonization parameters is 

important in order to prepare the required quality of activated carbons. The purpose of 

carbonization process is to enrich the carbon content and to create an initial porosity in the char.  
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4.4.2.1. Effect of Carbonization Temperature on the Yield of AC 

 

Figure 4.11 Effect of carbonization temperature on the yield of activated carbon 

The effects of final carbonization temperature on yield of ACs prepared from post-

consumer PET by different chemical activating agents (KOH, H2SO4 and ZnCl2) are 

represented in Figure 4.11. The percentage yield of activated carbon progressively reduced with 

increasing carbonization temperature in all three cases. This is primarily due to the elevation in 

the release of volatiles and moisture as the temperature increased [282,288]. From Figure 4.11 

it is witnessed that the yield of KOH-AC reduced from 30% to 21%, as the carbonization 

temperature augmented from 900 ̊ C to 1100 ̊ C, yield of ZnCl2-AC declined from 18% to 14%, 

as the carbonization temperature amplified from 900 ˚C to 1200 ˚C and yield of H2SO4-AC 

decreased from 22% to 16%, as the carbonization temperature escalated from 600 ˚C to 800 

˚C. The yield is comparable with other studies reported by Gurten et al., and Sahu et al., 

[289,290]. 

4.4.2.2. N2 Adsorption – Desorption Isotherms 

ACs were produced at various carbonization temperature ranging from 900 ˚C to 1100 

˚C for KOH impregnation, 600 ˚C to 800 ˚C for H2SO4 impregnation and 900 ˚C to 1200 ˚C 

for ZnCl2 impregnation with constant impregnation ratio (5) and holding time (60 min) in case 

of KOH impregnation, constant impregnation ratio (60%) and holding time (30 min) in case of 
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H2SO4 impregnation and constant impregnation ratio (4) and holding time (60 min) in case of 

ZnCl2 impregnation.   

The N2 adsorption-desorption isotherms for KOH-AC prepared at different 

carbonization temperatures ranging from 900 to 1100 ˚C is shown in Figure 4.12.  It is clear 

that the shape of the isotherms are different at different carbonization temperature. The AC 

prepared at low-temperature exhibited a steep type I isotherm with a rapid rise in the amount 

of adsorbate adsorbed at low relative pressure, followed by a horizontal plateau at higher 

relative pressures, which is a characteristic of microporous solids. As the carbonization 

temperature increased, N2 adsorption-desorption isotherms were obtained with wider knees at 

low relative pressure and hysteresis loop (capillary condensation) at high relative pressure. 

Thus, the isotherms become a combination of types I and IV based on the IUPAC classification. 

The presence of a hysteresis loop indicates the availability of mesoporosity (slit-shaped) with 

the prepared activated carbon. 

 

Figure 4.12 N2 adsorption-desorption isotherms of KOH-AC at different carbonization temperature 

Figure 4.13 illustrates N2 adsorption-desorption isotherms of H2SO4-ACs prepared with 

different activation temperatures. From the figure, it is perceived that at 700 ˚C the volume of 

N2 (1220 cm3/g) adsorbed was high as compared to the ACs prepared at other temperatures. 

The isotherms of the ACs prepared at temperature 600 ˚C and 800 ˚C exhibited type I 

characteristics according to the IUPAC classification, indicating samples are predominantly 
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microporous nature. But at temperature 700 ˚C, obtained isotherm belonged to type II. The 

initial part of the isotherm where a substantial increase of the adsorbate uptake is observed 

indicates the microporosity of the sample. The slope of the plateau at high relative pressure is 

due to multilayer adsorption on macroporous surface. These features indicated the development 

of micro-macro porous structure on H2SO4-AC. 

 

Figure 4.13 N2 adsorption-desorption isotherms of H2SO4-AC at different carbonization temperature 

Figure 4.14 displays N2 gas adsorption-desorption isotherms for ZnCl2-AC prepared at 

different carbonization temperatures. It can be observed that the adsorption capacity of AC 

increased from 250 cm3/g to 409 cm3/g as the temperature escalated from 900 ˚C to 1100 ˚C 

and then decreased to 260 cm3/g with further increase in temperature. The shape of all the 

isotherms are same and none exhibited a hysteresis loop. It clearly demonstrated that the 

amount of N2 adsorption is found to increase rapidly at low relative pressure followed by nearly 

horizontal plateau at high relative pressures in all the isotherm which represents the 

characteristics of type I microporous materials.  
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Figure 4.14 N2 adsorption-desorption isotherms of ZnCl2-AC at different carbonization temperature 

4.4.2.3. Surface Area and Pore Volume 

 

Figure 4.15 Effect of carbonization temperature on a) BET surface area, micropore surface area and 

mesopore surface area. b) Total pore volume, micropore volume and mesopore volume of KOH-AC 

The influence of carbonization temperature on surface area and pore volume of KOH-

AC is illustrated in Figure 4.15. Increasing the temperature from 900 ˚C to 1000 ˚C increases 

the BET surface area and pore volume from 1092 m2/g to 1808 m2/g and 0.73 cm3/g to 1.38 

cm3/g respectively. It is ascribed due to the acceleration of thermal degradation and release of 

volatile matters from the precursor, leading to the increment in the new pore formation. 

However, when the temperature is raised to 1100 ˚C slight reduction in BET surface area and 

pore volume is observed. This might be due to heat shrinkage and realignment of the carbon 
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structure at high temperature, which results in the collapsing of pore structure. Thus the 

activation temperature (1000 ˚C) is considered optimum to prepare KOH-AC with high surface 

area and pore volume.  The contribution of mesopores to the total surface area and pore volume 

is insignificant when compared to the micropores at temperature 900 ˚C. However, the 

mesopore surface area (276 m2/g to 995 m2/g) and pore volume (0.31 cm3/g to 0.95 cm3/g) 

increased continuously and more pronounced when the activation temperature is 1000 ˚C and 

above. Similar results were witnessed by Srenscek-Nazzal et al., Gao et al., [84,291]. 

 

Figure 4.16 Effect of carbonization temperature on a) BET surface area, micropore surface area and 

external surface area. b) Total pore volume, micropore volume and external pore volume of H2SO4-

AC 

The effect of carbonization temperature on surface area and pore volume of H2SO4-AC 

is illustrated in Figure 4.16. Increasing the temperature from 600 ˚C to 700 ˚C increased the 

BET surface area and pore volume from 565 m2/g to 664 m2/g and 0.36 cm3/g to 1.88 cm3/g 

respectively. However, when the temperature is raised to 800 ˚C abrupt reductions in surface 

area and pore volume is observed. Thus the activation temperature (700 ˚C) is considered 

optimum to prepare H2SO4-AC with high surface area and pore volume. Activation temperature 

increment significantly increases the macropore (external) contribution to the BET surface area 

and total pore volume. Macropore (external) surface area and pore volume increased from 221 

m2/g to 328 m2/g and 0.18 cm3/g to 1.71 cm3/g respectively as the activation temperature 

increased from 600 ˚C to 700 ˚C then the trend is reversed similar to the BET surface area and 

total pore volume. The analogous trend has also been stated by Olivares-Marín et al., Xu et al., 

Yakout and Sharaf El-Deen [54,77,292].   
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Figure 4.17 Effect of carbonization temperature on a) BET surface area, micropore surface area and 

mesopore surface area. b) Total pore volume, micropore volume and mesopore volume of ZnCl2-AC 

The final carbonization temperature plays a crucial role in the creation of new pores and 

opening of inaccessible pores. Figure 4.17 displays the effect of final carbonization temperature 

in the development of porous characteristics of ZnCl2-AC. The BET surface area and total pore 

volume gradually increased from 712 m2/g to 1104 m2/g and 0.4 cm3/g to 0.63 cm3/g, 

respectively as the carbonization temperature increased from 900 ˚C – 1100 ˚C. The increase 

in activation temperature from 1100 ̊ C to 1200 ̊ C resulted in a sudden decrease in BET surface 

area and total pore volume due to the heat shrinkage of the porous structure. The micropore 

surface area and pore volume of the ZnCl2-AC promptly increased from 650 m2/g to 1063 m2/g 

and 0.34 cm3/g to 0.55 cm3/g, respectively as the activation temperature escalated from 900 ˚C 

– 1100 ˚C. Further increase in activation temperature to 1200 ˚C resulted in decrement for both 

micropore surface area and pore volume which can be attributed to the widening of existing 

micropores to mesopores. Similar surface area and pore volume outcomes were observed by 

Saka, Demiral and Gundizoglu, Metin et al., [281,282,293]. 

4.4.2.4. Pore Size Distribution 

The PSDs of the three ACs by DFT method with different carbonization temperature 

are shown in Figure 4.18. All samples yielded roughly similar, trimodal PSDs with similar 

maxima in the micropore and mesopore regions except for the AC prepared with activation 

temperature 900 ˚C, which has single maxima. All three ACs display the highest peak at 4 A, 

the intensity of the maximum increased with increasing carbonization temperature up to 1000 

˚C above this temperature it decreased slightly. In the pore size range around 18 A, AC prepared 
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with carbonization temp 1000 ˚C & 1100 ˚C evidenced a stronger peak both of which are very 

close to each other. From these results, we conclude that activated carbons prepared with 

activation temperature 900 ̊ C are completely microporous, have a higher concentration of ultra 

micropores. But activated carbons prepared with activation temperature 1000 ˚C and above 

possess a higher concentration of ultra micropores, along with a good fraction of super 

micropores and small mesopores.  

 

Figure 4.18 Effect of carbonization temperature on pore size distribution of KOH- AC 

Figure 4.19 shows the pore size distributions of H2SO4-AC prepared with different 

activation temperatures by BJH method to N2 adsorption data. At lower carbonization 

temperatures (600 ˚C), the development of pore structure mainly consisted of micropores. 

When the activation temperature increased to 700 ˚C, the creation of micropores and 

enlargement of micropores to macropores also increased that resulted in an increment in the 

total pore volume and average pore width of the prepared AC. However, at the highest 

temperature (800 ˚C) the prepared ACs yielded micropore distribution because of the pore 

destruction by heat shrinkage.   
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Figure 4.19 Effect of carbonization temperature on pore size distribution of H2SO4-AC 

The PSDs of the ZnCl2-ACs prepared with different carbonization temperatures from 

900 ˚C-1200 ˚C are shown in Figure 4.20. For all the samples, single maxima are obtained in 

the micropore range. The strongest peak with narrow PSD for all four ACs is located at ultra 

micropore range (4 A) in the graph.  The intensity of the peak increased with increasing 

carbonization temperature up to 1100 ˚C above this it decreased slightly. From these results, 

we conclude that activated carbons prepared with different activation temperatures are 

completely microporous, have a higher concentration of ultra micropores.  

 

Figure 4.20 Effect of carbonization temperature on pore size distribution of ZnCl2-AC 
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4.4.3. Holding Time 

Along with the above two preparation parameters, holding time at final carbonization 

temperature also plays a significant role in the creation of a porous structure with prepared 

ACs. The optimum conditions obtained for impregnation ratio and carbonization temperature 

from the above experiments were kept constant and holding times were varied in the range of 

(0 – 90 min) for KOH-AC and ZnCl2-AC and (0-60 min) for H2SO4-AC.  

4.4.3.1. Effect of Holding Time on the Yield of AC 

Figure 4.21 represents the effect of holding time at final carbonization temperature on 

the yield of ACs. The results showed that the holding time has a negative effect on AC yield, 

increasing holding time progressively reduced the percentage yield for all three cases. For 

H2SO4-AC, the yield was reduced from 20% to 16 % with the rise of holding time (0 – 60 min). 

For KOH-AC and ZnCl2-AC, the yield declined from 33 % to 23 % and 20 % to 13 % 

respectively with the increase of holding time (0 – 90 min). It could be ascribed to the release 

of more volatiles and higher carbon burn-off when heated for longer duration at fixed 

carbonization temperature [294]. The obtained results were in the same trend as Hameed et al., 

and J.M Salman [178,295]. 

 

Figure 4.21 Effect of holding on the yield of activated carbon 

4.4.3.2. N2 Adsorption – Desorption Isotherms 

The N2 adsorption-desorption isotherms for the KOH-AC obtained at various holding 

times are shown in Figure 4.22. It was observed that with the increase in holding time, the 
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volume of N2 adsorbed gradually increased and reached 894 cm3/g at 60 min, and a slight drop 

(807 cm3/g) was observed when increased to 90 min. This phenomenon implied that the 

formation of new pores became less significant after 60 min, and might be destroyed with a 

further increase in holding time. The N2 adsorption-desorption isotherm of the AC obtained 

with holding time 0 min is primarily of type I, indicates that the AC is microporous. However, 

the presence of wider knees at low relative pressure and hysteresis loop at high relative pressure 

with the N2 adsorption-desorption isotherms of the ACs prepared with holding time 30-90 min 

indicates the existence of mesopores along with micropores.  

 

Figure 4.22 N2 adsorption-desorption isotherms of KOH-AC at different holding time. 

