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Abstract 
 

Rapid population and economic growths, excessive use of fossil fuels, and climate change have 

contributed to a serious turn towards environmental management and sustainability. The agricultural 

sector is a big contributor to (lignocellulosic) waste, which accumulates in landfills and ultimately gets 

burnt, polluting the environment. In response to the current climate change crisis, policy makers and 

researchers are respectively encouraging and seeking ways of creating value-added products from 

generated waste. Recently, agricultural waste is making a regular appearance in articles communicating 

about the production of a range of carbon and polymeric materials worldwide, this has led to a promising 

concept of waste to wealth in the modern world. The use of biomass waste such as corncob (CC) for the 

extraction of cellulose nanocrystals (CNCs), synthesis of carbon quantum dots (CQDs), and preparation 

of activated carbon (AC), has recently gained interest in the area of waste recycling and management. 

Further, the new materials generated from this waste promise to be effective and competitive in 

emerging markets.  

In this study, CC waste was used as a feedstock for preparation of CNCs, CQDs, and AC (shown in 

figure 1), for sensing applications. CNCs extracted from CC using acid hydrolysis were compared to the 

CNCs prepared from commercial microcrystalline cellulose (MCC). The CNCs from CC and MCC 

revealed comparable thermal, surface/structural, and crystallinity. These were confirmed by various 

characterization techniques including scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), X-ray diffraction (XRD), thermogravimetric Analysis (TGA), and Fourier transform 

infrared (FT-IR).  For further comparison on the effect of the hydrolysis, nitro -oxidation was used to 

prepare nitro-oxidized cellulose nanocrystals (NOCNCs) from CC. The crystallinity indexes of the 

NOCNCs was obtained to be 74.37 %, which was significantly higher than that of MCC-CNCs (70.24 

%), and CC-CNCs (69.12 %). TEM analysis confirmed that the CNCs had different morphologies, while 

SEM was used to determine the morphological properties of the samples prior to acid hydrolysis.  

The as-prepared CC-CNCs and MCC-CNCs were then utilized to prepare highly luminescent nitrogen 

doped carbon materials, with a high degree of functional groups, sensitivity, and selectivity towards Fe3+. 

CQDs showed great potential for fluorescent sensor applications. Incorporation of surface functional 

groups such as nitrogen and oxygen containing groups were confirmed by FT-IR and X-ray 

photoelectron spectroscopy (XPS) analysis which showed that the prepared N-CQDs were highly 

functionalized with these heteroatoms, resulting in an excitation-dependent fluorescence emission. The 
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detection limit of Fe3+ was obtained to be 70nM and 75 nM, for the CC-CNCs and MCC-CNCs derived 

fluorescent carbon materials, respectively.  

Due to its natural porous nature, the corncob was also utilized to prepare activated carbons by chemical 

activation with potassium carbonate (activating agent) at 800 °C using varied ratios of impregnation. 

Highly porous corncob derived activated carbon (ACC) material with a surface area of 1523.2 m2 /g and 

a pore volume = 0.81 cm3 /g was. The as-prepared ACC was then decorated with various percentage 

loadings copper oxide nanoparticles (CuO NPs) was achieved, which produced composites with surface 

areas and porosity. Simple and room temperature operable sensors based on ACC and the composites 

were designed on gold-plated interdigitated electrodes (IDEs) embedded on a printed-circuit board 

(PCB) substrate. The results showed that CuO NPs play an important role in enhancing sensor 

performance of the ACC since its incorporation improved on the conductivity and response when 

compared to the ACC-based sensor. The ACC/PVA/CuO 15% sensor demonstrated good reproducibility 

of the sensing signal when exposed to 100 ppm ethanol vapors for up to four cycles. The sensor 

exhibited a response and recovery of 125 and 130 seconds, respectively, when exposed to 100 ppm of 

ethanol. Hence, the ACC/CuO composites could be a future candidate for ethanol gas sensing application 

at room temperature.  

 

 

 

Figure 1: Corncob waste used as a feedstock for preparation of cellulose nanocrystals, carbon quantum 

dots, and activated carbon. 
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Chapter 1: Synopsis 

 

1.1. Background and motivation 
 

The global population size has exponentially risen (approximately 1.5 times) from 5.3 billion in 

1990 to 7.3 billion in 2014, with an average annual growth rate of 1.3%  [1]. One of the 

challenges of such a growth is the daunting challenge of food security. In order to fulfil the 

intense demands of food there has been a significant rise in the production of food which has 

increased more than three times over the last 50 years [2]. The rapidly increasing food demand, 

however, has posed tremendous environmental challenges, according to the Food and Agriculture 

Organization (FAO) an estimated 20ï30% of fruits and vegetables are discarded as waste during 

post-harvest handling contributing towards generation of agricultural wastes [3]. The 

decomposition of one metric ton of organic agricultural waste can potentially release greenhouse 

gases including 50ï110 m3 of carbon dioxide and 90ï140 m3 of methane into the atmosphere [4].  

 

Agriculture is an important sector for economic development in South African economy and 

plays an important role in contributing to household food security. In 2020 the agricultural sector 

contributed around 10 percent of South Africaôs total export earnings at a value of $10.2 billion, 

with the grain contributing more than 30 percent to the total gross value of agricultural 

production [5]. Maize (Zea mays), also knowns as corn is the largest locally produced field grain, 

and the staple source of carbohydrates in the Southern African Development Community  

(SADC) region for human and  animal consumption [5], [6].  South Africa is the main corn 

producer in the SADC region, with an average production of over 16 million tons produced in the 

2019-2020  period, which is 38% higher than the 2018/19 corn crop production of  11.3 million 

tons [7].  

 

 The maize plant is comprised of the stalk, leaf, cob, corn grains, and husk. The corn grains which 

are the edible corn part of the plant used to produce maize meal, corn flakes, corn flour, and 

glucose is 20% of the plantôs mass and the remaining parts of the plant (cob, husk, leaves, and 

stalk) are regarded as agricultural waste [8], [9]. The corncob is the central part of the ear maize 

in which the corn grains are stuck,  about 160ï180 kg corncobs are generated for every 1 ton of 

corn, resulting enormous annual corncob yield [10].  Majority of the corncob waste is used for 
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low value-added applications such as a source of feedstock for livestock, fertilizers, and bedding 

for small animals, with the remaining portion ending up in dumping sites due to limited space, 

some of the corncob residues are burnt directly increasing environmental pollution [6], [11]. This 

is due to the lack of adequate technology and little knowledge about possible value addition on 

such agricultural wastes, therefore,  methods for transforming corncob residues into valuable 

products are worthy of concern [12]. The utilization these agricultural residues could result in an 

additional source of revenue for farmers and provide employment opportunities without colliding 

with the food chain.  

 

In recent years, growing environmental awareness of the society has motivated academic and 

industrial research in the development towards maximizing the efficiency of the use of raw 

materials for the development of renewable and suitable materials while minimizing the 

production of waste [13]. Waste recycling as a waste management strategy in the agricultural 

sector has cost-saving and ecological implications by reduction of accumulated waste in the 

environment while converting them into novel, low-cost, high-performance renewable 

materials[14]. Corncob contains sufficient amount of cellulosic material and has been widely 

used as a versatile adsorbent for removal of organic pollutants and so on, due to its large specific 

surface area, porous structure and good adsorption properties [15]. Researchers have reported 

several studies on the use of corncob residue, including it use as a feedstock for furfural 

production [16], as a bio-adsorbent [17], for the fabrication of carbon based materials [18], 

extraction of cellulose [19], and so on. However, the use of corncob to prepare materials suitable 

to be used as sensing materials is yet to be explored.   

 

Iron  (Fe3+)  is not only one of the most essential trace elements in biological systems [20]. 

However, excess iron levels in the living cells and water body had been linked with 

neurogenerative diseases and pollution [21]. Traditional methods of Fe3+ ions detection in water 

solutions involve relatively expensive Instrument-based detection and electrochemical sensing 

methods limited by reproducibility, time, and  complex preparations  [22]. With these limitations, 

sensitive, simple, and selective detection of Fe3+ ions are urgently needed. Recently, quantum 

dot-based fluorescent sensors have proven to be a very powerful tool for the detection of heavy 

metal ions in the aqueous solutions, due to their high sensitivity and selectivity, and lower 

detection limit [23].  Among other quantum dot-based fluorescent sensors, carbon quantum dots 

(CQDs) have recently gained interest, due to their high biocompatibility, easy availability, low 

synthesis cost, and low toxicity as compared to their counterparts, semiconductor quantum dots 
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(QDs) [24]. Despite the fact that many good CQDs sensors have already been reported, there is 

still a higher demand for simpler, environmentally friendly, and cost-effective methods for the 

synthesis of CQDs from low cost precursors such as agricultural waste.  

 

Herein, corncob waste was used as a cheap and sustainable precursor to prepare carbon quantum 

dots (CQDs) and activated carbon (AC), since carbon materials are a promising class of material 

for potential application in chemical sensors due to their pronounced electrical, optical, and 

mechanical properties leading to the replacement of less cost-effective and less eco-friendly 

materials. 

 

1.2 Research objectives 
 

2. Extract cellulose nanocrystals (CNCs) from corncob through acid hydrolysis. 

3. Prepare porous carbon structures from corncob using KOH as an activation agent via 

chemical vapor deposition (CVD) under N2 conditions.  

4. Synthesize N-doped Cdots from the CNCs using microwave-assisted reactions.  

5. Synthesize activated carbon/PVA/CuO composites for chemical sensing. 

6.  Characterize the prepared materials using transmission electron microscopy (TEM), scanning 

electron microscopy (SEM), thermal gravimetric analysis (TGA), Brunauer-Emmett-Teller 

(BET), X-ray powder diffraction (XRD), X-ray photoelectron spectroscopy (XPS), 

ultravioletïvisible spectroscopy (UV-vis), and photoluminescence spectroscopy (PL). 