Figure 4.23 illustrates the isotherms of N2 adsorption-desorption for H2SO4-ACs 

corresponding to different holding time. Based on the results shown in figure 4.23 the volume 

of adsorbed N2 increased from 435 cm3/g to 1220 cm3/g with increasing holding time from 0 

min to 30 min and then decreased with further increase in holding time. The adsorption capacity 

of H2SO4-AC is very sharp at low relative pressure for all the holding time analyzed in this 

study, which indicates the presence of micropores. For H2SO4-AC prepared at holding time 0 

& 60 min, no further adsorption is observed at high relative pressure and the adsorption curves 

have reached an equilibrium. These isotherms are type I isotherms, which represent 

microporous materials. However, at holding time 30 min, the shape of the obtained isotherm 

changed significantly. It could be seen that the plateau appears at a higher pressure, followed 

by a steep slope at the end of the isotherm. This steep slope is due to limited uptake of nitrogen 
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at higher relative pressures, indicating the presence of macropores. According to its shape, the 

isotherm belongs to type II isotherm which indicates the combined presence of micro and 

macroporosities.  

 

Figure 4.23 N2 adsorption-desorption isotherms of H2SO4-AC at different holding time. 

The N2 adsorption-desorption isotherms of ZnCl2-AC prepared at different holding 

times are shown in Figure 4.24. For ZnCl2-AC prepared at different holding time from 0 min 

to 90 min, all the isotherms exhibited very similar trends. The nitrogen uptake is very sharp at 

the low pressure range and no further adsorption is observed at high pressure range. These 

isotherms are of type – I isotherms which are typically associated with microporous structures. 

Based on the results shown in figure 4.24, the volume of adsorbed N2 increased with increasing 

holding time and the AC prepared at holding time 60 min has the highest adsorption capacity 

of 409 cm3/g. However, at the highest activation time inspected here i.e. 90 min, the AC had a 

lower adsorption capacity probably because of the sintering effect which sealed off some of the 

pores and reduced the accessibility of the N2 molecules during the adsorption process. 
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Figure 4.24 N2 adsorption-desorption isotherms of ZnCl2-AC at different holding time 

4.4.3.3. Surface area and Pore Volume 

Figure 4.25 Effect of holding time on a) BET surface area, micropore surface area and mesopore 

surface area. b) Total pore volume, micropore volume and mesopore volume of KOH-AC 

The surface area and pore volume of the KOH-AC at different holding time (0 to 90 

min) are shown in Figure 4.25. With the increase of holding time from 0 min to 60 min, BET 

surface area and pore volume increased from 1038 m2/g to 1808 m2/g and 0.69 cm3/g to 1.38 

cm3/g, respectively then decreased slowly with further increase in holding time. This indicates 

that pore creation with the activated carbon required extended heat treatment. It can be seen 

from Figure 4.25 that the effect of holding time on mesopore surface area and volume follows 

the same trend as the BET surface area and pore volume. However, it has little influence on the 

micropore surface area and volume. Moreover, as the holding time increased to 90 min, it is 
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found that both the mesopore surface area and pore volume of the resulting carbons decreased. 

Since the carbon structure has already been well developed at 60 min of holding time, a further 

increase in it simply causes the breakage of pore structure. The results were consistent with 

previous studies carried out by Mohanty et al., and Gottipati and Mishra [296,297]. 

 

Figure 4.26 Effect of holding time on a) BET surface area, micropore surface area and mesopore 

surface area. b) Total pore volume, micropore volume and external pore volume of H2SO4-AC 

The effect of holding time on surface area and pore volume of H2SO4-AC is illustrated in 

Figure 4.26. Increasing the holding time from 0 to 30 min increases the surface area and pore 

volume from 599 m2/g to 664 m2/g and 0.67 cm3/g to 1.89 cm3/g, respectively. However, when 

the holding time was raised to 60 min abrupt reduction in surface area and pore volume 

observed. Thus the holding time (30 min) is considered optimum for H2SO4-AC preparation. 

Holding time increment from 0 to 30 min significantly increases the macropore (external) 

contribution to BET surface area and total pore volume from 244 m2/g to 328 m2/g and 0.49 

cm3/g to 1.71 cm3/g, respectively. This indicates that augmentation in holding time enlarged 

some of the micropores to macropores. Further increment in holding time leads to reduction in 

macropore (external) surface area and pore volume similar to the BET surface area and total 

pore volume. This describes that longer duration of holding time caused some of the developed 

macropores to collapse, thus reducing macropore (external) surface area and pore volume. The 

analogous trend has also been stated by Olivares-Marín et al., and Xu et al.,  [54,292].   
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Figure 4.27 Effect of holding time on a) BET surface area, micropore surface area and mesopore 

surface area. b) Total pore volume, micropore volume and mesopore volume of ZnCl2-AC 

Figure 4.27 shows the surface area and pore volume characteristics of ZnCl2-AC 

prepared at different holding times ranging from 0 to 90 min. Initially with an increase in 

holding time from 0 min to 60 min the continual devolatilization and carbon burnoff reaction, 

results in the formation of new pores which lead to the increase in both BET surface area (652 

m2/g to 1104 m2/g) and pore volume (0.42 cm3/g to 0.63 cm3/g). The micropores contribute 

maximum in the created pore structures which are clearly understandable from the figure as it 

is increased from 521 m2/g to 1063 m2/g (micropore surface area) and from 0.27 cm3/g to 0.55 

cm3/g (micropore volume), respectively. Further increase in holding time resulted in weakening 

of pore walls due to more evaporation of volatiles which caused the destruction of pores and 

subsequently to the conversion of micropores to mesopores which lead to the decrement in 

BET surface area and total pore volume. 
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4.4.3.4. Pore Size Distribution 

 

Figure 4.28 Effect of holding time on pore size distribution of KOH-AC 

The PSDs of KOH-ACs with different holding times are shown in Figure 4.28. All 

samples yielded roughly similar, trimodal PSDs with similar maxima in the micropore and 

mesopore regions except for the AC with holding time 0 min, which has single maxima. All 

activated carbon displays the highest peak at 4 A, the intensity of the maxima increases with 

increasing holding time up to 30 min thereafter it started decreasing. In the pore size range 

around 18 A, AC prepared with holding time 30 min and above has a stronger peak and all are 

very close to each other. From these results, we conclude that ACs prepared with holding time 

0 min is completely microporous, has a higher concentration of ultra micropores. But ACs 

prepared with holding time 30 min and above possess a higher concentration of ultra 

micropores, along with a good fraction of super micropores and small mesopores. 
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Figure 4.29 Effect of holding time on pore size distribution of H2SO4 activated carbon 

Figure 4.29 shows the pore size distributions of H2SO4-AC prepared with different 

holding time (0-60 min) by BJH method to N2 adsorption data. For H2SO4-AC prepared at 

holding time (0 min), the pore distribution is predominantly restricted to micropore region. 

With the increase of activation time to 30 min, the creation of macropores increased by pore 

enlargement mechanism besides the established micropores which increased the total pore 

volume. Finally, for prolonged activation times (60 min), even the macroporous structure 

undergoes a collapse by heat shrinkage and becomes micropores which can be clearly 

confirmed from Figure 4.29c).    
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Figure 4.30 Effect of holding time on pore size distribution of ZnCl2-activated carbon 

The PSDs of ZnCl2-AC with different holding time from 0 min to 90 min are shown in 

Figure 4.30. All samples yielded almost similar PSDs with single maxima in the micropore 

regions. All activated carbons display the highest peak at 4 A. The increase of holding time 

from 0 min to 60 min does not influence the pore diameter but increases the number of pores 

which leads to an increase in the intensity of maxima. With further increase in holding time, 

the maxima started decreasing due to the collapsing of pore structures. From these results, we 

conclude that ACs prepared with different holding times are completely microporous and have 

a higher concentration of ultra micropores.  

 Optimum Conditions and Comparative Studies 

Table 4.3 presents the optimum preparation conditions identified along with the 

respective pore characteristics of ACs prepared using three different activating agents including 

KOH, H2SO4 and ZnCl2. It is clear that the chemical activation with KOH could provide the 

AC with better surface area and pore characteristics when compared to other activation 

methods. This is because KOH activation is a direct activation process that affected the 

formation of mesopore and micropore. 
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Table 4.3 Optimum preparation conditions for ACs and their porous characteristics 

AC type Impreg

nation 

Carbonization 

temperature 

(˚C) 

Holding 

time 

(min) 

SBET 

(m2/g) 

VT 

(cm3/g) 

Smi 

(m2/g) 

Vmi 

(cm3/g) 

Smeso/ext 

(m2/g) 

Vmeso/ext 

(cm3/g) 

Yield 

(%) 

KOH-AC 5 1000 60 1808 1.38 883 0.43 925 0.95 28 

H2SO4-AC 60% 700 30 664 1.88 336 0.19 328 1.69 21 

ZnCl2-AC 4 1100 60 1104 0.63 1065 0.55 39 0.08 19 

Table 4.4 shows the comparison of pore characteristics of the prepared AC with the 

previous literature. As can be seen, the surface areas and pore volumes of the carbon obtained 

in this study are comparable and sometimes more promising than that of many other ACs. The 

comparison between properties of AC from various types of precursors in the table suggests 

that PET was a good choice for the preparation of AC as it is widely available in India and very 

cheap, which reduces the production cost of AC. These findings emphasized the potential in 

the future development of such a process.  
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Table 4.4 Comparison of the porosity characteristics of the PET activated carbons of present work 

with other literature reports 

Chemical 

agent 

Precursor Surface area 

(m2/g) 

Pore volume 

(cm3/g) 

Source 

 Waste tyre 814 1.163 [81] 

 Grape seeds 1222 0.5204 [40] 

 Cow dung 1984 0.91 [83] 

KOH Coffee endocarp 893 0.428 [62] 

 Pineapple peels 1006 0.59 [85] 

 Cotton stalk 729 0.38 [86] 

 Post-consumer PET 

bottles 

1808 1.38 Present study 

 Chestnut shell 932 0.501 [87] 

 pineapple waste 915 0.56 [89] 

 buriti shell 843 0.49 [298] 

ZnCl2 pine cone 939 1.03 [92] 

 oil palm shell 1118 0.51 [33] 

 Post-consumer PET 

bottles 

1104 0.6334 Present study 

 cherry stones 145 0.29 [54] 

 Sawdust 210 0.098 [299] 

H2SO4 sunflower oil cake 240 0.116 [108] 

 tamarind wood 612 0.508 [107] 

 Oil-palm stone 1562 0.75 [300] 

 Post-consumer PET 

bottles 

664 1.88 Present study 

 

 

 

 

 

 



  

90 
 

 Crystallinity Structure 

 

Figure 4.31 XRD patterns of KOH-AC, ZnCl2-AC and H2SO4-AC. 

The crystalline properties of prepared ACs were characterized by X-ray diffraction 

(XRD) patterns. Figure 4.31 illustrates the XRD patterns of the KOH-AC, ZnCl2-AC and 

H2SO4-AC prepared at optimized conditions. There are two features appearing on the pattern 

of all three AC. The first one is located at around 24˚ and corresponds to the (0 0 2) reflections. 

The second feature is of weaker intensity and is located at around 43˚ indicates the overlapping 

diffraction peaks (1 0 0) and (1 0 1). These peaks are not very intense and/or well defined, 

indicating that the content of ordered crystalline phase is negligible. Broad peaks found at 

around 24˚ for all the samples confirm that the samples are non-graphitized and can have a high 

porous structure which was confirmed by the gas adsorption isotherms. The existence of pores 

(predominantly micropores), which constantly scatter the X-ray radiation leads to the 

increasing background in the 2θ range between 5˚ and 30˚ in all three prepared ACs. 

 Raman Spectroscopy 

The carbon structure of KOH-AC, H2SO4-AC and ZnCl2-AC prepared at optimized 

conditions were further investigated by Raman spectroscopy. The spectra of all three samples 

(Figure 4.32) show very similar patterns with two broad peaks. These two peaks are observed 

around 1340 cm-1 and 1582 cm-1 which correspond to the D and G bands, respectively. The D 

band (1340 cm-1) is attributed to the turbostratic/disordered carbonaceous structure of the 
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activated carbon. Hence, it is known that the D-band represents the defect sites on the 

carbonaceous structure of the AC samples. While the G band (1582 cm-1) is related to the 

ordered graphitic crystallites of the carbons and arises due to the presence of C=C stretching 

vibrations (sp2 hybridization) in the AC samples. The intensity ratio of the D-band (ID) to the 

G-band (IG) is used as a measure of the quality of the graphitic structures since for highly 

ordered pyrolytic graphite; this ratio approaches zero. The high ID/IG (Table 4.5) values 

obtained for all three AC samples indicate a high percentage of disordered carbon structure or 

structural defects in the AC samples which could be related to the activation process by 

chemical activation agents. Thus the results from Raman spectra are well coinciding with the 

inference from XRD studies. 