7. Use the prepared N-Cdots for the detection of Fe3+in aqueous solutions.  

8. Fabricate sensor devices and use them in the chemical sensing of volatile organic compounds. 

9. Test the gas sensing performance of the prepared sensors (sensitivity, selectivity, 

response/recovery times, stability, and reproducibility) using a home-made gas sensor setup. 

 

1.3 Dissertation outline 

 

The layout of the dissertation followed an order of: 

 

Chapter 1 
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This chapter gives background information as well as motivation for the proposed research, 

research objectives are explicitly and briefly stated. 

 

Chapter 2 

 

This chapter gives a review of literature to put things into perspective and provide 

background information on the production of lignocellulosic waste-derived cellulose nanocrystals 

and carbon nanomaterials.  

 

Chapter 3 

 

In this chapter procedures for the extraction of cellulose nanocrystals from corncob under 

different acid hydrolysis media are described in complete detail.  

 

Chapter 4 

 

This chapter gives details on the preparation of activated carbon from corncob by chemical 

activation with potassium carbonate (activating agent) using varied ratios of impregnation. 

 

Chapter 5 

 

This chapter presents the synthesis and characterization of CuO NPs and ACC/PVA/CuO 

composites and the gas sensing properties of ACC and the composites towards selected volatile 

organic compounds. 

 

Chapter 6 

 

This chapter presents the preparation of N-doped fluorescent carbon materials and their sensing 

properties towards Fe 3+ ions in aqueous solutions.  

 

Chapter 7 

 

Presented in this chapter are the conclusions and recommendations of the research. 
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Chapter 2: Literature review 

 

2.1  Introduction: Corncob  

 

The increasing demand for food due to population growth has resulted to an increased 

agricultural/industrial production which has consequently lead to the acceleration of agricultural waste 

generation [1]. Maize (Zea mays), also knowns as corn is a widely distributed crop in the world, with a 

global corn production of approximately 10.99× 108  tons in the 2018-2019 period [2-4]. In South Africa, 

corn is the staple food item with over 16 million tons produced in the 2019-2020  period, which is 38% 

higher than the 2018/19 corn crop production of  11.3 million tons [5, 6]. In South Africa, the corn 

farming sector consists of both commercial and non-commercial farmers in various provinces such as 

Free State (34%), North West (32%), Mpumalanga Highveld (24%) and KwaZulu-Natal Midlands (3%) 

[6,7]. The corn crop is comprised of the stalk, leaf, corn grain, husk, and the corncob [9]. The corn grain, 

which is  the edible part of the plant, used for the production of maize meal, corn flakes, corn flour, and 

glucose, is 20% of the plantôs mass and the remaining parts are agricultural waste [7,8].  

The corncob is the central part of the ear maize in which the corn grain are stuck , and is commonly 

thought of as a residue of the corn after the grains are removed [8,9]. The corn to corncob residue ratio is 

about 100:18, with approximately 19.782×107 tons of corncob generated annually [3,9,10]. Majority of 

the corncob waste is used for low value-added applications such as food for livestock, fertilizers, and 

bedding for small animals, with the remaining portion ending up in dumping sites due to limited space. 

Some of the corncob residues are burnt directly increasing environmental pollution [6,9]. Several 

methods have been developed to transform the corncob residue as a feedstock for the production of value 

added products such as extraction of hemi- celluloses to produce xylitol, furfural, ethanol, and so on 

[11]. In spite of this, unfortunately, a large amount of corncob still end up in landfills as agricultural 

waste after the grains are harvested [12]. This has led to the óuse of biomass waste to fabricate novel 

materials for different applicationsô becoming a promising concept of waste to wealth in the modern 

world [13].   

Growing research interest has emerged concerning the use of biomass material such as corncob to 

produce value-added products due to its potential to form inexpensive and environmentally friendly 

materials without colliding with the food stock, while reducing the pollution caused by biomass waste 

[14,15]. Researchers have reported several studies on the use of corncob residue, including its use as a 

feedstock for furfural production[16], biobased rigid polyurethane foam [17], production of ethanol and 
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xylitol [18,19], production of phenolic compounds [20], and use as a bio-adsorbent [21]. Several studies 

based on the use of corncob  for the fabrication of carbon based materials have also been conducted, such 

as the use of corncob residue for the fabrication of porous carbon for supercapacitor electrodes [22], 

hollow spherical carbon [23], carbon nanosheets for lithiumïsulfur batteries [24], carbon nanospheres for 

use as a high-capacity anode for reversible Li-ion battery [25], and carbon quantum for application in 

detection of metal ions [30]. With global warming and other environmental issues such as pollution, a 

great deal of attention has been paid to the conversion of agricultural waste (instead of burning) to value 

added products such as biofuels, preparation of carbon materials, and polymeric materials production 

such as cellulose [26, 27]. The more agricultural waste is used the less waste that is sent to landfills. 

 

2.2 Cellulose from biomass 

 

Cellulose is the most abundant, renewable natural biopolymer on Earth, made of the D-glucose units 

linked together via the ɓ-1,4-glycosidic and has a general formular of (C6H10O5)n, where n is the number 

of repeated monomeric ɓ-d-glycopyranose units  which varies with the source of the cellulose [26ï28].   

Cellulose is a colourless, odourless, nontoxic solid polymer found in most plant-based materials, serving 

as a dominant reinforcing phase in the plant cell wall structures, however cellulose is also synthesized by 

algae, turnicates, and some bacteria [29ï31]. Naturally occurring cellulose does not occur as isolated 

molecules, but rather it is found as assemblies of individual cellulose chain-forming fibres. These fibrils 

pack into larger units called microfibrils, which are in turn assembled into fibre. Cellulose have both 

crystalline (highly ordered) and amorphous (disordered) regions, in the crystalline region the molecular 

orientations and hydrogen bonding network vary, giving rise to cellulose polymorphs [32]. There are 

several polymorphs of cellulose namely cellulose I, cellulose II, cellulose III, and cellulose IV [32ï35]. 

Cellulose I and cellulose II are the most common polymorphs of cellulose, cellulose I is the native 

cellulose while cellulose II is obtained by chemical regeneration of nature cellulose [32,33]. The 

different polymorphs have different properties such as hydrophilicity, oil/water interface, mechanical 

properties, thermal stability, and the morphology of the particles, which qualify them for different 

applications [34,35]. Due to its crystallinity, cellulose I has been used in the synthesis of hydrogels and 

reinforcement to improve mechanical properties, while Cellulose II has been used as a bioethanol 

feedstock due to its amorphous nature [35]. Fig. 2.1 shows the basic structural organization of cellulose 

at the molecular level. 
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Figure 2.1: Amorphous and crystalline regions of the cellulose polymer [36] 

Isolation of cellulose from different lignocellulosic materials such agricultural waste has recently 

sparked interest due to the growing concern of developing environmentally friendly, biodegradable 

materials from waste  [36,37]. Cellulose has found uses in a wide variety of applications, such as food, 

construction materials, paper production, biomaterials, and pharmaceuticals [38]. In recent years, it has 

attracted a great deal of attention and growing research interest owing to its low cost, biodegradability, 

high surface-to-volume ratio, good mechanical strength, low environment impact, abundancy, easy 

functionalization, and versatility in nanoscale processing to form cellulose nanomaterial (Nanocellulose) 

[29, 39ï41]. With the nanometre diameter, nanocellulose has drawn a great deal of research interest due 

to its high strength, excellent stiffness, chemical, large surface area, chemical and physical stability [42]. 

Nanocellulose can be further classified into three main groups depending on their size and preparation 

methods, the three groups of nanocellulose are cellulose nanocrystals (CNCs), cellulose nanofibrils 

(CNFs) and bacterial nanocellulose (BNCs) [43]. Both CNCs and CNFs originated from lignocellulosic 

wastes while BNCs can be produced from micro-organism such as Gluconacetobacter xylinus [44]. In 

recent years, the nanocellulose field has undergone major developments with reference to its preparation, 

functionalization and interesting applications in  various fields such as nanocomposites membranes, 

textiles, reinforcing agent, biomedical application, wood adhesives, as adsorbent, and so on 

[29,42,45,46]. Fig. 2.2 depicts the evolution process of the extraction CNCs from agricultural waste. 
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Figure 2.2: The evolution process of CNCs prepared from agricultural waste. (a) A schematic depicting 

the proportion of publications on extraction of CNCs in from different research fields from 2012 to 2021 
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obtained from the Web of Science in January 2022. (b) The histogram depicts the number of publications 

on the extraction of CNCs from 2012 to 2021 obtained from the Web of Science in January 2022. (c) 

The timeline shows progress on the fabrication of CNCs from agricultural waste from 2012 to 2021 [48ï

57]. 

2.3  Cellulose Nanocrystals  
 

Cellulose has both highly ordered crystalline and amorphous regions in varying proportions, depending 

on its source. Removing the amorphous region influences the structure and crystallinity of the cellulose, 

resulting in the formation of cellulose nanocrystals (CNCs) [31, 32, 47]. CNCs are needle-like particles 

made up of cellulose chain segments that have been organized in an almost defect free crystalline 

structure with at least one dimension of less than or equal to 100 nm [31,48]. CNCs are also known as 

cellulose nanowhiskers, cellulose whiskers, nanocrystalline cellulose, etc. but CNCs is the most used 

term [31, 42, 48]. CNCs have a high thermal stability, surface area, and crystallinity compared to bulk 

cellulose, which has more amorphous fractions [47]. Different types of biomass waste have been used to 

extract CNCs such as cotton [49], sugarcane bagasse [50], walnut shell [51], soy hulls [48], bamboo fibre 

[52], and many more. Despite comprehensive research into a variety of biomass wastes, the use of 

corncob as a natural source for the development of cellulose nanocrystals has yet to be widely explored.  

Various techniques have been employed to prepare CNCs from lignocellulosic materials, which include 

chemical and mechanical techniques [52]. The two classical chemical treatments are acid hydrolysis and 

enzymatic hydrolysis [53], while the mechanical techniques include ultrasonication, high-pressure 

homogenization, microfluidization, high-speed blending, grinding, and cryocrushing [52, 54ï56]. 