Table 4.5 The ID/IG values obtained from Raman spectroscopy 

AC-Sample ID/IG 

KOH-AC 1.07 

ZnCl2-AC 1.09 

H2SO4-AC 0.76 

 

 

Figure 4.32 Raman Spectroscopy of KOH-AC, ZnCl2-AC and H2SO4-AC 
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 Surface Chemistry 

 

Figure 4.33 FTIR analysis of KOH-AC, ZnCl2-AC and H2SO4-AC 

FTIR was carried out on samples of KOH-AC, ZnCl2-AC and H2SO4-AC prepared at 

optimized conditions (Figure 4.33). For KOH-AC, the weak band observed at 3595 cm-1 is 

attributed to stretching of O‒H vibration because of alcohol and carboxylic acid. The strong 

band of stretching vibration observed at 1556 cm-1 corresponds to the C=C aromatic ring [38]. 

Other peak at 1146 cm-1 indicate C‒O stretching vibrations of ethers [301].   

For ZnCl2-AC, the weak bands at 3784 cm-1 is assigned to aliphatic groups stretching 

vibration [302]. The strong band observed at 3414 cm-1 is attributed to O‒H stretching vibration 

because of alcohols and carboxylic acid. A small peak at 2314 cm-1 which can be assigned to 

nitrile groups [303]. The strong band of C=C stretching vibration observed at 1565 cm-1 

corresponds to aromatic groups. The observed strong band at 1144 cm-1 corresponds to C‒O 

stretching of esters and ethers.   

For H2SO4-AC, the strong band observed at 3436 cm-1 is attributed to O‒H stretching 

vibration because of alcohols and carboxylic acid. The weak band of C‒H stretching vibration 

observed at 3049 cm-1 corresponds to alkenes. The strong band of C=C stretching vibration 

observed at 1600 cm-1 corresponds to aromatic groups. The observed strong band at1285 cm-1 

and a weak band at 1000 cm-1 corresponds to C‒O stretching of esters and ethers [87]. The 
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weak band observed at 880 cm-1 and at 761 cm-1 corresponds to C‒H bending vibrations of 

aromatic groups [186].  

 FESEM and TEM analysis 

The surface morphology and fundamental physical properties of the prepared activated 

carbons were examined by field emission scanning electron microscope (FESEM). Figure 4.34 

shows the FESEM micrographs of the chemically activated carbons (optimum) by KOH, ZnCl2 

and H2SO4. In all three cases, highly irregular and rough surface stature originated due to highly 

porous morphology. After activation and carbonization, the sponge-like pore structures were 

developed on the surface of KOH-AC and ZnCl2-AC and honeycomb-like pore structures were 

formed on the surface of H2SO4-AC. Pores of different sizes and shapes observed were resulted 

from the evaporation of the chemical reagent during carbonization, leaving the space being 

previously occupied by the reagents that ultimately lead to an increase in surface area and pore 

volume. The pores with a clear opening can be observed that provide accessibility to internal 

pores.  
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Figure 4.34 FESEM images of (a) KOH-AC (b) ZnCl2-AC (c) H2SO4-AC 

With much higher magnification, the microstructure of the prepared AC has been 

characterized by HR-TEM. Figure 4.35 illustrates the TEM image of AC prepared with 

different activation agents such as KOH, ZnCl2 and H2SO4 in optimal conditions.  The images 

revealed that all the produced AC are turbostratic in nature and demonstrated a well-developed 

and disordered wormlike porous structure. It consists of inter-connected nanochannels (white 

fringes), which were formed by the disordered packing of turbostratic carbon sheets and 

clusters (black fringes).  
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Figure 4.35 TEM images of (a) KOH-AC (b) ZnCl2-AC (c) H2SO4-AC 
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Chapter 5 

5.Electrochemical Detection of Carbofuran 

 Summary 

The detection and estimation of the concentration of pesticides in the environment are 

essential, prior to the removal of pesticides. The electrochemical method offers a fast, reliable 

and economically viable path for the detection of pesticides in the environment. 

Electroanalytical techniques are advantageous in terms of compact nature, deployment in the 

field conditions, selective and sensitive responses.  

 Electrochemical Characterization of KOH-AC/GCE using 

Potassium ferricyanide 

Cyclic voltammogram (CV) of the ferricyanide system is a convenient and valuable 

tool to describe the electrochemical properties of the modified electrodes. CVs of bare GCE 

and KOH-AC modified GCE (KOH-AC/GCE) are shown in Figure 5.1. These voltammograms 

were taken with 2 mM K3[Fe(CN)6]/0.1 M KCl system at a scan rate of 80 mv/s. A pair of well-

defined oxidation and reduction peaks were observed with peak-to-peak separation (ΔEP) of 71 

mv for bare GCE and 76 mv for KOH-AC/GCE. Modified GCE gave more pronounced peaks 

as compared to an unmodified one. The current increment from 19 μA of the bare GCE to 52 

μA of the KOH-AC/GCE shows that KOH-AC enhances the sensitivity of the glassy carbon 

electrode (GCE). 

The electrochemical active surface area (EASA) of bare GCE and KOH-AC/GCE were 

calculated based on the Randles-Sevcik equation  

IP = 2.69×105 AD1/2n3/2v1/2 C        (5.1) 

where IP refers to the anodic peak current, A is EASA of the electrode, n is the number 

of electrons participating in the redox reaction, D is the diffusion coefficient of the molecule 

(equal to 6.70 ± 0.02 × 10-6 cm2/s), C is the concentration of the probe molecule in the solution 

(mol cm-3), and γ is the scan rate (V/s).  The EASA of the bare GC electrode and KOH-AC 
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modified electrode employed in the present work were calculated to be 0.071 cm-2 and 0.132 

cm-2, respectively.  

 

Figure 5.1 Cyclic voltammograms recorded on bare GCE and KOH-AC/GCE in the presence of 2 mM 

K3[Fe(CN)6]/0.1 M KCl system at a scan rate of 80 mV/s                                                      

 Electrochemical Behavior of Carbofuran at KOH-AC/GCE 

 

Figure 5.2 CVs recorded on bare GCE and KOH-AC/GCE in the presence of 50 µM carbofuran-

phenol in 0.1 M PBS (pH 7) at 50 mV/s scan rate 

Cyclic voltammogram (CV) profiles of the bare GCE and KOH-AC/GCE in 0.1 M 

phosphate buffer solution (PBS) electrolyte (pH 7) with the presence of carbofuran-phenol (50 

µM) at a scan rate of 50 mV/s are shown in Figure 5.2. Background voltammograms (without 

carbofuran-phenol) of both the electrodes are shown in Figure 5.3. In the absence of carbofuran-
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phenol, KOH-AC/GCE showed high background current due to the presence of non-faradaic 

process, when compared to bare GCE.  On the other hand, KOH-AC/GCE exhibited sharp and 

well defined anodic peak at low oxidation potential in the presence of carbofuran-phenol than 

that of bare GCE indicating excellent electrocatalytic activity. Interestingly, the 

voltammograms recorded on the modified electrode exhibited 15 fold higher S/B ratio than that 

of GC electrode. The enhanced electrochemical activity is ascribed to the fast diffusion, good 

conductivity and excellent electron transfer rate of KOH-AC/GCE, as a result of enriched 

porosity and high surface area of KOH-AC [304].   

 

Figure 5.3 CVs of bare GCE and KOH-AC/GCE without carbofuran-phenol in 0.1 M PBS (pH 7) at 

50 mV/s scan rate 

 Effect of Scan Rate 

Figure 5.4 displays the CVs of KOH-AC/GCE with different scan rates for the 

electrocatalytic oxidation of carbofuran-phenol (50 µM) in 0.1 M PBS (pH 7). The 

voltammogram clearly exhibits the consistent increase in the oxidation peak current with 

increasing scan rate from 20 to 200 mV/s, with a slight shift in oxidation peak potential towards 

a positive direction. Furthermore, the linear variation of oxidation peak currents with scan rate 

(20 to 200 mV/s) may be inferred by the linear regression equation: y = 0.3513x-1.9736 with 

the correlation coefficient (R2) of 0.99938 (Figure 5.5). Eventually, the results indicate that the 

kinetics of the oxidation peak current was controlled by the surface-controlled process 

[305,306]. 
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Figure 5.4 CVs of KOH-AC/GCE in 0.1 M PBS (pH 7) containing 50 µM carbofuran-phenol at 

various scan rates (20-200 mV/s) 

 

Figure 5.5 Plot of oxidation peak current (µA) vs. scan rate (mV/s). 

 Effect of pH 

The influence of pH on the anodic oxidation of carbofuran-phenol was investigated by 

varying the electrolyte pH from 4 to 10 in 0.1 M PBS at 50 mV/s scan rate in the presence of 

50 µM carbofuran-phenol. As shown in Figure 5.6, the anodic peak potential shifts negatively 

with the increase in electrolyte pH. Linear correlation between the anodic peak potential and 

buffer pH may be expressed by equation: Epa(V) = -0.0632 pH + 0.8102 (R2 = 0.9909). The 
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negative slope observed in the linear equation indicates that proton transfer takes place in the 

electrode reaction process [32]. 

 

Figure 5.6 CVs of KOH-AC/GCE in 0.1 M PBS containing 50 µM carbofuran-phenol with different 

electrolyte pH (from 4 to 10) at the scan rate of 50 mV/s 

Figure 5.7 depicts the relationship curve for pH vs Ipa and pH vs Epa. It can be seen that 

the oxidation peak current of carbofuran-phenol increases with increasing pH, reaches maxima 

at pH 7 and then decreases. From the above investigations, a neutral pH of 7 was chosen optimal 

for the electrochemical determination of carbofuran-phenol. 

 

Figure 5.7 Plot of peak potential (Epa) vs oxidation peak current (Ipa) vs pH 
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 Electrocatalytic Activity of KOH-AC/GCE towards Carbofuran-

phenol determination  

 

Figure 5.8 CVs of KOH-AC/GCE in 0.1 M PBS (pH 7) at a scan rate 50 mV/s with varied 

concentrations of carbofuran-phenol from 10 to 100 µM 

Figure 5.8 shows the electrocatalytic oxidation of carbofuran-phenol at KOH-AC/GCE 

with different concentrations of carbofuran-phenol ranging from 10 to 100 µM in 0.1 M of 

phosphate buffer (pH 7) at a constant scan rate of 50 mV/s. The variation of oxidation peak 

currents with carbofuran-phenol concentration shows a linear relationship, which may be 

expressed by the linear equation (Figure 5.9) I pa = 0.2498x+8.284 with correlation coefficient 

(R2) of about 0.9963 in which r is >0.99.  

 

Figure 5.9 Plot of oxidation peak current (Ipa) vs carbofuran-phenol concentration (µM). 
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 Amperometric Determination of Carbofuran-phenol at KOH-

AC/GCE 

 

Figure 5.10 Amperometric i-t response of KOH-AC/GCE at successive addition (1 µM) of 

carbofuran-phenol in 0.1 M PBS (pH 7) 

The amperometric responses for successive addition of 1 µM carbofuran-phenol at 

KOH-AC/GCE in 0.1M PBS (pH 7), held at a fixed potential of 0.4 V are shown in Figure 

5.10. With each addition of carbofuran-phenol to the stirred supporting electrolyte solution, the 

current rapidly increased with the response time of less than 5s. The current response was linear 

(Figure 5.11) for carbofuran-phenol concentrations in the range of 1–10 µM. The linear 

equation was I (µA) = 0.0286x+0.0642 with a correlation coefficient of R2=0.9999. The 

calculated limit of detection (LOD) was 0.03 µM and the calculated sensitivity was 0.11 µA 

µM-1cm-2. Remarkably, the analytical parameters of the reported KOH-AC/GCE were 

comparable or superior to the other reported modified electrodes available in the literature 

(Table 5.1). The stable and quick amperometric response is attributed to the high surface area 

and enhanced porosities of KOH-AC, which clearly plays a significant role in the 

electrocatalytic oxidation of carbofuran-phenol. 
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Figure 5.11 Plot of the response current (µA) vs carbofuran-phenol concentration (µM) 

Table 5.1 Comparison on the performance of different electrochemical methods for the determination 

of carbofuran by using various modified electrodes 

Electrode Oxidation 

potential 

(V) 

Linear 

range (µM) 

Detection 

limit (µM) 

Technique Ref 

CoO/rGO/GCEa 0.4 0.5 to 70  0.02  DPV [213] 

Au (GNPs/L-cysteine)b - 0.2 to 0.67  0.18  DPV [307] 

AChE/Fe3O4-CH/GCE c 0.6 0.005 to 

0.09  

0.0036  SWV [5] 

CPE (hemin/nickel)d 0.45 5 to 140  1.67  Amperometry [211] 

Heated screen-printed 

carbon electrode 

- 0.4 to 400  0.05  DPV [215] 

MIP/rGO@Au/GCEe - 0.05 to 20  0.02  DPV [214] 

KOH-AC/GCE 0.4 1 to 10  0.03  Amperometry This 

work 

a Glassy carbon electrode modified with cobalt (II) oxide and reduced graphene oxide. 
b Gold electrode modified with gold nanoparticle (GNPs) and L-cysteine.  
c Glassy carbon electrode modified with acetylcholinesterase and iron oxide nanocomposite. 
d Carbon paste electrode modified with hemin and nickel  

e Glassy carbon electrode modified with molecularly imprinted polymer reduced graphene oxide and gold nanoparticles 
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 Reproducibility of KOH-AC/GCE  

 

Figure 5.12 Overlapped CV curves obtained for 6 different KOH-AC/GCE in 0.1 M PBS (pH 7) at a 

scan rate of 50 mV/s containing 50 µM carbofuran phenol 

To estimate the fabrication reproducibility (Figure 5.12), CV of the KOH-AC/GCE was 

tested in the presence of 50 µM carbofuran-phenol in 0.1 M PBS (pH 7) at a constant scan rate 

of 50 mV/s. Six independent KOH-AC/GC electrodes were prepared under the same conditions 

and their peak current responses (Figure 5.13) for carbofuran-phenol oxidation was determined 

simultaneously. The measurements obtained with relative standard deviation (RSD) of 3.51 %, 

confirmed the prepared sensor possesses an acceptable reproducibility.  

 

Figure 5.13 Peak current vs respective electrode number 
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 Repeatability of KOH-AC/GCE 

 

Figure 5.14 Overlapped CV curves obtained for continuous 10 cycles on KOH-AC/GCE in 0.1 M 

PBS (pH 7) at a scan rate of 50 mV/s containing 50 µM carbofuran phenol 

To investigate the repeatability of KOH-AC/GCE, 10 sequential measurements of CVs 

(Figure 5.14) were carried out using the same electrode in the presence of 50 µM carbofuran-

phenol in 0.1 M PBS (pH 7) at a constant scan rate of 50 mV/s. The calculated RSD of the peak 

currents (Figure 5.15) obtained was 3.18 % indicating the excellent repeatability of the 

proposed sensor.  

 

Figure 5.15 Peak current vs respective cycle number 
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 Stability of KOH-AC/GCE 

 

Figure 5.16 Overlapped CV curves obtained for 15 days on KOH-AC/GCE in 0.1 M PBS (pH 7) at a 

scan rate of 50 mV/s containing 50 µM carbofuran phenol 

The CV experiments (Figure 5.16) were performed to explore the storage stability of 

KOH-AC/GCE. The prepared electrode was purposefully stored in an airtight container at room 

temperature. The variation in the oxidation peak current of electrode towards 50 µM 

carbofuran-phenol in 0.1 M PBS (pH 7) at a constant scan rate of 50 mV/s was monitored daily 

for over a period of 15 days (Figure 5.17). The prepared sensor preserved approximately 90% 

of its original oxidation peak current, suggesting good storage stability of the sensor.   

 

Figure 5.17 Peak current vs respective day of a measurement 
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 Selectivity of KOH-AC/GCE 

The selectivity of KOH-AC/GCE towards the carbofuran-phenol was studied in two 

different sets of amperometric experiments in 0.1M PBS (pH 7). In the first set, KOH-AC/GCE 

was tested in the presence of potential interfaces such as carbamate (other than carbofuran), 

organophosphate pesticides and other inorganic ions. As shown in the Figure 5.18, KOH-

AC/GCE shows well distinct amperometric response for each addition of 5 µM carbofuran-

phenol (a), whereas, no noteworthy responses were observed for the addition of 10-fold excess 

concentration (50 µM) of carbaryl (b), methyl parathion (c), urea (d), Na+ (e), K+ (f), Zn2+ (g), 

Cl- (h) and Ca2+ (i).  

 

Figure 5.18 Amperometric i-t responses of KOH-AC/GCE in 0.1 M PBS (pH 7) for selectivity test in 

the presence of  5 µM concentrations of a) carbofuran-phenol and 50 µM concentration of b) carbaryl, 

c) methyl parathion, d) urea, e) Na+, f) K+, g) Zn2+, h) Cl-, i) Ca2+.  

In the other set, the selectivity of KOH-AC/GCE electrode towards the carbofuran-

phenol was studied in the presence of phenolic compounds and other potential interferences. 

As shown in the Figure 5.19, KOH-AC/GCE shows well distinct amperometric response for 

each addition of 5 µM carbofuran phenol (a), whereas, no noteworthy responses were observed 

for the addition of 10-fold excess concentration (50 µM) of bisphenol A (b), 4-nitrophenol (c), 

glucose (d), lactose (e) and ascorbic acid (f). Both results clearly reveal that KOH-AC/GCE 

possesses excellent selectivity toward the detection of carbofuran phenol.   
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Figure 5.19 Amperometric i-t responses of KOH-AC/GCE in 0.1 M PBS (pH 7) for selectivity test in 

the presence of 5 µM concentration of a) carbofuran-phenol and 50 µM concentration of b) bisphenol 

A, c) 4-nitrophenol, d) glucose, e) lactose, f) ascorbic acid. 

 Real Sample Tests 

To further illustrate the practical applicability of the KOH-AC/GCE, the electrode was 

tested with a real sample, which was collected from the agricultural fields near Karaikudi, India. 

The amount of carbofuran in the real sample was pre-determined by UV-spectrophotometer 

and it was found to be 108 µM. Before the real sample analysis by the proposed sensor, all the 

carbofuran in the collected sample was converted to carbofuran phenol by hydrolyzing it in 

alkalescent solution at high temperature. Under the optimized conditions, 100 µl of the sample 

was added at regular intervals of time (50 s) in 10 ml PBS solution (pH 7). For every addition 

of the collected sample, a quick response of 0.034 µA current was observed as shown in Figure 

5.20. From the amperometry results, the concentration of collected real sample was found to 

be 120µM. The results showed that the KOH-AC/GCE could be efficiently applied for real 

sample analysis with good accuracy.   
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Figure 5.20 Amperometric i-t response of KOH-AC/GCE in 0.1 M PBS (pH 7) for successive addition 

(100 µl) of real sample 
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Chapter 6 

6.Adsorption of Carbofuran on Activated 

Carbon 
 Summary 

Application of activated carbon (AC) as an adsorbent in carbofuran removal from the 

aqueous phase by adsorption is significantly influenced by its high surface area, well-developed 

porosity and variable characteristics of its surface chemistry. Batch adsorption experiments 

were performed to examine the effects of solution pH, amount of KOH-AC, initial carbofuran 

concentration and temperature on carbofuran adsorption. Furthermore, the experimental data 

were evaluated using Langmuir, Freundlich, Temkin and Dubinin–Radushkevich (D-R) 

isotherm. The adsorption kinetics data were fitted to pseudo-first order, pseudo-second order 

and Intra particle diffusion models. Thermodynamic parameters were estimated to determine 

the nature and spontaneity of the adsorption process.  

 Batch Adsorption Studies 

6.2.1. Effect of Initial Solution pH 

 

Figure 6.1 Effect of solution pH on carbofuran adsorption by KOH-AC (temperature: 30 ˚C, initial 

carbofuran concentration: 10 mg/L, KOH-AC dose: 3 g/L). 
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Initial solution pH is an essential parameter that affects the process of adsorption due 

to its impact on the ionization of functional groups and their interactions with adsorbates. To 

study the influence of initial solution pH for carbofuran adsorption on KOH-AC, experiments 

were performed in the pH range 3 to 12 at constant parameters (adsorbent dose – 3 g/L, initial 

carbofuran concentration – 10 mg/L and temperature – 30 ˚C). Figure 6.1 illustrates the 

increased removal of carbofuran at acidic pH. Carbofuran adsorption was most significant at 

pH 3 and not affected significantly in pH range 3 to 7. This could be associated to the non-

ionizable nature of carbofuran (pKa 11.95) in the pH range 3 to 7. However, as the pH increased 

to 12, the extent of dissociation of carbofuran molecules is increased and the molecules become 

more negatively charged. This results in increased repulsion between the carbofuran molecules 

and the negatively charged surface of KOH-AC leading to decrement in the removal of 

carbofuran at basic pH (12). The adsorption capacity of KOH-AC decreased from 3.16 mg/g 

to 2.57 mg/g as the pH increased from 3 to 12. Similar findings have been observed by other 

researchers for carbofuran adsorption using activated carbon prepared from different precursors 

[180,246].  

 

Figure 6.2 Effect of pH on the removal (%) of carbofuran by KOH-AC (temperature: 30 ˚C, initial 

carbofuran concentration 10 mg/L, KOH-AC dose – 3 g/L). 

Carbofuran removal by KOH-AC at different pH is shown in Figure 6.2. Different pH 

attained equilibrium at different contact times. Variation in carbofuran removal by KOH-AC 

is observed from 94.84 % to 77.19 % with an increase in pH from 3 to 12. Other activated 

carbons prepared from different raw materials such as bituminous coal, banana stalk, coconut 

frond also observed maximum removal of carbofuran at lower pH [180,245,247]. 



  

113 
 

6.2.2. Effect of Adsorbent Dose 

Adsorbent dose highly influences adsorbent capacity and % removal of adsorbate for a 

given initial adsorbate concentration. Therefore, to optimize the adsorbent dose, experimental 

studies were conducted at varying doses of KOH-AC (1 – 4) g/L, with other parameters such 

as pH, initial carbofuran concentration and the temperature kept constant at 3, 10 mg/L and 30 

˚C, respectively. From Figure 6.3 it is apparent that by increasing adsorbent dose the percentage 

removal increases but adsorption capacity of KOH-AC decreases. Maximum carbofuran 

adsorption was accomplished with 4 g/L of KOH-AC dose. The adsorbent capacity rapidly 

decreases from 7.97 mg/g to 2.37 mg/g with an escalation in adsorbent dosage from 1 g/L to 4 

g/L. The low adsorption capacity at higher adsorbent dosage can be ascribed to the fact that the 

aggregation of adsorbent due to an increase in the adsorbent dosage that lead to a reduction in 

total exposed surface area of adsorbent causing a reduction in adsorption capacity (qe) [308–

311]. 

 

Figure 6.3 Effect of adsorbent dose on carbofuran adsorption by KOH-AC (pH: 3, initial carbofuran 

concentration: 10 mg/L, temperature: 30 ˚C) 

Figure 6.4 shows removal (%) of carbofuran by KOH-AC at varying adsorbent doses. 

It revealed that carbofuran removal by KOH-AC occurs in two stages. In the first stage, rapid 

removal can be witnessed within 90 min which is clearly visible at high adsorbent dose (4 g/L). 

In the second stage after 120 min, the rate of carbofuran removal gradually reduced with 

insignificant changes and finally reaches equilibrium. The carbofuran removal percentage 
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increased from 79.7% to 94.9% with the rise of adsorbent dose from 1 g/L to 4g/L. The initial 

rise in % removal with adsorbent dose is mainly due to exceedingly available active sites that 

increased available surface area for adsorption and driving force provided by adsorbate 

concentration. However, beyond the adsorbent dose of 3 g/L for KOH-AC, no significant 

increase in removal (%) is observed since equilibrium has been established between the surface 

carbofuran concentration and solution carbofuran concentration. Hence 3 g/L KOH-AC was 

considered as an ideal dose for the removal of carbofuran.  

 

Figure 6.4 Effect of adsorbent dose on the removal (%) of carbofuran by KOH-AC (pH: 3, initial 

carbofuran concentration: 10 mg/L, temperature: 30 ˚C) 

6.2.3. Effect of Initial Carbofuran Concentration  

Figure 6.5 depicts the changes in both the adsorption capacity of KOH-AC and removal 

(%) of carbofuran at varying initial carbofuran concentrations (2–10 mg/L). An experimental 

investigation was carried out by keeping other parameters at constant such as adsorbent dosage 

3 g/l, pH 3 and temperature 30 ˚C. It has been observed that the adsorption capacity of KOH-

AC for carbofuran was significantly related to its initial concentration, the amount of 

carbofuran uptake enhanced from 0.64 mg/g to 3.16 mg/g as initial carbofuran concentration 

gradually increased from 2 to 10 mg/L. Escalating adsorption capacity with a rise in the initial 

concentration of carbofuran is possibly due to the amplified concentration gradient provided 

by the higher initial concentration of adsorbate and an important mass transfer driving force 
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between liquid and activated carbon solid phases. Similar results were reported for carbofuran 

adsorption by many authors using different types of adsorbents [180,244].  

 

Figure 6.5 Effect of initial carbofuran concentration on carbofuran adsorption (pH: 3, KOH-AC dose: 

3 g/L, temperature: 30 ˚C) 

Figure 6.6 shows the percentage removal of carbofuran at varying initial carbofuran 

concentrations (2–10 mg/L) and contact time. The rapid removal of carbofuran at the initial 

stages of different concentrations is attributed to the abundantly available active sites with 

KOH-AC. Eventually, the removal (%) slowed down with the progress of adsorption and 

attains equilibrium at approximately 120 min in all curves revealing that the adsorbent is 

saturated at this level. Very negligible decreasing trend was observed in removal (%) with the 

variation in carbofuran concentration in the studied range (2 mg/L to 10 mg/L) using KOH-

AC. These results indicate that the removal process can be considered very fast because a 

significant amount of carbofuran was removed by KOH-AC within the first 90 mins of 

adsorption.  