Chemical methods are currently the most commonly used, owing to their ease of use, short preparation 

time, and relatively high yield, whereas mechanical methods require a lot of energy and produce 

nanocrystal products with a wide range of particle sizes [56, 57]. Among the chemical techniques, acid 

hydrolysis is the most common method for the extraction of cellulose nanocrystals [58]. The following 

section focuses on the different extraction techniques to extract CNCs from different parts of the 

agricultural waste.  

 

2.3.1 Pre-treatment of agricultural waste 

 

Since lignocellulosic biomass does not only consist of cellulose (30ï50%), but also 

hemicellulose (19ï45%), and lignin (15ï35%) by weight, with the other components 

including chlorophyll, waxes, ash, and resins [39, 40]. Xu et al., [41] reported that raw corn 
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stover consist of cellulose (44.4 Ñ 0.4 %), hemicellulose (27.8 Ñ 0.3 %) and lignin (19.6 Ñ 0.2 

%). While Slavutsky [42] reported that sugarcane bagasse consists of cellulose (40.3 ± 1.6 

%), hemicellulose (21.4 ± 1.6 %), and lignin (23.84 ± 0.9 %). Hence, the extraction of CNCs 

from biomass require effort, to overcome this crucial stage in the extraction process, it is 

important to select adequate pre-treatment methods to remove the non-cellulosic material 

(hemicellulose, lignin, ash, etc.). The recently reported pre-treatment methods for the 

extraction of CNCs are summarized in figure 2.3, these methods are determined by the type 

of feedstock. For instance, Santos et al., [59] prepared CNCs from pineapple leaves, which 

contained several non-cellulosic materials, the pre-treatment was conducted with a sodium 

hydroxide aqueous solution of 2% (w/w) to disrupt the hemicellulose and lignin bonds, and a 

bleaching step with an acetate buffer solution of (27 g NaOH and 75 ml glacial acetic acid, 

diluted to 1 L of distilled water, and 1.7 wt% NaClO2 in water) to remove excess non-

cellulosic residue. While Jieng and Hsieh [60] used two methods to pre-treat tomato peels 

before the extraction of CNCs, the first method involved the use of acidified sodium chlorite 

delignification, followed by highly effective alkali treatment(KOH). An alternative chlorine-

free route involving alkaline hydrolysis and peroxide bleaching was also developed for 

comparison using NaOH and 4% H2O2 under basic condition. In general, several steps are 

involved in the pre-treatment stages, including the washing, and cutting of the raw materials 

the raw materials into small pieces [61]. To cleave the ester linkages, and glycosidic side 

chains of the lignin leading to disruption the source is then subjected to alkali pre-treatments 

at specific conditions, different alkali solutions have been employed for this process such as 

KOH, and NaOH  [62, 63].  This is followed by bleaching (delignification), in this stage 

excess non-cellulosic components are eliminated in this stage using sodium chlorite and 

hydrogen peroxide [64, 65]. Extra steps are usually required to dewax the source and clean up 

the chemical residues after pre-treatments [43]. 

 

 



14 
 

 

Figure 2.3: Typical and recently reported pre-treatment methods for the extraction of CNCs. 

2.3.2 Extraction of CNCs 
 

2.3.2.1 Acid hydrolysis 

 

The extraction of CNCs from cellulosic fibers usually consists of an acid-induced 

disruption process, during which the glycosidic bonds in the amorphous region are 

cleaved, under controlled reaction conditions as shown in figure 2.4 (a) [66]. Various 

strong acids have been employed to degrade bulk cellulose effectively to release 

crystalline cellulosic CNCs, such as sulphuric acid (H2SO4), phosphoric acid (H3PO4), 

hydrochloric acid (HCl),  nitric acid (HNO3), and a mixture of  mineral and organic acids 

[67].   Kassab et al., [68] compared the effects of three different acids on the extraction of 

CNCs from tomato plant residue (H2SO4, H3PO4, and HCOOH/HCl) to form sulfated 

CNCs (S-CNC), phosphorylated CNCs (P-CNC) and carboxylated CNCs (C-CNC). The 

as-produced CNCs exhibited high aspect ratio (up to 98), high crystallinity (up to 89%), 

and formed stable suspensions in organic solvents compared to previously reported CNCs 

from other sources. While Wang and colleagues [69] attempted to add phosphate groups 

on CNCs by phosphoric acid hydrolysis to improve their thermal stability and synthesis 

conditions, the results showed that the use of phosphoric acid medium to obtain CNCs 

decrease the degradation temperatures, however, the thermal stability is still comparable 

to that of other biomasses using H3PO4 and H2SO4. Nevertheless, the acid hydrolysis 

treatment with H2SO4 to prepare CNCs have widely investigated and appears to be the 
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most extensively used method, because it has been proven effective in the elimination of 

amorphous components and resulting in stable CNCs suspensions, detailed mechanism 

shown in figure 2.4 (b) [86]. H2SO4 hydrolysis introduces sulfate groups to the surface of 

the extracted CNCs, due to the reaction with surface hydroxyl groups of the cellulose 

through an esterification process, allowing for the formation of anionic sulfate groups 

[67]. These anionic sulfate groups induce electrostatic repulsion between CNCs 

molecules and promotes their dispersion in water [59]. However, the sulfate groups 

compromise the thermal stability of the nanoparticles, which could lead to lower CNCs 

yields [59,67]. The thermal stability of the sulfuric acid prepared CNCs can be increased 

by neutralizing the CNCs dialysis [9]. Overall, the acid hydrolysis method is simple, and 

can be used to extract CNCs from several agricultural residues. Figure 2.5 illustrates the 

acid hydrolysis mechanism and the process flow diagram for the extraction of CNCs 

using conventional acid hydrolysis method.  

 

Figure 2.4: Illustrates process of CNCs extraction using the conventional acid hydrolysis method. (a) 

representation of acid hydrolysis method to extract CNCs. (b) Typical H2SO4 hydrolysis mechanism 

[82]. 

2.3.2.2 Oxidation 

 

Oxidation is useful in introducing anionic groups to the cellulose molecules, it is briefly 

separated into two steps.  The first step is the oxidation of the surface hydroxyl group (-

OH) of the pre-treated source and removal the amorphous regions [66].  This results in a 

structure with negatively charged carboxyl groups (-COOH), which could facilitate the 

dispersion of CNCs in aqueous solutions and further modifications on the surface of 
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CNCs [71].  The most common type of oxidation is TEMPO-oxidation, TEMPO (1-oxo-

2,2,6,6-tétraméthylpipyridine 1-oxyle) is a stable radical that selectively mediates the 

oxidation of primary alcohols into carboxylic acids through an aldehyde intermediate 

[72]. Usually, TEMPO mediated oxidation is cooperative with mechanical disintegration, 

which selectively oxidize C6-primary hydroxyl groups of cellulose to sodium C6-

carboxylate groups [73]. A general reaction scheme of the oxidation of C6 hydroxyl to the 

carboxyl group by the TEMPO treatment is shown in figure 2.5. Zhang et al., [74] used 

TEMPO oxidation to prepare carboxylated CNCs from sugarcane bagasse pulp  with the 

further assistance of ultrasound. Previous studies have used TEMPO mediated oxidation 

to prepare carboxylated CNCs, however, this method consists of several step processes as 

well as multiple radical generating chemicals (sodium hypochlorite (NaClO), sodium 

bromide (NaBr), and TEMPO reagents), therefore limiting the sustainability of the 

approach [75].  

 

Other oxidation agents such as ammonium persulfate (APS), H2O2, and nitro-oxidation 

(using HNO3 and NaNO2) have also used to prepare CNCs [76ï78].  Zhang et al., [76] 

compared the effects of the preparation methods using TEMPO and acid hydrolysis, 

lemon seeds were utilized to extract CNCs by H2SO4 (S-LSCNC), APS (A-LSCNC), and 

TEMPO oxidation (T-LSCNC). The results demonstrated that all CNCs maintained 

cellulose Iɓ structure and had a good dispersion regardless of extraction methods, but the 

T-LSCNC had a higher yield. This is because TEMPO-oxidation method is also 

advantageous due to its ability to produce high oxidized yields of up to 90% [86]. 

Khoshani et al., [79] prepared carboxylated CNCs through a one-step catalyst-assisted 

H2O2 oxidation.  Similar to TEMPO, these two methods require several pre-treatment 

steps before the extraction of CNCs, while nitro-oxidation reduce the need to consume 

multiple chemicals, greatly improving the recyclability of the used chemicals [75]. 

Sharma et al., [80] used a one-step nitro-oxidation to prepare carboxylated CNCs from 

jute fibers, while Zhan et al., [29] compared the extraction of CNCs using both nitro-

oxidation and TEMPO-oxidation from jute fibers. TEMPO-oxidation was performed on 

pre-treated jute while the nitro-oxidation was performed on the untreated jute. Both 

oxidation methods were effective and resulted to carboxylated CNCs with good 

dispersion and high transparency. Figure 2.5. (c) demonstrate the nitro-oxidation 

mechanism.  
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Figure 2.5: A general reaction scheme of the oxidation by the TEMPO and nitro-oxidation treatments. 

(a) Regioselective oxidation of cellulose by TEMPO-mediated oxidation [81]. (b) Schematic 

representation showing preparation of CNCs using TEMPO oxidation [71]. (c) Nitro-oxidation 

mechanism using nitric acid and sodium nitrite [80]. 