The mechanism of carbofuran adsorption on the solid surface of KOH-AC involves film 

diffusion through the solution around the KOH-AC particle followed by carbofuran molecule 

movement through the pores of the KOH-AC to the interior site of adsorption and finally 

adsorption of carbofuran molecule into the active sites of KOH-AC.  
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Figure 6.6 Effect of initial carbofuran concentration on the removal (%) of carbofuran by KOH-AC 

(pH: 3, KOH-AC dose: 3 g/L, temperature: 30 ˚C). 

6.2.4. Effect of Temperature 

 

Figure 6.7 Effect of temperature on carbofuran adsorption by KOH-AC (pH: 3, Initial carbofuran 

concentration: 10 mg/L, KOH-AC dose: 3 g/L). 

Temperature effect studies (Figure 6.7) on carbofuran adsorption using KOH-AC has 

been carried out at different temperatures (20 ˚C, 30 ˚C, 40 ˚C and 50 ˚C) while keeping other 

parameters constant (carbofuran concentration (10 mg/L), pH (3) and adsorbent dose (3 g/L)). 

Experimental studies witnessed rapid increment in adsorption capacity (qe) of KOH-AC and 

removal (%) of carbofuran from 20 ˚C to 30 ˚C and little increment in both the parameter with 
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a further increase of temperature upto 50 ˚C. The adsorption capacity of KOH-AC for 

carbofuran enhanced from 2.72 mg/g to 3.21 mg/g with an escalation in solution temperature 

from 20 ˚C to 50 ˚C suggesting carbofuran adsorption on KOH-AC was an endothermic 

process.  

 

Figure 6.8 Effect of temperature on removal (%) of carbofuran by KOH-AC (pH: 3, KOH-AC dose: 3 

g/L, Initial carbofuran concentration: 10 mg/L,) 

The rate of carbofuran removal by KOH-AC at different temperature (20 ˚C, 30 ˚C, 40 

˚C and 50 ˚C) is depicted in Figure 6.8. It shows increment in the rate of carbofuran removal 

as the temperature rises from 20 ˚C to 50 ˚C. A rapid increase in percentage removal of 

carbofuran was witnessed within the first 60 min of the adsorption process at various 

temperatures and then slow increase was witnessed before reaching equilibrium. The removal 

(%) of carbofuran by KOH-AC increased from 81.6 % to 96.41 % as the temperature raised 

from 20 ˚C to 50 ˚C. The increment in the percentage removal of carbofuran at higher 

temperatures may be because of the higher diffusion rate of carbofuran through the outer 

boundary layer as well as within the pores of the KOH-AC as the diffusion is an endothermic 

process. Moreover, the kinetic energy of carbofuran molecule is less at low temperatures that 

leads to the inefficient contact between the active sites of KOH-AC and the carbofuran causing 

reduced removal efficiency at lower temperatures [170,253,312].     
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 Adsorption Equilibrium Study 

Adsorption isotherm describes adsorbate and adsorbent interaction and adsorbate 

distribution between liquid and solid phase as the process of adsorption achieves an equilibrium 

state. The equilibrium results obtained from the experimental investigation were applied to 

Langmuir, Freundlich, Temkin and Dubinin–Radushkevich (D-R) isotherm models. In the 

present work, these four isotherms were applied to investigate the adsorption process of 

carbofuran on KOH-AC at different conditions of process parameters.  

6.3.1. Langmuir Isotherm  

Langmuir model assumes that the surface of the adsorbent is uniform with identical 

adsorption energies and the process of adsorption creates uniform monolayer coverage on the 

surface of adsorbent, with no lateral interaction of adsorbates in the plane of the surface [313]. 

The linear mathematical equation for Langmuir isotherm is expressed as: 

𝐶𝑒

𝑞𝑒
=  

1

𝑄𝑚𝑚𝑏
+  

𝐶𝑒

𝑄𝑚𝑚
         (6.1) 

Where Ce (mg/L) - equilibrium carbofuran concentration at liquid phase, qe (mg/g) – amount 

of carbofuran adsorbed per unit mass of KOH-AC at equilibrium time, Qmm -maximum 

monolayer adsorption capacity and b (L/mg) - Langmuir constant related to the intensity of 

adsorption. Langmuir constants ‘b’ and ‘Qmm’ were determined when Ce/qe was plotted versus 

Ce (Figure 6.9) and their values are presented in Table 6.1. Dimensionless equilibrium 

parameter (r), which predicts the efficiency of adsorption can be represented as 

𝑟 =  
1

1+𝑏𝐶𝑀
          (6.2) 

Where CM - maximum concentration of carbofuran used in this study (mg/L). The value of r > 

1 represents unfavorable Langmuir isotherm, whereas r = 1 signifies linear, r = 0 indicates 

irreversible and 0 < r < 1 denotes favorable Langmuir isotherm.  
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Figure 6.9 Langmuir isotherm of KOH-AC for carbofuran adsorption 

6.3.2. Freundlich Isotherm 

The Freundlich isotherm is the most important non-ideal adsorption isotherm that 

involves multisite adsorption of adsorbate on the heterogeneous adsorbent surface [314], which 

can be illustrated as: 

𝑙𝑛 𝑞𝑒 = 𝑙𝑛 𝐾𝐹 +
1

𝑛
𝑙𝑛 𝐶𝑒        (6.3) 

Where KF (L/mg) Freundlich constant denotes the adsorbent capacity and n denotes the 

adsorption process favorability. A graph between ln qe and ln Ce has been plotted (Figure 6.10). 

The slope (1/n) that represents the measure of adsorbent surface heterogeneity and intercept 

(KF) of the plot were obtained and reported in Table 6.1.  
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Figure 6.10 Freundlich isotherm of KOH-AC for carbofuran adsorption 

6.3.3. Temkin Isotherm 

Temkin isotherm demonstrates the effect of indirect adsorbate/adsorbate interactions on 

adsorption and assumes linear reduction in heat of adsorption with increment in extent of 

adsorption [315]. The linear form of Temkin isotherm has been given below: 

𝑞𝑒 = (𝑅𝑇/𝑏) 𝑙𝑛 𝐴 + (𝑅𝑇/𝑏) 𝑙𝑛 𝐶𝑒       (6.4) 

Where RT/b = B, which represents the heat of adsorption (J/mol). T (K) denotes absolute 

temperature of adsorption process, R implies ideal gas constant (8.314 J/K mol), A (L/mg) 

represents equilibrium binding constant. Plot qe versus ln Ce (Figure 6.11) at different 

temperatures provides constants A and B which are displayed in Table 6.1 along with the 

respective R2 values.  
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Figure 6.11 Temkin isotherm of KOH-AC for carbofuran adsorption 

6.3.4. Dubinin – Radushkevich Isotherm 

Dubinin – Radushkevich (DR) model has been used widely to estimate the porosity 

characteristics and apparent free energy of adsorbent. It is considered to be much simpler than 

the Langmuir model as it is not based on uniform surface nor constant sorption potential 

assumptions. Linear representation of the D-R model is given as [316]: 

𝑙𝑛 𝑞𝑒 = 𝑙𝑛 𝑞𝑚𝑎𝑥 −  𝛽𝜀2        (6.5) 

In this model, β (mol2/kJ2) is a constant related to adsorption mean free energy, qmax (mol/g) is 

maximum saturation capacity of adsorbent and ε is Polanyi potential that is given as: 

𝜀 = 𝑅𝑇 𝑙𝑛 [1 +
1

𝐶𝑒
]         (6.6) 

The plot between ln qe versus ε2 at different temperatures is displayed in Figure 6.12. The 

parameters β and qmax calculated from slope and intercept of D-R isotherm plot and displayed 

in Table 6.1 along with R2 values. Adsorption mean free energy (E) (J/mol) was estimated by 

equation given below [314].  

𝐸 = 1/√2𝛽`          (6.7) 
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Figure 6.12 Dubinin-Radushkevich isotherm of KOH-AC for carbofuran adsorption 

Table 6.1 indicates that the adsorption process of carbofuran on KOH-AC is well 

represented using Freundlich isotherms irrespective of solution temperatures with extremely 

high correlation coefficients (R2). The good fit achieved with Freundlich isotherm indicates that 

the adsorption of carbofuran on KOH-AC may involve multi-layer adsorption on 

heterogeneous surface with interactions between the pesticide molecules. The values of n 

calculated by the Freundlich isotherm is larger than 1.0 for all temperatures, which reveals that 

the carbofuran adsorption process is favorable on KOH-AC.  In addition, the adsorption 

capacities of KOH-AC for carbofuran determined by Freundlich isotherm increases with 

temperature rise, suggesting an endothermic adsorption process. A similar result was reported 

for 2,4-dichlorophenol and 2,4,6-trichlorophenol adsorption using cattail fiber-based activated 

carbon by Ren et al., and 2,4-Dichlorophenoxyacetic acid and Bentazon removal using banana 

stack activated carbon by Salman et al., [244,317]. 
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Table 6.1 Isotherm constants for the adsorption of carbofuran on KOH-AC at different temperatures 

Isotherms Parameters 

20 °C 30 °C 40 °C 50 °C 

Langmuir     

Qo (mg/g) 4.17 37.97 15.7 6.81 

b (L/mg) 0.87 0.18 0.53 2.17 

RL 0.1 0.36 0.16 0.04 

R2 0.941 0.681 0.729 0.797 

Freundlich     

KF (mg/g (L/mg)1/n) 1.84 6.02 6.22 6.42 

n 1.61 1.04 1.13 1.37 

R2 0.992 0.999 0.998 0.995 

Temkin     

A (L/mg) 9.97 14.1 17.89 34.81 

B 0.856 1.468 1.366 1.127 

R2 0.941 0.929 0.918 0.89 

D-R     

qm (mol g−1) 2.39 4.13 3.99 3.74 

β (mol2 kJ−2) 1.43×10-5 5.22×10-6 2.46×10-6 1.02×10-6 

R2 0.901 0.966 0.955 0.943 

E (kJ mol−1) 187.13 309.36 451.13 698.97 

 Adsorption Kinetic Study 

The adsorption kinetics is also a necessary index to evaluate the adsorption efficiency. 

To express the mechanism that controls carbofuran adsorption on KOH-AC, different kinetic 

models have been applied, such as pseudo-first order, pseudo-second order and intraparticle 

diffusion model [318]. 

6.4.1. Pseudo-First-Order Kinetic Model 

The linear form of pseudo-first order equation has been expressed below [179]: 
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𝑙𝑜𝑔(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔 𝑞𝑒 −  
𝑘1

2.303
𝑡       (6.8) 

Where qe (mg/g) amount of carbofuran adsorbed at the equilibrium and qt (mg/g) amount of 

carbofuran adsorbed at time t (min), k1 (min-1) pseudo first-order rate constant. Values of k1 

and qe for various initial carbofuran concentrations along with corresponding correlation 

coefficients (R2) (Table 6.2) were obtained from the slope and intercept of a linear plot of log 

(qe – qt) versus t (Figure 6.13). 

 

Figure 6.13 Pseudo first order plots for carbofuran adsorption on KOH-AC 

6.4.2. Pseudo-Second-Order Kinetic Model 

The linear form of pseudo-second-order kinetic equation is represented as [318]: 

𝑡

𝑞𝑡
=  

1

𝑘2𝑞𝑒
2 +  

1

𝑞𝑒
𝑡         (6.9) 

Where, k2 (g/mg min) - pseudo-second-order rate constant. k2 and qe values have been estimated 

from the slope and intercept of linear plot t/qt versus t (Figure 6.14). Values of k2 and qe at 

varying initial carbofuran concentration along with corresponding correlation coefficients (R2) 

have been listed (Table 6.3).  
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Figure 6.14 Pseudo second order plots for carbofuran adsorption on KOH-AC 

6.4.3. Intra-Particle Diffusion 

To further understand the steps in the diffusion mechanism of adsorption process, 

kinetic results have been tested using the intraparticle diffusion model, which can be 

expressed using the equation below [319]: 

qt = kit
0.5 + c          (6.10) 

Where, ki (mg/g min0.5) denotes intraparticle diffusion rate constant, and c is constant that 

represents boundary layer thickness. Both the constants were determined from plot qt against 

t0.5 (Figure 6.15) and values are displayed in Table 6.4. Plot qt versus t0.5 being linear and 

passing through origin suggests carbofuran adsorption on KOH-AC would be controlled 

through intra-particle diffusion. But Figure 6.15 indicates plots as multilinear with no lines 

passing through origin implies more than one process occurring during the adsorption process.  

A low correlation coefficient specifies that intraparticle diffusion was not the rate determining 

step for adsorption of carbofuran on KOH- AC.  



  

126 
 

 

Figure 6.15 Intra particle diffusion plots for carbofuran adsorption on KOH-AC. 