 

2.3.2.3 Other methods 

 

Other extraction methods such as ionic liquids hydrolysis (ILs) and enzymatic hydrolysis 

have been utilized to extract CNCs from agricultural waste [66]. ILs hydrolysis has 

attracted considerable attention in the field of biomass processing due to its low vapor 

pressure, low energy consuming,  and sustainable process since it allows the recycling of 

reagents and emit the use of hazardous chemicals [82]. This hydrolysis involves two main 

steps, firstly the pre-treated cellulose is immersed in an IL for a period to allow swelling 

and water is added to initiate the hydrolysis stage [66]. During the reaction, the hydrogen 

and oxygen atoms of amorphous cellulose are easily accessible by the dissociated IL to 

form the electron donor-electron acceptor, the -OH groups break leading to the selective 

removal of the amorphous region [83]. The above-mentioned extraction methods require 
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the use of chemicals, while enzymatic hydrolysis use cellulolytic enzymes known as 

cellulases (mixtures of endoglucanases, exoglucanases, and cellobiohydrolases), these are 

an interesting class of enzymes possessing the ability to act as a catalyst for the hydrolysis 

of the cellulose [84]. These enzymes have specific functionalities which can selectively 

depolymerize the amorphous region of cellulose to prepare CNCs with high crystallinity. 

Endoglucanase attacks and hydrolyzes the amorphous domains,   exoglucanase reacts 

with the cellulosic chain from either the reducing or nonreducing ends, while 

cellobiohydrolases hydrolyze cellulose from either the C1 or the C4 ends employing a 

protein in each case, into cellobiose sub-units [84, 85].  

 

2.3.3 Application of CNCs 
 

Due to the abundant biomass waste, various pre-treatment and extraction methods, outstanding unique 

nanoscale structure, excellent mechanical properties, thermal stability, biocompatibility, 

biodegradability, and easy surface modifications, CNCs have attracted rapidly growing scientific and 

technological interest, and have found application in many fields, such as health care, environmental 

protection, chemical engineering, and manufacture [86]. Grishkewich et al.,  [87] summarized the recent 

applications of CNCs in biomedical engineering (tissue engineering, drug delivery, biosensors, and 

biocatalysts), wastewater treatment (adsorbents), energy and electronics sector (supercapacitors, 

conductive films, substrates, sensors, and separator for energy storage). Figure 2.6 demonstrates the 

summarized recent applications of CNCs. CNCs has also found applications in the monitoring and 

improvement of food quality, Dhar et al.,  [88] fabrication a poly (3-hydroxybutyrate) (PHB)/ CNCs 

based nanocomposite films with improved gas barrier and migration properties for food packaging 

applications. Peng et al., [89] incorporated CNCs into different food based systems containing polymers 

as a thickening agent, the CNCs improved the viscosity enhancement at lower particle loading. Besides 

these promising applications, CNC-based materials have also been applied in the fabrication of carbon-

based nanomaterials, Dhar et al., used CNCs to prepare graphene with tunable dimensions, while Souza 

et al., [90] prepared luminescent nanocarbon structures. In this study, prepared CNCs were used to 

fabricate carbon quantum dots (CQDs), which were used for the detection of Fe3+ in aqueous solutions. 
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Figure 2.6: Summarized recent applications of CNCs. 

2.4 Carbon quantum dots (CQDs) 

 

Since their discovery in 2004 by Xu et al., [91] during the purification of single-walled carbon nanotube 

(SWCNT) through preparative electrophoresis, and then via laser ablation of graphite powder and 

cement in 2006 by Sun et al., [92],  carbon quantum dots (CQDs) have gradually become a rising star in 

the carbon nanomaterials family. They are an emerging subclass of zero dimensional nanoparticles that 

consists of a carbon core, constituting of different functional groups at the surface [93]. CQDs are 

characterised by quasi-spherical morphology composed mainly of amorphous carbon with sp2 hybridised 

structure and size less than 10 nm [94]. They exhibit attractive properties such as tunable 

photoluminescence, functionalizability, dispersibility, multicolour emission associated with excitation, 

biocompatibility, size-dependent optical properties, facile synthesis, and low toxicity as compared to 

their counterparts, the semiconductor quantum dots (QDs) [95]. These extraordinary features make them  

suitable  for applications in sensors, catalysis , healthcare, and energy storage devices [96]. 

Over the past decade extensive research has been conducted to explore the synthesis of CQDs, their 

methods of preparation can be categorised in two main approaches known as the top-down and the 

bottom-up (shown in figure 2.7 d) [95]. The top-down method involves breaking down large carbon 

structures such as coal, activated carbon, graphite, and carbon nanotubes into the desired carbon 

nanostructures through electrochemical oxidation, acidic oxidation, arc discharge, and laser ablation 
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[97]. The bottom-up route includes the polymerization and carbonization of small molecule precursors, 

such as citric acid, phenylenediamines, glucose, and aldehyde under a range of different reaction 

conditions through microwave and hydrothermal methods [98]. Despite the development of various 

fabrication strategies, the production of CQDs still require complicated instrumentation, expensive 

precursors, and rigorous experimental conditions that present risks to the natural environment and human 

health. These have also led to high production costs and constrained the commercialization of CQDs 

[99]. At present the development of various green fabrication strategies and mass production of CQDs at 

low costs from natural precursors are of great interest.  

The usage of agricultural waste as precursors for the synthesis of CQDs are receiving a great deal of 

attention since they are rich in elements such as nitrogen (N), hydrogen (H), and oxygen (O), in addition 

to carbon (C). They are renewable, cost-effective, and environmentally benign compared to other carbon 

sources [100]. In addition, the production of CQDs from agricultural wastes converts low-value biomass 

waste into valuable and useful materials. The histograms in figure 2.7 (a and b) depicts the number of 

publications on CQDs from 2004 to 2021 and the number of publications on agricultural waste based 

CQDs from 2012 to 202.  Zhou et al., [101] proposed a green synthesis method by utilizing watermelon 

peel as carbon precursors for the first time, starting a new trend towards using agricultural waste 

materials for CQDs preparation. Following this, researchers have utilized different types of agricultural 

wastes; animal waste (prawn shell [102], manure [103], denatured milk [104], etc.), fruits waste ( orange 

peel [105], sugarcane bagasse pulp [106], walnut shells [107], etc.), and vegetable waste ( corncob [108],  

rice straw [109], wheat straw [110], and more). Figure 2.7 c shows the progress on the fabrication 

strategies of CQDs from 2012 to 2021 using agricultural waste.   
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Figure 2.7:  The evolution of CQDs. (a) The histogram depicts the number of publications on C-dots 

from 2004 to 2021 obtained from the Web of Science in October 2021. (b) The histogram depicts the 

number of publications on agricultural waste based CQDs from 2012 to 2021 obtained from Web of 

Science in October 2021. (c) shows the progress on the fabrication strategies of CQDs from 2012 to 

2021 using agricultural waste [95, 101, 102, 107, 110ï114] . (d)  Schematic representation of the ñtop-

downò and ñbottom-upò approaches for the synthesis of CQDs [115] 

Due to differences in biomass surface heteroatoms, particle size, and passivation, CQDs derived from 

different agricultural residues and synthesis techniques show different luminescent properties, size 

distribution, and quantum yield (QY) [116]. Conventional methods involved in preparation of 

agricultural waste based CQDs require complicated equipment, catalysts, several post synthesis 

purification steps, longer synthesis time, and harsh experimental conditions which results in expensive 

production costs [95]. Therefore, exploration of green synthesis methods with few synthesis steps to 

minimize the use of toxic chemicals and reduce synthesis time is still necessary. At present microwave-

assisted synthesis is highly desirable due to its simplicity, short synthesis time, low synthesis cost, and 

results in fast homogeneous rection that is beneficial to the synthesis [117].  

 

 



22 
 

2.4.1 Microwave synthesis 

 

Microwave synthesis make use of microwave heating to carbonize organic substances mixed with 

solvents at a certain microwave power or temperature to break the chemical bonds of the precursors 

followed by the growth of CQDs [118].  Microwave heating is proving to be a transformational 

technique in preparative chemistry, unlike conventional methods which conduct heat from the outer 

boundary of raw materials to the inner through heat conduction, microwave synthesis results in direct 

penetration of microwaves into precursors, generating the access of uniform elevated heating in an 

easy, safe, and reproducible way [119], illustrated in figure 2.8.  Microwave heating also results to 

short reaction times, improved product yields, less by-products, easy control of particle sizes, and 

enhanced purity, thus regarded as an environmentally friendly synthesis method [120]. The 

properties of CQDs could be regulated by changing the experimental conditions such as the 

microwave power, reaction time, the proportion of solvents and carbon precursors. Jusuf et al., [121] 

proposed a waste-reused and eco-friendly microwave-assisted approach for preparing CQDs from 

eggshell membrane peeled off from the eggshell waste. The prepared CQDs possessed good water 

solubility, pH dependent fluorescent behaviour with an average size distribution of 3.88±0.56 nm. 

Palm kernel shell biomass waste were used to prepare photoluminescent CQDs through microwave 

with an average size distribution of 7.0 nm  [122]. Raji et al., [123] used a one-step microwave 

synthesis to prepare photoluminescence CQDs from jackfruit seeds, the CQDs displayed excellent 

solubility in water, high photoluminescence, high photostability, longer storage stability, and low 

cytotoxicity. Yao et al., [124] developed multifunctional hybrid composed of CQDs derived from 

waste crab shell using microwave assisted synthesis, wherein waste crab shell acted not only as a 

cheap source of carbon but also as a chelating agent to form complexes with metal ions.  

 

 

 

Figure 2.8: Schematic representation of the Conventional and microwave heating mechanisms [125] 
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2.5 Properties of CQDs 

 

CQDs are the most desired alternative to toxic heavy metal based QDS for fluorescence related 

applications, due to their high fluorescence stability, environmental friendliness, good biocompatibility, 

facile synthesis, and low toxicity [93]. These properties strongly depend on several factors including the 

synthesis technique, the chosen precursors, post-synthesis treatments, time and temperature of the 

synthesis, pH, surface passivation or functionalization, heteroatom doping, and so on [96]. Not only do 

these factors affect the microstructure of CQDs, but also the optical properties, and quantum yield (QY). 

In this section, the physical, chemical, and optical properties of CQDs are discussed in greater detail.   