As seen in Table 6.2, Table 6.3 & Table 6.4, the correlation coefficient (R2) for the 

pseudo second-order model is larger than pseudo first-order model and intraparticle diffusion 

model irrespective of initial concentrations. Moreover, experimental adsorption capacity (qe 

exp) values are closer to adsorption capacity (qe cal) values estimated from the pseudo second-

order model suggesting the pseudo second-order model can be well described for carbofuran 

adsorption on KOH-AC. A better representation of pseudo second-order model suggests that 

the adsorption rate was dependent more on the availability of adsorption sites than the 

concentration of the pesticides in solution. Similar observations were stated by other 

researchers for methylene blue and hexavalent chromium adsorption by activated carbon 

prepared from different raw materials [318,320].   

Table 6.2 Pseudo first order parameters for the adsorption of carbofuran on KOH-AC at different 

initial concentrations. 

Initial concentration (mg/L) Qeexp (mg/g) Pseudo first order kinetic model 

K1 (min-1) Qe,cal (mg/g) R2 

2 0.635 0.028 1.89 0.963 

4 1.267 0.03 1.27 0.968 

6 1.899 0.027 1.24 0.943 

8 2.535 0.03 1.95 0.963 

10 3.161 0.032 2.17 0.959 
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Table 6.3 Pseudo second order parameters for the adsorption of carbofuran on KOH-AC at different 

initial concentrations. 

Initial concentration (mg/L) Qeexp (mg/g) Pseudo second order kinetic model 

K2(g/mg min) Qe,cal (mg/g) R2 

2 0.635 0.089 0.678 0.997 

4 1.267 0.061 1.336 0.998 

6 1.899 0.03 2.037 0.997 

8 2.535 0.029 2.67 0.999 

10 3.161 0.022 3.35 0.998 

 

Table 6.4 Intra-particle diffusion model parameters for the adsorption of carbofuran on KOH-AC at 

different initial concentrations. 

Initial concentration (mg/L) Qeexp (mg/g) Intraparticle diffusion model 

Ki (min-1) c  R2 

2 0.635 0.029 0.232 0.703 

4 1.267 0.056 0.520 0.604 

6 1.899 0.094 0.634 0.658 

8 2.535 0.111 1.016 0.665 

10 3.161 0.147 1.171 0.675 

 Adsorption Thermodynamics 

Thermodynamic parameters considered to characterize carbofuran adsorption on KOH-

AC, are ΔH° (change in enthalpy), ΔS° (change in entropy) and 𝛥𝐺°(change in Gibbs free 

energy) [321]. 

The values of 𝛥𝐺° were calculated using following equation 

𝛥𝐺° = -RT lnKD         (6.11) 

Where KD is the distribution coefficient which was obtained from following equation: 

KD = CA/Ce          (6.12) 
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Where, CA (mg/L) denotes adsorbed carbofuran concentration on KOH-AC at equilibrium and 

Ce (mg/L) is the remaining carbofuran concentration in solution at equilibrium.  

The value of ΔH° & ΔS° were computed using the following equation: 

ln KD = 
𝛥𝑆°

𝑅
−  

𝛥𝐻°

𝑅𝑇
         (6.13) 

T (K) is the absolute temperature and R (8.134 J/K mol) denotes the universal gas constant. 

Respective values of ΔH° (kJ/mol) and ΔS° (J/mol K) were determined from the slope and 

intercept of linear plots between ln KD versus 1/T. The thermodynamic parameters for 

carbofuran adsorption on KOH-AC were calculated and displayed in Table 6.5.  

Negative values of 𝛥𝐺° at different temperatures studied revealed that the process of 

adsorption was a spontaneous and thermodynamically feasible process. Positive ΔH° value 

indicated the endothermic nature of the sorption process. Besides, the positive value of ΔS° 

specified that adsorption of carbofuran on KOH-AC increased randomness in the system. Other 

researchers have also reported similar results for Rhodamine-B adsorption by rice husk-based 

activated carbon [322]. 

Table 6.5 Thermodynamic parameters for adsorption of carbofuran on KOH-AC at different 

temperatures. 

T (K) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J/mol K) 

293 -3.121 36.83 136.35 

303 -4.484 

313 -5.848 

323 -7.211 

 Adsorption Mechanisms 

Figure 6.16 shows the FTIR spectra of KOH-AC before and after the adsorption of 

carbofuran. It can be seen that many functional groups moved to different bands or created after 

adsorption, designating the possible interaction of those active functional groups for uptake of 

carbofuran. The strong band of O-H stretching vibration observed at 3595 cm-1 due to alcohols 

& carboxylic acid in KOH-AC was shifted to a lower band of 3578 cm-1. A similar medium 
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and sharp C=C stretching band observed at 1556 cm-1 due to the aromatic functional group 

shifted slightly to 1565 cm-1 after adsorption. Finally, a minor peak at 1146 cm-1 due to C-O 

stretching vibrations of esters and ethers, shifted to a lower frequency band of 1103 cm-1 after 

adsorption. Apart from this, an additional peak observed at 3424 cm-1 in the FTIR spectra of 

KOH-AC after adsorption is identical to N-H stretch of amine group that might have come 

from the carbofuran functionalities during adsorption reaction. 

Carbofuran adsorption on KOH-AC could be explained by several mechanisms 

including hydrogen bonding mechanism, van der waals interactions and dispersive interactions. 

Hydrogen bonding is suggested to play significant role in the adsorption of non-ionizable 

carbofuran onto KOH-AC. In acidic pHs, O–H functional group present in the KOH-AC 

surface could act as H-donor and acceptors which leads to a strong H-bonding with carbofuran 

molecules [323]. The dispersive forces in the form of π – π interaction may exist between the 

basal plane of KOH-AC and the aromatic rings of carbofuran. Furthermore, the electrophilic 

nature of carbonyl carbon (C=O) present in the carbofuran molecule in the acidic medium could 

attack an electron-rich O atom of the OH functional group in the KOH-AC surface leading 

strong chemical interactions [324]. 

 

Figure 6.16 FTIR spectra of KOH-AC before and after adsorption of carbofuran. 
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Chapter 7 

7.Modeling of Carbofuran Adsorption  

 Summary 

To depict the effects and significance of process parameters on output responses and to 

achieve desirable results with minimal effort the process of optimization is highly required. 

The modeling of carbofuran removal was carried out using response surface methodology 

(RSM) and artificial neural network (ANN).  The effects of process parameters such as pH, 

initial carbofuran concentration, adsorbent dose and temperature on carbofuran removal (%) 

were studied using the central composite design (CCD). The same design was also utilized to 

obtain a training set for ANN. The desirability function (DF) and genetic algorithm (GA) were 

used to estimate the optimum conditions to accomplish desired response for RSM and ANN, 

respectively. After predicting the model using RSM and ANN, the two methodologies were 

statistically compared by their coefficient of determination (R2) and mean square error (MSE). 

 Response Surface Methodology 

Response surface methodology (RSM) is a statistical method that uses quantitative data 

from appropriate experiments to determine regression model equations and operating 

conditions [261,325]. A standard RSM design called central composite design (CCD) was 

employed in this work to investigate the effect of variables involved in the removal of 

carbofuran by KOH-AC. This method is suitable for fitting a quadratic surface and it helps to 

optimize the effective parameters with a minimum number of experiments, as well as to analyze 

the interaction between the parameters. Generally, the CCD consists of 2n factorial runs, 2(n) 

axial runs and six center runs, where n is the number of factors. In the present work, adsorption 

of carbofuran has been carried out through batch adsorption studies where the variables studied 

were pH (A), adsorbent dosage (B), initial carbofuran concentration (C) and temperature (D). 

These four variables together with their respective ranges were chosen based on the literature 

and some preliminary studies as illustrated in Table 7.1. pH, Adsorbent dosage, initial 

carbofuran concentration and temperature were found to be important parameters affecting the 
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process of carbofuran removal by KOH-AC. For each categorical variable, a 24 full factorial 

central composite design for the four variables, consisting of 16 factorial points, 8 axial points 

and 6 replicates at the center points were employed, indicating that altogether 30 experiments 

were required, as calculated from Eq. (7.1). 

N = 2n + 2n + nc = 24 + 2 × 4 + 6 = 30       (7.1) 

Where N is the total number of experiments required and n is the number of factors. 

Table 7.1 Independent variables and their coded levels for the central composite design 

Variables(factors) Code Units Coded variable levels 

-α -1 0 +1 +α 

pH A  3 5 7 9 11 

Adsorbent dosage B g/L 1 2 3 4 5 

Carbofuran 

concentration 

C mg/L 1 4 7 10 13 

Temperature D ˚C 10 20 30 40 50 

The center points were used to determine the experimental error and the reproducibility 

of the data. The independent variables are coded to the (-1,1) interval where the low and high 

levels are coded as −1 and +1, respectively. The axial points are located at (±∝,0,0), (0,±∝,0) 

and (0,0,±∝) where ∝ is the distance of the axial point from the center and makes the design 

rotatable. In this study, the ∝ value was fixed at 2 (rotatable). The experimental sequence was 

randomized in order to minimize the effects of the uncontrolled factors.  

The mathematical relationship between the four independent variables and response 

(removal (%)) can be approximated by the second-order polynomial model as given by Eq. 

(7.2). 

𝑌= 𝑏0 +  ∑ 𝑏𝑖𝑥𝑖
𝑛
𝑖=1  + (∑ 𝑏𝑖𝑖𝑥𝑖

𝑛
𝑖=1 )2 + ∑ ∑ 𝑏𝑖𝑗𝑥𝑖𝑥𝑗

𝑛
𝑗=𝑖+1

𝑛−1
𝑖=1    (7.2) 

Where Y is the predicted response, b0 the constant coefficient, bi the linear coefficients, bij the 

interaction coefficients, bii the quadratic coefficients and xi, xj are the independent variables 

(pH, Adsorbent dosage, initial carbofuran concentration and temperature) involved in the 

carbofuran removal studies. 
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Table 7.2 shows the experimental design matrix for all the experimental runs in coded and actual 

values together with carbofuran removal percentage 

Run Coded values Real values %R 

A B C D pH Adsorbent 

dosage 

(g/L) 

Carbofuran 

conc (mg/L) 

Temperature 

(ْC) 

1 -1 -1 -1 -1 5 2 4 20 75.81 

2 +1 -1 -1 -1 9 2 4 20 68.75 

3 -1 +1 -1 -1 5 4 4 20 83.53 

4 +1 +1 -1 -1 9 4 4 20 79.14 

5 -1 -1 +1 -1 5 2 10 20 75.67 

6 +1 -1 +1 -1 9 2 10 20 67.34 

7 -1 +1 +1 -1 5 4 10 20 82.21 

8 +1 +1 +1 -1 9 4 10 20 74.87 

9 -1 -1 -1 +1 5 2 4 40 90.75 

10 +1 -1 -1 +1 9 2 4 40 84.43 

11 -1 +1 -1 +1 5 4 4 40 92.58 

12 +1 +1 -1 +1 9 4 4 40 87.19 

13 -1 -1 +1 +1 5 2 10 40 90.41 

14 +1 -1 +1 +1 9 2 10 40 82.07 

15 -1 +1 +1 +1 5 4 10 40 91.27 

16 +1 +1 +1 +1 9 4 10 40 82.94 

17 -α 0 0 0 3 3 7 30 95.04 

18 +α 0 0 0 11 3 7 30 82.29 

19 0 -α 0 0 7 1 7 30 74.91 

20 0 +α 0 0 7 5 7 30 91.52 

21 0 0 -α 0 7 3 1 30 91.07 

22 0 0 +α 0 7 3 13 30 90.52 

23 0 0 0 -α 7 3 7 10 67.6 

24 0 0 0 +α 7 3 7 50 92.71 

25 0 0 0 0 7 3 7 30 90.82       
 

26 0 0 0 0 7 3 7 30 90.77 

27 0 0 0 0 7 3 7 30 91.23 

28 0 0 0 0 7 3 7 30 90.81 

29 0 0 0 0 7 3 7 30 91.96 

30 0 0 0 0 7 3 7 30 91.52 
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7.2.1. Development of Regression Model Equation 

Central composite design (CCD) was used to develop correlation between the process 

parameters involved in the batch adsorption process and the carbofuran removal percentage. 

Table 7.2 shows the complete design matrixes together with the response values obtained from 

experimental work. Run 25-30 at the center point was conducted to determine the experimental 

error and the reproducibility of the data. The removal percentage of carbofuran was found to 

range from 67.34 % to 95.04 %. According to the sequential model sum of squares, the models 

were selected based on the highest order polynomials where the additional terms were 

significant and models were not aliased. For carbofuran removal percentage quadratic model 

was selected as suggested by the software (Table 7.3). The final empirical formula models after 

discarding insignificant factors for the carbofuran removal (%) in terms of coded factors are 

represented by Eq (7.3).  