2.5.1 Structural properties 
 

CQDs are typically nanoparticles less than 10 nm, composed of a core-shell structure with 

sp2/sp3 carbon cores functionalized with polar oxygen groups [94]. The existence of the 

surface groups of CQDs depend mainly on the type of precursor used in the synthesis, when 

the used precursor is heteroatom-rich, the surface tend to have modified functional groups 

such as carboxyl, amine, carbonyl, and ether groups [126]. The surface functional groups 

impart them with excellent water solubility but also ease further surface functionalization 

with various molecules [127]. In addition, the precursor and synthesis method also determine 

the composition, morphology, and size distribution of the synthesized CQDs. Various 

characterization techniques are applied to determine the physical properties and the 

crystalline structure of the CQDs. These techniques consist of atomic force microscopy 

(AFM), high-resolution transmission electron microscopy (HRTEM), X-ray diffraction 

(XRD) and Raman spectroscopy [93]. To investigate their chemical structure, X-ray 

photoelectron spectroscopy (XPS), element analysis, Fourier transform infrared (FTIR), and 

nuclear magnetic resonance (NMR) are used [128]. Characterization of CQDs is essential for 

attaining a better understanding of the mechanisms associated with the unique structural 

properties of the nanoparticles.  

 

TEM and AFM are used to determine the morphology, the size distribution of CQDs could be 

measured from TEM images, while AFM is used to measure the height information of C-dots. 

At present, most biomass-based CQDs are usually spherical with the average particle size less 

than 10 nm in a state of uniform dispersion [129], although smaller sized CQDs have been 

obtained from eggshell membrane peel [130] , pomelo peels [131], and garlic husk [132]. 
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There are also some biomass-based CQDs with large size distribution obtained from spent tea 

[133] and from goose feather with an average size distribution of  21 ± 5 nm for the latter 

[134]. The crystalline properties are determined using HRTEM, XRD, and Raman 

spectroscopy. HRTEM is used to determine the lattice fringe spacing of the carbon materials 

which largely correspond to the different diffraction planes, Atchudan et al.,  showed an 

HRTEM image of C-dots prepared from banana peel waste with a lattice spacing of 0.21 nm 

[135]. The XRD spectra of CQDs generally have spectrum broad diffraction peak between 2ɗ 

values of 20° to 25° and lattice spacing between 0.31 and 0.38 nm [136]. Zhang et al., 

showed 3D morphology images of pine wood derived CQDS, with an average height of 2.8 

nm, corresponding to 5ï7 layers of graphene [137].  

 

The graphitization/crystallization of CQDs are examined by Raman spectroscopy, Raman 

spectra of biomass-based CQDs (similar to common CQDs synthesized using commercial 

precursors) exhibit two broad peaks at around 1300 cmī1 and 1580 cmī1 as shown in figure 

2.10 e, which are attributed to the D (sp3-hybridized) and G (sp2-hybridized) bands, 

respectively [138]. The D band is associated with the vibrations of carbon atoms with 

dangling bonds in the termination plane of disordered graphite and the G-band is related to 

the in-plane vibrations of sp2 carbons. Hence, the intensity ratio of the D to G bands (ID/IG) is 

the measure of the defects present on the graphitic structure, a low ID/IG ratio represent that 

the integrity of the graphitic shells is sufficiently high to protect the core material well from 

corrosion and oxidation [135]. The surface functional groups and elemental composition of 

CQDs are examined by XPS and FTIR.  FTIR spectrum (figure 2.10 f) is used to understand 

the surface functional groups contained on the CQDs, agricultural waste-based CQDs usually 

exhibit main characteristic absorption bands of OïH, CïH, CƏC, and (CƏO), other 

agricultural waste-based CQDs may contain C-N and C-S bonds [104]. XPS analysis is 

carried out to delineate the chemical composition and nature of bonding in CQD. Agricultural 

waste based CQDs generally contain carbon, oxygen, nitrogen, and sulfur, which can be 

reflected in XPS. XPS can be used to determine the elements and the bonding modes between 

the contained elements. CQDs usually show three apparent peaks centred around 283, 400, 

and 530 eV which are attributed to C1s, N1s, and O1s, respectively [139]. 

2.5.2 Optical properties 
 

Due to the quantum-confinement effect, the optical properties are the most notable feature of CQDs 

irrespective of their microstructure. CQDs possess excellent optical properties such as wavelength tuned 
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emission which may be affected by surface state, surface passivation, heteroatom doping, surface 

defects, etc.  This section presents and discus the common optical properties of agricultural waste based 

CQDs. 

 

2.5.2.1 UV-absorption properties 

 

CQDs usually show absorption in UV region and lower absorption intensity in the visible and near 

infrared region (NIR) [136]. Biomass C-dots typically show two strong absorptions in the near 

ultraviolet region around 230ï270 nm induced by the ˊ -ˊ* transition of C=C and C=N bonds, whereas 

lower absorption intensity peak in the visible and NIR region is located around 300ï330 nm is ascribed 

to nḯ * transition of C=C or C=O bonds [116]. The UV-vis spectra of dwarf banana peel CQDs [140]  

show two absorption peaks, one at 272 nm and one at 320 nm, which are due to a ˊīˊ* transition of C=C 

bonds and the nīˊ* transition of C=O bonds in biomass based carbon dots (BCDs), respectively.  

Moreover, the nature of the CQDs precursor and surface functional groups can affect the position and 

intensity of the absorption peaks. Liu et al., [141] prepared CQDs from different agricultural waste 

materials C-CDs (cellulose-based CDs), P-CDs (protein-based CDs), PS-CDs (peanut shell-based CDs), 

CS-CDs (cotton stalk-based CDs), and S-CDs (soymeal-based CDs)). Two absorption peaks at 273 nm 

and 322 nm were observed for the P-CDs, while only one absorption peak was observed for the rest of 

the samples at 281 nm for C-CDs, 278 nm for PS-CDs, 299 nm for CS-CDs, and 328 nm for S-CDs. 

 

2.5.2.2 Fluorescence properties 

 

The fluorescence properties of CQDs are one of the most fascinating features since they can 

affect the application of CQDs in different fields. CQDs possess excellent fluorescence 

properties, including excitation wavelength dependent fluorescence, size dependent 

fluorescence emission, up-conversion luminescence, strong resistance to photobleaching, and 

good fluorescence stability [142]. The photoluminescence spectroscopy (PL) emission of 

CQDs occurs when trap states are present in the bandgap (caused by impurities, surface 

defects, functional groups, and adsorbed molecules). In these cases the photoexcited electron 

or hole can be trapped and their following recombination leads to a radiative emission of 

energy [143]. The observed PL is due to the combination of different mechanisms from 

different sources,  the surface state, quantum confinement effect, and molecular state 
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mechanisms  [136]. Most of the CQDs reported so far have a common feature of presenting 

excitation-dependent emission, giving a decrease in the emission signal which is 

systematically displaced toward longer wavelengths as the excitation wavelength increases 

[127]. Figure 2.9 demonstrates a photoluminescence mechanism of CQDs which occur when 

trap states are present in the bandgap of CQDs. Surface state mechanism is mainly induced by 

heteroatom doping, surface functionalization and surface passivation. Heteroatom doping is a 

common method in the preparation of CQDs and allows their intrinsic properties to be 

tunable and exploited for their desired potential applications. Elements such as N, B, S, and P 

are used as dopants to replace carbon atoms in the sp2/sp3 network  [144]. Surface 

functionalization is related to the introduction of functional groups via covalently bonding on 

the carbon edge planes [145]. Surface passivation involve the coating of passivating regents 

(polyethylene glycol (PEG), amine terminated polyethylene glycols (PEG-1500N), 

poly(ethylenimide)-co-poly(ethyleneglycol)-co-poly(ethyl-enimide) (PPEI), 4,7,10-trioxa-

1,13-tridecanediamine (TTDDA), and polyethyleneimine (PEI)) on the surface of the carbon 

core of CQDs to regulate their surface state [146]. In general, the surface state of CQDs 

results to a variety of energy levels and lead to various emissive traps [136].  Newman 

Monday et al., [147] prepared nitrogen doped CQDs (N-CQDs) from palm kernel shells 

obtained using both ethylenediamine and L-phenylalanine. The as-prepared N-CQDs showed 

fascinating photoluminescence (PL) property with a quantum yield (QY) of 13.7% for 

ethylenediamine doped N-CQDs and 8.6% for L-phenylalanine doped N-CQDs with an 

excitation dependent emission wavelength. Chen et al., [163] prepared N, S co-doped NQDs 

from used garlic displaying strong fluorescence with QY of 13%. Nitrogen, phosphorus co-

doped CQDs with a QY as high as 76.5% were synthesized by Dong and colleagues [149].  
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Figure 2.9: Photoluminescence mechanisms of CQDs [147] 

2.6 Application of CQDs 

 

CQDs have attracted rapidly growing scientific interest, and have found application in bioimaging, 

biosensing, fuel cells, supercapacitors, catalysis, solar cells, lithium-ion batteries, drug delivery and 

light emitting diodes, owing to their outstanding chemical, physical and optical properties [96]. 

According to a Web of Science search done by Li et al., [144] in March 2021, showed that 41 % of 

CQDs are used in the sensor field, this is due to their strong luminescence properties. CQDs-based 

sensors give rise to a low limit of detection (LOD), high sensitivity and selectivity [150]. Wang et 

al., [151] proposed a CQDs based PL sensor for the first time and demonstrated that the 

luminescence of CQDs can be quenched selectively by Fe3+ ion through charge transfer mechanism, 

starting a new trend towards using CQDs for the detection of heavy metal ions. Since the CQDs with 

different surface states have been utilized for the detection of Fe3+, Zhao et al., [152] prepared water 

soluble, luminescent N-CQDs  from chitosan and utilized them for the sensing of Fe3+ in aqueous  

solutions. The N-CQDs presented outstanding selectivity and sensitivity and were successfully 

applied for the quantitative detection of Fe3+ with a linear detection range of 0ï500 ɛM and an LOD 

of 0.15 ɛM.  N, P co-doped CQDs were adopted as a fluorescent sensor for the effective detection of 

Fe3+ ions in water,  with an LOD of 0.1 ɛM and showed a better linear relationship in the range of 

0.1 Ḑ 50 ɛM [149]. High luminescence S-CQDs were synthesized from cellulose fibers with a QY of 

32%, the as-prepared S-CQDs were utilized to detect Fe3+ in pH 0 solutions and showed excellent 
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selectivity and sensitivity, with a LOD as low as 0.96 ɛM [168]. PEI functionalized CQDs from 

coffee grounds have also been utilized to detect Fe3+ [154].  