𝑌1 = 91.19 − 3.37 𝐴 + 2.99 𝐵 +  6.02 𝐷 − 1.62 𝐵𝐷 − 1.28 𝐴2 − 2.64 𝐵2 − 3.41 𝐷2 (7.3) 

Table 7.3 Model summary statistics for percentage removal of carbofuran using KOH-AC 

Source Standard 

deviation 

R2 Adj R2 Predicted R2 Press Comments 

Linear 4.95 0.6911 0.6416 0.5798 832.77  

2F1 5.43 0.7171 0.5682 0.3317 1324.34  

Quadratic 2.64 0.9474 0.8982 0.6993 595.84 Suggested 

Cubic 3.43 0.9585 0.8281 -4.8902 11673.18 Aliased 

A positive sign in front of the terms indicates synergistic effects, whereas a negative 

sign indicates the antagonistic effect. The coefficient with one factor represents the effect of 

the particular factor, while the coefficient with the two factors and those with second-order 

terms represent the interaction between two factors and quadratic effect, respectively.  
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Table 7.4 Estimated regression coefficients of model terms and their effects on the response  

Factor/ Term Coefficient df Standard error 95% CI Low 95% CI High 

Intercept 91.19 1 1.08 88.89 93.48 

A -3.37 1 0.5383 -4.52 -2.23 

B 2.99 1 0.5383 1.84 4.14 

C -0.6875 1 0.5383 -1.83 0.4599 

D 6.02 1 0.5383 4.88 7.17 

AB 0.2875 1 0.6593 -1.12 1.69 

AC -0.5737 1 0.6593 -1.98 0.8315 

AD -0.0787 1 0.6593 -1.48 1.33 

BC -0.4312 1 0.6593 -1.84 0.9740 

BD -1.62 1 0.6593 -3.02 -0.2110 

CD -0.0700 1 0.6593 -1.48 1.34 

A2 -1.28 1 0.5035 -2.35 -0.2063 

B2 -2.64 1 0.5035 -3.72 -1.57 

C2 -0.7471 1 0.5035 -1.82 0.3262 

D2 -3.41 1 0.5035 -4.48 -2.33 

Analysis of variance (ANOVA) was used to examine the significance of the fitting 

model along with the effects of their parameters. In the present study, ANOVA using the 

response surface quadratic model was employed to examine the removal of carbofuran by 

KOH-AC. F-test was used to estimate the statistical significance of all terms in the polynomial 

equation within 95% confidence interval. A higher F-value indicates adequacy of variation 

about its mean and p-value (Prob. > F) less than 0.05 indicates the statistical significance of an 

effect at 95% confidence level. 

As shown in Table 7.5 the model F-value of 19.28 and p-value of <0.0001 indicated 

that the model term is significant. In this case, pH (A), adsorbent dosage (B), temperature (D), 

interaction between adsorbent dosage and temperature (BD), quadratic terms pH (A2), 

adsorbent dosage (B2) and temperature (D2) are significant model terms whereas carbofuran 

concentration (C), interaction factors except for BD and quadratic factor  carbofuran 

concentration (C2) are all insignificant to the response.   
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Table 7.5 ANOVA results for carbofuran removal by KOH-AC 

Source Sum of 

squares 

Degree of 

freedom 

(DF) 

Mean 

square 

F-value p-value Comment 

Model 1877.47 14 134.10 19.28 < 0.0001 Significant 

A 273.38 1 273.38 39.31 < 0.0001  

B 214.32 1 214.32 30.82 < 0.0001  

C 11.34 1 11.34 1.63 0.2210  

D 870.49 1 870.49 125.17 < 0.0001  

AB 1.32 1 1.32 0.1902 0.6690  

AC 5.27 1 5.27 0.7574 0.3979  

AD 0.0992 1 0.0992 0.0143 0.9065  

BC 2.98 1 2.98 0.4279 0.5229  

BD 41.80 1 41.80 6.01 0.0270  

CD 0.0784 1 0.0784 0.0113 0.9168  

A2 44.91 1 44.91 6.46 0.0226  

B2 191.47 1 191.47 27.53 < 0.0001  

C2 15.31 1 15.31 2.20 0.1586  

D2 318.40 1 318.40 45.78 < 0.0001  

Residual 104.31 15 6.95    

Lack-of fit 103.15 10 10.32 44.43 0.0003 significant 

Pure error 1.16 5 0.2322    

Cor Total 1981.78 29     

7.2.2. Statistical Analysis 

The quality of the model developed was evaluated based on the correlation coefficient 

value. The R2 value of 0.94 for Eq.7.3 indicated that there was good agreement between the 

experimental and the predicted values from the models. Figure 7.1 shows the predicted values 

versus the experimental values for the removal of carbofuran by KOH-AC. It can be seen that 

the models developed are successful in capturing the correlation between the batch adsorption 

studies process parameter to the responses because the predicted values obtained were quite 

close to the experimental values. 
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The adjusted R2 value of 0.90 which is very close to R2 value indicating the good 

predictability of the model. The adequate precision (signal to noise ratio) for ANOVA was 

found to be 15.43 for carbofuran removal (%), which indicates an adequate signal and 

demonstrates the ability of this model that can be used to navigate the design space. The lower 

coefficient of variation (C.V. % = 3.11) for carbofuran removal clearly demonstrates that the 

deviation between actual and predicted values are low and affirmed the precision and reliability 

of conducted experiments. The standard deviations for the model were 2.64. The closer the R2 

value to unity and the smaller the standard deviation, the better the model will be as it will give 

a predicted value which is closer to the actual value of the response.  

 

Figure 7.1 The actual values versus the predicted values of carbofuran removal (%) 
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7.2.3. Normal Probability Plot 

 

Figure 7.2 The studentized residuals and normal percentage probability plot of carbofuran removal 

(%). 

 It is necessary to analyze the normality of the experimental data for the statistical 

analysis.  Figure 7.2 shows the normal probability and studentized residuals plot for removal 

(%) of carbofuran by KOH-AC. The normal probability plot indicates whether the residuals 

follow a normal distribution, in which case the points will follow a straight line. Residual values 

demonstrated that the model satisfied the assumptions of ANOVA where the studentized 

residuals measured the number of standard deviations separating the actual and predicted 

values. It also demonstrated that neither response transformation was needed nor there was an 

apparent problem with normality. Figure 7.3 shows the studentized residuals versus predicted 

conversion percent. The general impression is that the plot should be a random scatter, 

suggesting the variance of original observations is constant for all values of the response. If the 

variance of the response depends on the mean level of Y, then this plot often exhibits a funnel-

shaped pattern. This is also an indication that there was no need for transformation of the 

response variable. 
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Figure 7.3 The predicted carbofuran removal (%) and studentized residuals plot 

7.2.4. Main Effects 

The effect of main factors on carbofuran removal (%) can be observed through the 

perturbation plot (Figure 7.4). Among the four main factors, pH shows the negative effect, as 

the pH increases carbofuran removal (%) decreases. Both adsorbent dose and temperature show 

a positive effect, as both parameters increases carbofuran removal (%) increases. And initial 

concentration is not showing any significant effect.  

 

Figure 7.4 Perturbation plot for carbofuran removal (%). 
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7.2.5. Interaction Effects 

To investigate the interaction effects between the process parameters, response surface 

methodology based on central composite design was used and three-dimensional plots were 

constructed. Figure 7.5, Figure 7.6 and Figure 7.7 represent the combined effect of two input 

variables on the (%) removal of carbofuran while maintaining all other variables at fixed levels.  

Figure 7.5a) shows three dimensional (3-D) response surfaces which were constructed 

to show the combined effects of process parameters (pH and adsorbent dose) on carbofuran 

removal (%) at constant initial carbofuran concentration (6 mg/L) and temperature (30 ˚C). 

Carbofuran removal was found to increase with increasing adsorbent dose and decrease with 

increasing pH. The carbofuran removal was high at acidic pH and decrease gradually with 

increasing pH. This was probably because of the no electrostatic interaction between non-

ionizable carbofuran with pKa 11.95 and the KOH-AC surface at basic pH. The increase in 

carbofuran removal with increasing adsorbent dose can be attributed to greater specific surface 

area and availability of more adsorption sites thus more carbofuran molecules are attached to 

their surfaces.  

 

Figure 7.5 The combined effects of a) pH and adsorbent dosage, b) pH and carbofuran concentration 

on removal (%) 

Figure 7.5b) presents the interaction of process parameter pH with initial carbofuran 

concentration on carbofuran removal (%) at a constant adsorbent dose (3 g/L) and temperature 

(30 ˚C). Very negligible decreasing trend was observed in removal (%) of carbofuran with an 

increase in its initial concentration. This is because, at lower adsorbate concentrations, the ratio 



  

140 
 

of solute concentrations to adsorbent sites is lower, which causes an increase in carbofuran 

removal. At higher concentrations, lower adsorption yield is due to the saturation of adsorption 

sites. Removal attained its maximum value when both pH and initial carbofuran concentration 

was low. 

Typical three dimensional response surfaces for interaction effect of pH and 

temperature on carbofuran removal (%) at a constant adsorbent dose (3 g/L) and initial 

carbofuran concentration (6 mg/L) is shown in Figure 7.6a). Carbofuran removal (%) was 

found to increase with increasing temperature and decrease with increasing pH.  The increase 

in carbofuran uptake with increasing temperature may be due to the higher diffusion rate of 

carbofuran at elevated temperature through the outer boundary layer as well as within the pores 

of the KOH-AC. Moreover, the kinetic energy of carbofuran molecule is more at high 

temperatures that lead to efficient contact between the active sites of KOH-AC and the 

carbofuran causing increased adsorption. The highest removal (%) obtained when the 

temperature was at maximum point and pH was at the minimum point.   

 

Figure 7.6 The combined effects of a) pH and temperature, b) adsorbent dosage and carbofuran 

concentration on removal (%) 

Figure 7.6b) shows 3-D response surface plot of carbofuran removal (%) as dependent 

on initial carbofuran concentration and adsorbent dose at constant pH (7) and temperature (30 

˚C). The surface plots showed that low adsorbent dosage and high initial adsorbate 

concentration simultaneously lead to lower removal (%) which is related to the fact that a low 

amount of adsorbent offers lower effective surface areas for carbofuran adsorption and 
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saturation of adsorbent active sites at higher adsorbate concentration. It is evident from Figure 

7.6b that the removal (%) attains its maximum value when adsorbent dose was high and the 

initial concentration was low. 

The effect of interactions between adsorbent dose and temperature on carbofuran 

removal (%) at constant pH (7) and initial carbofuran concentration (7 mg/L) is depicted as 

three dimensional response surfaces in Figure 7.7a). It is evident from Figure 7.7a) that both 

adsorbent dose and the temperature has a profound effect on carbofuran removal. Carbofuran 

removal (%) increases with increasing temperature and adsorbent dose. This trend is expected 

because as the adsorbent dose increased the availability of active sites in adsorbents increased 

that leads to the increased available surface area and thus more carbofuran molecules are 

attached to their surfaces. The highest removal % obtained when both the temperature and 

adsorbent dose was at the maximum point. 

 

Figure 7.7 The combined effects of a) temperature and adsorbent dosage, b) temperature and 

carbofuran concentration on removal (%) 

Figure 7.7b) shows three dimensional response surfaces for the interaction effects of 

temperature with initial carbofuran concentration on carbofuran removal (%) at constant pH 

(7) and constant adsorbent dose (3 g/L). It is evident from Figure 7.7b) that the maximum 

carbofuran removal obtained at the highest temperature and low initial carbofuran 

concentration.  
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7.2.6. Optimization by Response Surface Modeling 

One of the main aims of this study is to find the optimum process parameters to improve 

the adsorptive removal of carbofuran using developed mathematical model equations with the 

help of desirability (D) function. In the present study, pH was fixed at minimum, whereas initial 

concentration was targeted to be within studied range and adsorbent dose as well as temperature 

was set to maximum. As mentioned in the material and methods section, the desirability close 

to 1 indicates the most desired conditions and the corresponding response. Figure 7.8 

Desirability plot of adsorbent dosage Vs temperature. The optimum adsorption conditions 

obtained with the highest desirability for carbofuran removal by KOH-AC in batch process 

were pH 3, adsorbent dosage 3.6 (g/L), initial carbofuran concentration 7.2 (mg/L), temperature 

47 ˚C. The experiments were conducted for optimized condition and results were compared 

with predicted value (Table 7.6). It is observed that the experimental values obtained are in 

good agreement with the values predicted from the models, with relatively small error, which 

is only 2.33%. 

 

Figure 7.8 Desirability plot of adsorbent dosage Vs temperature 

Table 7.6 Model validation 

pH Adsorbent dosage Initial carbofuran 

concentration 

Temperature Removal (%) of carbofuran  

Predicted Experimental 

3 3.6 7.2 47 92.52 94.68 
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 Analysis of ANN Modeling 

 

Figure 7.9 ANN plots for training, validation, test and combines for carbofuran removal (%) 

An artificial neural network (ANN) was used for modeling the adsorption data of 

carbofuran on KOH-AC obtained at various experimental conditions. The optimal architecture 

of ANN topology was determined by the maximum value of R2 and the minimum value of the 

MSE of the training and testing data sets. For the selection of optimal ANN architecture, 1 to 

30 number of neurons were used in the hidden layer. Table 7.7 reveals the dependence among 

the number of neurons, R2 and MSE for selected ANN. It was identified that the ANN model 

with 12 hidden neurons achieved the R2 value of 0.9979 and MSE value of 0.00017 for the 

training data set and the R2 value of 0.9836 and MSE value of 0.00728 for the testing data set. 