 

 

 

Figure 2.11: Common application for carbon quantum dots 

2.7  Activated carbon 

 

Activated carbon (AC) is a promising class of carbon-rich materials containing well-built internal pore 

structure, with high surface area, well-organized macro, meso, and micro-pores, and high mechanical 

strength [155].  The surface of the AC is usually rich in heteroatoms such as oxygen, sulfur, hydrogen, 

nitrogen, halogens, and other elements, in the forms of functional groups or chemically bonded to the 

structure [156]. Making it versatile for numerous applications in different fields such as pharmaceuticals, 

food processing, vacuum manufacturing, waste water management, and air pollution [157]. Although the 

production of global AC has increased by an average annual growth of 5.5 % since the last decade, the 

production of most commercially available AC  still require the use of expensive, non-renewable 

precursors such as coal and some high-value agroforestry materials, such as bamboo, wood, and coconut 

[157, 158]. Due to the high cost associated with AC production, the development of cost-effective 

strategies for AC preparation, such as the use of low-cost, environmentally friendly, and renewable 

agricultural wastes are of great interest [159]. The production of AC from agricultural is usually justified 
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by the unique properties of these precursors, the possibility of mass production at low costs, and the 

conversion of low value agricultural wastes to value-added products and limiting of the environmental 

pollution and resource consumption. 

At present, chemical activation and physical activation are the two methods that have been used to 

activate carbonaceous materials [160]. In physical activation, precursors are first carbonized followed by 

activation step by steam or carbon dioxide. During chemical activation, the precursors are impregnated 

by an activating reagent and followed by a heating process under an inert atmosphere shown in figure 

2.10 [161]. Chemical activation of has been reported to be more advantageous over physical activation 

due to low energy requirements, higher yields, larger surface areas, low activation time, and 

development of better porous structures [162]. In addition, chemical activation can be considered as an 

economical and environmentally friendly process since the chemical reagents can be recovered and 

reused [155]. The most commonly used activating reagents are KOH, ZnCl2, H3PO4, K2CO3, and NaOH  

[163]. Several parameters play a role on the properties of the AC, these include activating agent 

selection, activation temperature and time, the impregnation ratio of activation reagents to precursor, 

impregnation method, and gas flow during carbonization [157].  Köseoᾃlu and Akmil-Baĸar [162] 

reported that K2CO3 was  found to be more effective than the ZnCl2 as a chemical reagent in terms of 

high surface area, porosity development, and well developed surface morphology, whereas ZnCl2 was 

effective in producing high yields. Borhan et al. [164] investigated the preparation of AC from an 

agriculture residue through chemical activation using different impregnation ratios of KOH to the 

precursor from 1:1 to 1:3 precursor: KOH ratios.  They found that impregnation ratio had a strong effect 

on the surface area, pore volume, and the yield decreases with the increase of the variable. The effect of 

temperature has also been investigated, SreŒscek-Nazzal and colleagues [165] studied the effect of  

carbonization from 400 to 800 °C and they found that the higher temperature produced better activation 

with a high surface area. The optimal activation conditions were found at 780 °C with a surface area of 

2202 m2/g.   
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Fig. 2.10: Procedures in physical and chemical methods of AC synthesis [166] 

 

2.7.1 Applications of Activated carbon 

 

AC has found many applications in different fields including water treatment, chemical and petroleum 

industries, separation, purification, catalysis, energy storage, batteries, fuel cells, nuclear power stations, 

electrodes for electric double layer capacitors, pharmaceutical, etc. due to their unique high surface area, 

high mechanical strength, and high adsorptive capacity [156]. For example, Redondo et al., [167] used 

olive pits derived AC to prepare microporous carbon electrodes with an optimized microporosity, 

enabling a gravimetric and volumetric capacitance in basic aqueous medium up to 260 F gī1 and 140 F 

cmī3, respectively, with good rate capability. Mopoung and collegues [168] prepared AC from tamarind 

seeds for the adsorption of iodine, methylene blue and Fe (III). It was shown that Fe(III) was adsorbed in 

alkaline conditions and adsorption increased with increasing Fe(III) initial concentration from 5 to 

20 ppm with capacity adsorption of 0.0069ï0.019 mg/g. The physical adsorption on AC has been widely  

explored for the application in separation and purification gas systems  and adsorption based gas storage 

systems [169]. Zhang et al. [170] performed a comparative study of CO2 adsorption isotherms on AC 

and zeolite, they observed higher CO2 adsorption capacity of AC compared to that of zeolite at pressures 

above 1.7 bar. Among the other types of gases are the volatile organic compounds (VOCs), their 

detection technologies are based on a transducer and an active layer, which converts a desired chemical 

reaction into a measurable electronic signal such as change in the resistance, frequency, current, or 

voltage [171]. The detection characteristics of a material are not only dependent on its porous nature but 

it is also strongly influenced by the chemical property of its surface [172]. As a nonpolar adsorbent, AC 
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itself has low chemical adsorption and selectivity due to its less surface adsorption active sites, therefore, 

efforts have been made to improve its affinity, alter the electronic structure of porous carbons, 

manipulate their surface chemistry, and insert local changes to their matrices by introducing surface 

functional groups such as carboxyl, carbonyl, hydroxyl, and phenols, or active substances such as metal 

oxides on their surface [173, 174]. Kim et al., [175] fabricated a rapid, repetitive, and selective NO2 gas 

sensor from activated carbon fibers (ACFs) containing enriched boron moieties, the boron moieties 

induced high selectivity toward NO2 over other VOCs via the strong binding energy. 

 

2.8 Conclusion 

 

With the continuous exploitation of fossil fuels such as coal and oil, the global climate crisis is becoming 

more and more serious. The growing environmental awareness has resulted in growing research interest 

in the use of renewable and green resources for sustainable economies. One of them is the usage of 

agricultural waste for value added product, developing countries specifically experience significant 

negative impacts associated with poor agricultural waste management. Increasing urbanisation globally 

has revealed the high demand for alternative energy sources and smart materials. In recent years, 

agricultural waste has been utilized to prepare different types of carbon materials, a promising class of 

material for potential application in energy storage, catalysis and chemical sensors due to their unique 

electrical, optical, and mechanical properties. This can potentially, lead to the replacement of the 

currently commercialized heavy metal-based devices with cost-effective and eco-friendly carbon-based 

materials.  
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Chapter 3: Synthesis and Characterization of cellulose 

nanocrystals (CNCs) 

 

3.1  Introduction  

 

The increasing environmental crisis caused by non-renewable/non-biodegradable material has 

motivated the efforts towards the development of new types of green bio-based and degradable 

materials from natural sources for a variety of applications while minimizing the creation of 

waste [1]. In this context, the use of agricultural waste as feedstock for the production of value-

added materials for sustainable economies has been the object of intensive academic and 

industrial research [2]. The reuse of these agricultural waste residues results in the reduction of 

accumulated waste in the environment and in the preparation of novel, low-cost, high-

performance materials from renewable and sustainable waste [3].  The utilization of crop residues 

could result in an additional source of revenue for farmers and contribute to the agro-industry 

diversification by offering a market for agro-waste that is not centred on food products [1]. 

 

Corn is one of the most popular crops in the world, cultivated by the ancient people, hence 

becoming a culture of extreme economic importance due to its multi-purpose  uses for humans 

and animals  [4].  In South Africa, corn is the staple food item with approximately 8 million tons 

produced yearly, occupying approximately 3.1 million hectares (ha) of land  [5]. Corn is 

comprised of the stalk, leaf, cob, grains, and husk. The corn grains, which is the edible part of the 

plant is 20% of the plantôs mass and the remaining parts are regarded as agricultural waste 

[6].The corncob (CC) is the central part of the ear of maize in which the grains are stuck, it 

constitutes 20ï30% of the corn crop [7, 8]. So far, CC has been widely used to produce animal 

bedding, animal feed and industrial products such as xylose, xylo-oligomers, xylitol, and furfural 

[9]. However, a large amount of corncob still ends up in landfills or burnt directly to recover heat 

after the grains are harvested, causing air pollution. This is due to the lack of adequate technology 

and little knowledge about possible value addition on such agricultural wastes,  therefore,  

methods for transforming  CC into valuable products are worthy of concern [5]. 

 

The use of CC as a source of cellulose nanocrystals (CNCs) provide a natural resource that is 

renewable and low cost when compared to the main biomass sources of CNCs such as trees and 
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cotton [10]. CNCs are highly crystalline, needle-like particles with length in the range of 100.0 - 

500.0 nm and a diameter between 5ï30 nm, that can be inexhaustibly obtained from a variety of 

highly available and renewable cellulose-rich sources  [11].   CNCs have drawn a great deal of 

attention for applications in the manufacturing of biocomposite packaging materials, biomedical 

sector, and the energy to the electronics sectors [12]. This is due to their high aspect ratio, high 

crystallinity, low density, nanoscale dimension and unique morphology [12].  

 

The main process for the isolation of CNCs is based on acid hydrolysis, wherein the amorphous 

regions of cellulose are degraded to release crystalline cellulose, with higher resistance to acid 

attack [13]. Sulfuric acid is the most commonly used acid for hydrolysis, because it has been 

proven effective in the elimination of amorphous components and result in stable CNCs 

suspensions [14].  The creation of stable suspensions by sulfuric acid has been attributed to a 

small number of sulfate ester groups introduced to the surface of the CNCs during hydrolysis 

[14].   Although this method is simple to operate, some disadvantages also need to be noted such 

as several pre-treatment steps for untreated raw materials [15]. Recently, a one-step method 

termed óNitro-oxidationò have been used to extract cellulose from untreated biomass materials 

[16] 

 

It is well known that the morphology and chemical properties of CNCs depend on the source and 

the extraction process. This study explored the extraction of CNCs from corncob using two 

different methods (i.e., sulfuric acid hydrolysis, and nitro-oxidation). The properties of the 

obtained CNCs were comparatively investigated. The raw corncob, chemically purified cellulose 

and the CNCs were characterized for surface morphology using SEM and TEM, the surface 

functional groups were determined by FTIR, crystallinity analysis using XRD and thermal 

properties using TGA.  

3.2 Materials and methods 

3.2.1 Materials 

Corncob was obtained from a local pet store (Johannesburg, South Africa). The other reagents: 

potassium hydroxide (KOH), sodium chlorite (NaClO2), acetic acid, sulphuric acid (H2SO4, 98 

%), microcrystalline cellulose, nitric acid (55 %), sodium nitrite (Ó 97 wt%), and cellulose 

membrane (D9402) were all obtained from Sigma Aldrich, South Africa, and they were used 

without any further modification.  
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3.2.2 Sample preparation 

3.2.2.1 Pre-treatment  
 

Initially the raw corncob (CC) was washed with distilled water to remove any impurities. It was then 

dried at 100 °C for 6 h before grinding into a fine powder using a blender. The isolation of the cellulose 

was done according to previously documented methods (Johar et al., [17]) but with some minor 

modifications. Briefly, the powdered sample was then treated with potassium hydroxide aqueous 

solution of 7% (w/v) for 4 hours at 80 °C under mechanical stirring and then washed several times with 

distilled water until a neutral pH (6-7) was maintained, and finally dried at 100 °C for 6 hours in an oven 

(this sample was the labelled ACC). After this treatment, the sample was subjected to bleaching with 

aqueous chlorite (1.7 wt, % NaClO2 in distilled water), the bleaching process was completed by adding a 

buffer solution of acetic acid until a pH value of 4 was maintained. The bleaching treatment was 

performed at 80 °C for 4 hours, followed by washing repeatedly with distilled water until a neutral pH 

was reached and the sample was left to dry at 100 °C for 6 hours. 

3.2.2.2 Extraction of cellulose nanocrystals using acid hydrolysis 

 

The pre-treated CC was used to prepare CNCs by acid hydrolysis as described in literature (Johar et al., 

[17]) with slight modifications.  The bleached CC (BCC) was hydrolysed with 50 wt% of H2SO4 with a 

1:10 g/mL ratio of BCC to the dilute acid at 45 °C for 30 min under constant stirring. This reaction was 

then quenched by addition of 10-fold cold deionized water to the reaction mixture, followed by 

centrifugation at 10000 rpm for 15 min three times to remove the acidic solution. The supernatant was 

discarded, and the precipitate re-dispersed in deionized water and dialyzed against deionized water until 

a neutral pH was maintained. The suspension was then sonicated in an ice bath sonicator for 1 h to 

homogenize the generated cellulose nanocrystals. The generated nanocrystals were further centrifuged at 

6, 000 rpm for 30 min. This sample was labelled CC-CNCs and stored in the refrigerator at for further 

analysis. 

For comparison, CNCs from the commercial microcrystalline cellulose (MCC) were prepared. Briefly, 

MCC was dispersed in 50 wt% of H2SO4 with a 1:10 g/mL ratio of MCC to the dilute acid at 45 °C for 

30 min under constant stirring. The washing, neutralization, and storage steps were done following the 

same procedure used for the CNCs obtained from the corncob. 

3.2.2.3 Preparation of CNCs using Nitro-oxidation 
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Nitro-oxidised cellulose nanocrystals (NOCNCs) were extracted from raw CC powder without any 

chemical pre-treatment as described in literature by Sharma et al., [18]. Typically, 5 g of powdered 

corncob was nitro-oxidised using 70 mL (22.2 mmol) of nitric acid which was placed in a three-neck 

round bottom flask. When the samples were completely soaked in the acid 9.80 g (28 mmol) of sodium 

nitrite was added to the reaction mixture under continuous stirring, upon the addition of sodium nitrite, 

red fumes were formed inside the flask. To prevent the red fumes from escaping, the round flask mouths 

were covered with stoppers and the flask was maintained at 50°C for 12 h. The reaction was then 

quenched by the addition 0f 10-fold cold distilled water, after equilibration, an upper layer containing 

unreacted reagents was observed. Distilled water was added to the CNCs, where the solution was stirred, 

settled, and decanted. This step was then repeated 3 times until the CNCs were suspended in water. The 

suspension was then diluted with distilled water and centrifuged at 10 000 rpm for 15 min, and the 

supernatant was removed. This step was repeated 3 times until the pH reached above 2.5. The suspension 

was then dialyzed and equilibrated for 6ï7 days until the conductivity of water reached below 5 µS. To 

improve the dispersion of the CNCs, the suspension was then treated with 4% sodium bicarbonate with a 

1:10 g/v until a pH value of 7.5 was reached.  Figure 3.1 below illustrate the step-by-step synthesis 

procedure of the CNCs from corncob.  

 

Figure 3.1: Graphical illustration of the synthesis of NOCNCs and CC-CNCs from corncob. 

 

3.3 Characterization techniques 

 

The structural properties of CC-CNCs, MCC-CNCs, and NOCNCs (including their morphology, 

crystallographic nature, and size) were determined using the listed techniques. 
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3.3.1 X-ray powder diffraction (XRD)  

 

The PXRD technique was used to identify and determine the crystalline phase of the synthesized 

materials based on their diffraction patterns. A Bruker D2 phaser equipped with Cu-KŬ radiation (ɚ = 

1.5405 Å)), at an operating voltage of 30 kV and current of 10 mA was used. Small amounts of samples 

were grinded into fine powders and packed into a PXRD zero-background sample holder, the 

measurements were collected at 2ɗ = 10-90 °. The crystallinity index was calculated using equation 1  as 

shown below [17]. 

ὅὶὍ Ϸ
Ὅ Ὅ

Ὅ
ρππ              Ὡήὲ ρ 

Where, I002 denotes the maximum intensity of the 002-lattice diffraction peak at the 2ɗ value around 22°, 

while Iam is the minimum intensity scattered by the amorphous part of the sample at 2ɗ value around 16°. 

3.3.2 Scanning electron microscopy (SEM) 

 

SEM was used to determine the surface morphology of the CC, A-CC, B-CC, and NOCNCs using the 

Tescan Vega SEM. For measurements, the powdered samples were placed onto the carbon tape which 

was mounted on a SEM stub. The stub was coated with carbon, gold, and palladium before analysis. 

 

3.3.3 Transmission electron microscopy (TEM) 

 

Morphological properties and particle sizes of the CC-CNCs and MCC-CNCs were determined using 

FEI G2 TECNAI Spirit T12. The samples were dispersed in ethanol and then placed on a copper grid 

coated with a carbon film. The samples were dried before carrying out TEM analysis at an accelerating 

voltage of 120 kV. 

 

3.3.4 Fourier transform infrared spectroscopy (FTIR) 

 

FTIR spectroscopy was used to determine structural changes on the samples as a result of chemical 

modification by the detection of functional groups. The changes in functional groups of the materials; 

CC, A-CC, B-CC, CC-CNCs, MCC-CNCs, and NOCNCs were analysed using the Brucker TENSOR 27 
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FTIR. The FTIR spectra of the samples were recorded in the transmittance mode in the range of 4000 

cm-1 to 800 cm-1. 

3.3.5 Thermogravimetric analysis (TGA) 

 

TGA was used to study the thermal stability of CC, A-CC, B-CC, CC-CNCs, MCC-CNCs, and 

NOCNCs using the TA Q50 instrument. Approximately 10.0 mg of the solid samples was weighed and 

heated from 35-900 °C at the rate of 20 °C/min in air/ Nitrogen purged at a flow rate of 20 mL/min. Both 

the derivative thermal gravimetric (DTG) and weight loss (TG) were obtained and analysed. 

3.4 Results and discussion   

 

3.4.1 Fourier transform infrared (FTIR) spectroscopy analysis 
 

The functional groups that are present on the surface of the CC before and after chemical 

treatment, and the obtained CNCs (CC-CNCs, MCC-CNCs, and NOCNCs) were determined 

using FTIR as shown in figure 3.2. (a)  The broad peak observed around 3046-3675 cm-1 present 

in all spectra is a representative of the O-H stretch of hydrogen bonds, while at 2805-2990 cm-1 is 

attributed to the C-H stretching vibrations [19]. The peak around 1642 cm-1 is assigned to O-H 

bending, caused by the hydrophilic nature of cellulose [20]. The peak at 1721 cmī1 in untreated 

CC is due to the acetyl and ester groups of residual hemicelluloses, this peak is absent in the 

chemically treated samples and the CNCs, due to the dissolution of the hemicellulose component 

present in the corncob [21]. The strong peaks around 1030 cm-1 are attributed to the skeletal 

vibration of the C-O-C in the pyranose skeletal ring, while the small peaks at 894 cm-1 and 1161 

cm-1 are attributed to the C1 group frequency of the ɓ-glycosidic linkages between sugar units 

and the CO antisymmetric bridge [22].  The bands between 1320 and 1460 cm-1 are attributed to 

the CH2 inter-twinned in cellulosic material [23]. The disappearance of the 1240-1511 cm-1 peaks 

present on the corncob after chemical treatment results from the removal of non-cellulosic 

material [24]. These results depicted that the cellulose molecular structure remains unaffected 

following chemical treatment of CC and MCC.  
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Figure curves 3.2: (a) FTIR spectra and (b) XRD patterns of CC, A-CC, B-CC, CC-CNCs, MCC-CNCs, 

and NOCNCs. (c) TGA and (d) DTG of CC, A-CC, B-CC, CC-CNCs, MCC-CNCs, and NOCNCs. The 

inset in figure 3.2 (b and d) shows the FTIR of MCC and MCC-CNCs and the DTG of the extracted 

cellulose nanocrystals. 