Thus the ANN topology with 12 neurons in the hidden layer is designated as the best models 

for the removal of carbofuran by KOH-AC. Figure 7.9 displays the predicted data versus 

experimental results for training and testing data.  The results depict the goodness of fit between 

experimental data and predicted data by ANN models for carbofuran removal (%) using KOH-

AC.  
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Table 7.7 Dependence between neuron numbers at hidden layer with MSE and R2 

Number of 

neurons 

Train Test 

R MSE R MSE 

1 0.8861 0.0095 0.9229 0.0554 

2 0.9183 0.0029 0.8744 0.0896 

3 0.9291 0.00283 0.9032 0.0618 

4 0.8982 0.0047 0.936 0.0489 

5 0.9561 0.00092 0.9199 0.0594 

6 0.9587 0.00088 0.9134 0.0598 

7 0.9664 0.00072 0.9594 0.0101 

8 0.9725 0.00069 0.9654 0.0097 

9 0.9656 0.00076 0.9635 0.0098 

10 0.9782 0.00069 0.9820 0.0073 

11 0.9803 0.00046 0.9765 0.0081 

12 0.9979 0.00017 0.9837 0.00728 

13 0.9906 0.00019 0.9808 0.0075 

14 0.9875 0.00025 0.9746 0.0085 

15 0.9863 0.00037 0.9366 0.0486 

16 0.9777 0.00067 0.9526 0.0373 

17 0.9378 0.0024 0.9366 0.0485 

18 0.9413 0.0015 0.9305 0.0525 

19 0.9536 0.00094 0.9312 0.0503 

20 0.9637 0.00079 0.9023 0.0647 

25 0.9645 0.00078 0.8809 0.081 

30 0.9661 0.00074 0.9588 0.0166 

7.3.1. Genetic Algorithm Optimization 

A genetic algorithm (GA) program based on its combination with neural network 

known as ANN-GA successfully applied for the optimization of various systems [266–

268,326]. In this study, GA based optimization processes performed by equations obtained 

from ANN models. The method is based on analysis of data achieved at different conditions 
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including various level of pH, adsorbent dosage (g/L), initial carbofuran concentration (mg/L) 

and temperature (˚C) to search for their optimum value based on obtained equation from 

optimum ANN model with 12 neurons in the hidden layer. The obtained ANN equation can be 

defined as follows:  

ANN = Purelin (w2 x tansig(w1 x [x(1); x(2); x(3); x(4)] + b1) + b2)   (7.4) 

Where, x(1), x(2), x(3) and x(4) represent the inputs, w1, b1 and w2 and b2 are the weight and 

bias of hidden and output layers and their values are calculated and listed in Table 7.8. The 

Matlab R2018a genetic algorithm toolbox was applied for GA processes with 100 generation, 

the population size of 100 with scattered crossover function of 0.8 rank scaling function and 

stochastic uniform option. Under combined ANN-GA method, the maximum removal was 

predicted at 3.25, 2.99 (mg/L), 3.60 (g/L) and 49.3 (˚C) of pH, initial carbofuran concentration, 

adsorbent dosage and temperature, respectively. 

Table 7.8 The weight and bias of trained ANN for predicting the removal of carbofuran by KOH-AC 

w1 w2T b1 b2 

0.2444 2.1451 0.5776 1.5315 -0.0216 -2.3668  

0.7749 -0.6335 1.0914 -2.6663 -0.7572 -1.6716  

-2.1809 -0.6406 0.0720 -1.1748 0.3922 1.8467  

0.1196 -0.2517 2.1149 2.7794 0.7396 1.2224  

0.4002 -1.2083 -0.9759 2.2531 -0.1999 -0.4783  

-1.5053 1.9483 0.3879 -0.7611 -0.1587 0.3684 -1.3582 

1.6360 1.7430 0.5345 -0.5748 -0.2178 0.3472  

1.3115 -2.1468 -0.6705 0.7128 -0.0486 0.8816  

0.1004 1.8523 1.1877 -1.8478 0.1392 0.4888  

-1.0839 0.8497 1.6758 -1.2187 -0.1911 -1.8751  

-1.1744 1.1238 1.4915 0.9206 -0.2544 -2.3879  

-1.5618 1.5614 0.6893 1.3339 0.0149 -2.5610  
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 Comparison of RSM with ANN 

The estimation capabilities of the proposed ANN and RSM techniques for carbofuran 

removal (%) by KOH-AC were evaluated by means of comparing the responses computed from 

both methods to the observed data. Table 7.9 presents the statistical comparison (i.e. R2 & 

MSE) of RSM and ANN models. Generally, both RSM and ANN models provided good quality 

predictions in this study and can be considered to perform well in data fitting and offered stable 

responses. However, the ANN model showed clear superiority over RSM in terms of prediction 

with low error and high coefficient values. This finding is similar to the usual notion that ANN 

has the best performance compared with RSM. One of the characteristics of modeling based 

on ANN is that it does not require the mathematical description of the phenomena involved in 

the process, and might, therefore, prove useful in simulating and up-scaling complex adsorption 

systems. This technique is superior to other models in terms of higher speed, simplicity, 

reliability, large capacity and robustness. However, there is no vagueness in the RSM model 

compared with the ANN approach, because the RSM model presents linear, interaction and 

quadratic effects of process parameters on response. Furthermore, RSM plays an important role 

in decreasing the number of experiments, cost and time. In addition, RSM optimized the 

conditions and developed a full quadratic model for the optimum conditions. 

Table 7.9 Comparison of MSE and R2 obtained using the RSM and ANN models 

Models Statistical parameters 

R2 MSE 

RSM (CCD) 0.9474 3.283 

ANN 0.97 0.0067 
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Chapter 8 

8.Conclusions and Future Perspectives 

 Summary 

The objective of the experimental study is to evaluate the potential of post-consumer 

PET bottles as a precursor for activated carbon production. It also aimed to estimate the 

capacity of prepared activated carbon as electrocatalytic and adsorbent material for the efficient 

detection and removal of carbofuran from the aqueous phase at low concentrations. Central 

composite design (CCD) of response surface methodology (RSM) and artificial neural 

networks (ANN) were employed for the modeling of carbofuran adsorption on activated 

carbon.  

Some significant contributions of the present investigations are summarized. 

 Conclusions 

This study showed that post-consumer polyethylene terephthalate (PET) bottles 

containing high carbon content (58.88 %) and volatile content (71.24 %) can be used as a 

promising precursor for activated carbon (AC) preparation. ACs with different textural and 

surface properties were prepared by chemical activation of precursor using potassium 

hydroxide, sulphuric acid and zinc chloride. Effect of process parameters such as impregnation 

ratio, carbonization temperature and holding time on the surface area, pore volume and yield 

of AC were investigated for each activating agent. Potassium hydroxide treated activated 

carbon (KOH-AC) exhibited maximum values for surface area (1808 m2/g), pore volume (1.38 

cm3/g), mesopore surface area (925 m2/g) and mesopore volume (0.95 cm3/g) at optimum 

process conditions (5 impregnation ratio, 1000 ˚C carbonization temperature and 60 min 

holding time). XRD and Raman spectra analysis confirmed the negligible presence of ordered 

crystalline phase and a high percentage of structural defects with the prepared activated 

carbons. FTIR studies showed the presence of different functional groups with all three 

prepared activated carbons. Microscopic analysis revealed the extensive development of pore 

structures ranges from micropores to macropores with the prepared activated carbons. 

According to the results of this study, it can be said that the post-consumer PET bottles can be 
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effectively used as a raw material for the preparation of AC using chemical activation 

procedure. In addition, the raw material is found in abundance and therefore the carbon cost is 

expected to be economical.  

A novel, reproducible and stable electrochemical sensor for electroanalysis of 

carbofuran-phenol (hydrolysate of carbofuran) was developed by modifying the glassy carbon 

electrode (GCE) with prepared KOH-AC (KOH-AC/GCE). The fabricated KOH-AC/GCE 

exhibited enhanced electrocatalytic activity as a non-enzymatic electrochemical sensor for the 

trace level determination of carbofuran phenol, as assessed by CV and amperometry. Notably, 

the KOH-AC/GCE shows an excellent detection limit of 0.03 µM and ultrahigh sensitivity 0.11 

µA µM-1 cm-2 for the detection of carbofuran phenol. The proposed sensor is a good alternative 

to the conventional GCE and most other previously reported modified electrodes for the 

detection of carbofuran phenol, as it offers superior stability, sensitivity, detection limit, 

reproducibility and selectivity. Furthermore, the amperometric sensor provides remarkable 

results in real sample applications. 

As prepared KOH-AC at optimal conditions was used as an adsorbent to remove 

carbofuran from the aqueous phase at low concentrations.  The maximum adsorption capacity 

of KOH-AC and removal (%) of carbofuran was achieved at pH-3, activated carbon dosage-

3g/L, initial carbofuran concentration- 10 mg/L and temperature- 50 ̊ C. The adsorption process 

was well fitted to the Freundlich isotherm model which indicates that the adsorption of 

carbofuran on KOH-AC may involve multi-layer adsorption on a heterogeneous adsorbent 

surface with interactions between the pesticide molecules. Carbofuran adsorption on KOH-AC 

was best governed by the pseudo-second order equation which proposed that the adsorption 

rate was dependent more on the availability of adsorption sites than the concentration of the 

pesticides in solution. Negative values of 𝛥𝐺° at different temperatures studied revealed that 

the process of adsorption was spontaneous and thermodynamically feasible process. Positive 

ΔH° value indicated the endothermic nature of the adsorption process. Besides, the positive 

value of ΔS° specified that adsorption of carbofuran on KOH-AC increased randomness in the 

system. 
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ANN and RSM models were constructed for predicting the removal (%) of carbofuran 

by KOH-AC. Generalization and predictive performances of these models were evaluated 

using the statistical criteria such as R2, MSE. Both the models predicted the removal of 

carbofuran from aqueous solutions by KOH-AC satisfactorily. Based on the findings, the 

present work indicated that ANN model with 12 neurons in the hidden layer with R2 (0.97) and 

MSE (0.0067) was a more suitable model than RSM to predict the removal of carbofuran using 

KOH-AC. The experimental data from CCD were excellently fitted to the quadratic model, and 

the relationship between the response and the process parameters were described by a second-

order polynomial equation (regression model). Based on CCD, pH, adsorbent dosage and 

temperature were the significant factors in carbofuran removal. The predicted optimal 

parameters for the adsorption process using DF (RSM) and GA (ANN) were as follows: pH: 3 

and 3.25, adsorbent dosage (g/L): 3.6 and 3.6, carbofuran concentration (mg/L): 7.2 and 2. 99, 

temperature (˚C): 47 and 49.3, respectively.   

Important findings 

 Highly porous ACs have been prepared from post-consumer PET bottles using 

potassium hydroxide as an activating agent (KOH-AC). The resulting AC had a surface 

area of 1808 m2/g and a pore volume of 1.38 cm3/g.   

 A KOH-AC modified glassy carbon electrode (GCE) (KOH-AC/GCE) was fabricated 

for the sensitive determination of carbofuran-phenol. The prepared KOH-AC/GCE 

displayed an excellent detection limit of 0.03 µM and ultrahigh sensitivity 0.11 µA µM-

1 cm-2 for the detection of carbofuran phenol. 

 KOH-AC prepared at optimal conditions was evaluated for its ability to remove 

carbofuran from an aqueous solution in a batch process.  The maximum adsorption 

capacity of KOH-AC and removal (%) of carbofuran was achieved at pH-3, activated 

carbon dosage-3g/L, initial carbofuran concentration- 10 mg/L and temperature-50 ˚C. 

 The effects of different variables on removal (%) of carbofuran by KOH-AC were 

modeled using ANN and RSM. A comparison of the results indicated that ANN model 

with 12 neurons in the hidden layer was better than RSM. The coefficient of 

determination (R2) and mean squared error (MSE) for the optimal ANN model were 

obtained to be 0.97 and 0.0067, respectively. 
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 Scope for Further Work 

 Detailed studies need to be accomplished to prepare ACs with increased surface 

area and pore volume using various methods including physical activation, 

combined activation and microwave heating etc., and can be compared with the 

results obtained with present work. 

 Utilization of prepared ACs as adsorbents to remove various other pollutants 

emerging from industries such as textiles, automobiles, pharmaceuticals, chemicals, 

fertilizers, petroleum and aerospace should be undertaken. 

 Column studies should be carried out to test the suitability of prepared AC as an 

adsorbent in water purification systems. 

 Applications of ACs should be extensively investigated in other areas such as 

electrochemical supercapacitors, water hydrolysis and battery research. 

 Screen-printed electrodes appear as an attractive small-size tool that is mass 

produced at low cost. The screen printed electrodes can be developed and used for 

pesticide analysis. 

 Programmable microelectronic potentiostat analysis equipment can be fabricated 

for on-site detection and quantification of pesticides. 
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