 

3.4.2 X-ray diffra ction (XRD) analysis 

The XRD patterns of CC, A-CC, B-CC, and the CNCs are represented in figure 3.2 (b) above. The 

crystallinity index (CrI) of various CNCs was determined and denotes the ratio of the crystalline 

constituents to the amorphous regions of a material, it also provides information about the thermal and 

mechanical properties of CNCs [23]. It is apparent from Figure 3.2 (b) that all samples are comprised of 

three characteristic peaks at around 16°, 22°, and 34°, corresponding to the (101), (002), and (040) 

crystallographic planes respectively, which are characteristics peaks of cellulose I [15]. The presences of 

these peaks confirmed that the crystalline structure of cellulose I remain intact after chemical treatment 

and CNCs extraction using acid hydrolysis and nitro-oxidation. Similar patterns were observed when 

CNCs were extracted by chemical treatment from biomass waste such as rice husk [17], sugarcane 
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bagasse [23], pineapple leaf fibres [25], and even from maize stalk pith [26]. The crystallinity indexes of 

the CNCs (CrI%) were calculated using the XRD patterns, an increase of crystallinity index was 

observed from the untreated corncob waste to the cellulose nanocrystals. The crystallinity of NOCNCs 

(74.37 %), MCC-CNCs (70.24 %), and CC-CNCs (69.12 %) showing a slight difference, which may 

attribute to the fact that both acid hydrolysis and nitro-oxidation treatment can result in the removal of 

amorphous regions and the formation of higher crystallinity CNCs. However, the crystallinity of the raw 

corncob increased from CC (52.01 %), ACC (59.28%), to B-CC (62.22 %) which is due to the removal 

of non- cellulosic materials. The XRD of the residue obtained after alkali treatment when preparing CC-

CNCs demonstrates that there are additional peaks which may be due to the presence of KOH (shown in 

the supplementary information figure S3.1). 

3.4.3 Thermogravimetric analysis (TGA) 

 

In order to study the thermal stability and degradation properties of the untreated corncob, treated 

corncob, and the CNCs, TGA analysis was carried out. Figure 3.2 (c and d) shows the TGA and 

corresponding derivative curves for the analysed samples. As can be seen from Figure 3.2 ( c and d), all 

samples exhibited weight loss in the region of 35ï100 ÁC of about 10 %, corresponding to the 

evaporation of the absorbed moisture molecules on the surface of the samples [26]. .All samples showed 

a large mass loss at 200ï360 ÁC, mainly attributing to the decomposition of cellulose itself [23]. All the 

decompositions at the temperature range of 360ï500 ÁC, are attributed to the breaking of glycosidic 

bonds, degradation of carbon-containing skeleton with production of low molecular weight compounds 

and formation of charred residue [15]. The thermal degradation of acid hydrolysed CNCs proceeded at 

lower temperatures than the B-CC and has an additional peak. This behaviour was expected given that 

the introduction of sulfate groups diminishes the thermal stability in the CNCs, because of the 

dehydration reaction of cellulose [7]. The residue left after complete degradation of the samples were 

observed to be about 10.99%, 11.85%, 6.06%, 20.40% ,23.36% and 28.05% for the CC, A-CC, B-CC, 

MCC-CNCs, CC-CNCs, and NOCNCs respectively.  The higher residual amounts recorded for the 

sulphuric acid treated CNCs is attributed to sulfonated crystals, which are thermally more stable than the 

desulfonated crystals and have a very slow degradation rate which contributes to incomplete thermal 

degradation [28]. There are three major decomposition stages from the CNCs, the derivative of the 

NOCNCs show four distinct major peaks. The peak at 159 °C corresponds to anhydroglucoronic units. 

Another peak adjacent to the anhydroglucoronic unit at 234 °C, resembling noncrystalline cellulose with 

a small residual peak of crystalline cellulose at around 400 °C. The results obtained here are in 
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agreement with the results obtained in a previous study where nitro-oxidation was used to extract 

cellulose [18]. The peak at 867 °C is due to the decomposition of sodium nitrite [29]. 

3.4.4 Morphological image analysis by SEM and TEM 

 

Morphological properties were investigated by SEM and TEM analysis. The photographs and SEM 

images of CC, A-CC, and B-CC are shown in figure 3.3 (a -f). In the untreated CC the cellulose fibers 

are bonded by hemicellulose and lignin which result in a brown colour, but after chemical treatments 

(alkali and bleaching) the obtained products colour changes to yellowish and a white respectively 

(figure. 3.3 d-f). The colour change confirms the removal of non-cellulosic components and is a 

significant sign for morphological change in their structures. During alkali treatment, hemicellulose is 

solubilized and washed out, resulting in a colour change with cellulose and lignin residue. This step may 

also result in the breakdown of some alkali-labile bonds such as ether and ester linkages resulting in 

openings in the fiber matrix leading to easy penetration of bleaching agents during the subsequent 

bleaching treatment [30]. During the bleaching process, the presence of acidified NaClO2 solution leads 

to the oxidization of lignin, resulting in the formation of new functional groups such as carbonyl, 

carboxylic, and hydroxyl while whitening the pulp as shown in figure 3.3 (f) [31]. Throughout the 

treatments, the cellulose became highly purified and crystalline since after the bleaching process, the 

cellulose become separated fibers that are not intact on the corncob, which confirmed the removal of 

hemicellulose, lignin, and other extracts. The SEM images (figure 3.3 (a-c)) show the morphology of the 

CC at the different treatment stages. It is evident from figure 3.3 (a) that the CC displays a framework 

with unique integrated porous structures and thin layers stacked together. While the A-CC and B-CC 

exhibited a fiber-like, and spherical structures with decreasing diameters after the bleaching. On the 

other hand, the MCC exhibited irregular, flat, and porous rood like aggregates (shown if figure S3.2). 
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Figure 3.3: (a) SEM images of the CC, A-CC, and B-CC. (b) Photographs of the CC, A-CC, and B-CC. 

The prepared cellulose fibers are consisted of both amorphous and crystalline regions. During the acid 

hydrolysis of B-CC and M-CC, as well as nitro-oxidation of the CC the amorphous regions are 

destructed and removed by breaking the ɓ-1,4-glucopyranose linkage in cellulose structure [31]. 

Therefore, the micro-sized fibers are separated into nanosized crystals as shown in figure 3.4 (a-c). 

According to figure 3.4 (a and b), the CC-CNCs and MCC-CNCs have rod like structure with an 

interconnected web-like distribution so that each fiber total length is covered by other fibers. As a result, 

it was difficult to calculate the average size distribution. While the NOCNCs (figure 3.4 c) consisted of 

both rod like morphology and a sheet like structure. The photographs demonstrated in figure 3.4 (d-f) 

show the different colours suggesting different properties and morphology. 
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Figure 3.4: (a) TEM images of the CC-CNCs, MCC-CNCs, and NOCNCs. (b) Photographs of the CC-

CNCs, MCC-CNCs, and NOCNCs. 

 

3.5 Conclusion 

 

The increasing environmental awareness currently has pushed researchers towards the usage of 

agricultural waste to prepare large quantities of economic, renewable, and environmentally friendly 

resources such cellulose. There are several crucial steps to prepare CNCs, including grinding of raw 

materials, removal of non-cellulosic components such as lignin and hemicellulose, and the extraction of 

CNCs by chemical treatment. The different conditions used at the different extraction stages affect the 

crystallinity, surface functionalization, and thermal stability of the final product. In this study, two 

methods were utilized to prepare CNCs from corncob, these were then compared to CNCs extracted 

from commercial microcrystalline cellulose. The crystallinity of the NOCNCs was obtained to be 74.37 

%, which was significantly higher than that of MCC-CNCs (70.24 %), and CC-CNCs (69.12 %). TEM 

analysis confirmed that the CNCs have different morphologies. The FT-IR confirmed the presence of -

OH, C-H, Skeletal vibration of the C-O-C in pyranose skeletal ring, and ɓ-glycosidic linkages. The 

results obtained herein suggest that CC, which is regarded as waste, can be effectively utilized for 

several other purposes since they possess the advantages of being sustainable and biodegradable. 
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CHAPTER 4: PREPARATION OF ACTIVATED CARBON 

FROM CORNCOB WASTE BIOMASS 

 

4.1 Introduction  
 

The increasing consumption of fossil fuels and intensification of environmental problems has led 

to the development of efficient, clean and sustainable new materials [1]. As a result, there has 

been an increase in the production of green and renewable materials from sources such as 

lignocellulosic materials due to their abundance and availability [2]. In recent years, there has 

been a growing research interest in the use of agricultural waste materials from the agro-

industrial sector for the production of sustainable and green carbon materials such as activated 

carbon (AC).   AC is a carbonaceous material that is predominantly amorphous in nature and has 

high porous structure with a high surface area and mechanical strength which depends largely on 

the precursor material and activation process [3].  

 

Most of the commercially available AC is produced from fossil fuel-based precursors such as 

petroleum and coal, and some high-value agroforestry materials such as bamboo, wood, and 

coconut. These precursors are expensive and environmentally unfriendly hence the increasing 

focus on agricultural waste which is cheaper, readily available, renewable, structurally porous, 

and environmentally friendly [4, 5]. The amount of agricultural waste being generated annually 

across the globe has intensified due to increase in food demand as a result of population growth 

[6]. In recent years the use of different agricultural waste biomass, such as pomegranate peel 

waste [7], rice husk [8], spent coffee grounds [9], sugarcane bagasse waste [10], peanut shells 

[11], and many more as precursor materials to prepare porous carbons at a low cost.   

 

At present, two methods have been utilized to prepare activated carbonaceous materials, namely, 

chemical and physical activation methods [2]. Physical activation involves the pyrolysis of 

precursors at high temperatures (500ï1100 °C) followed by activation in the presence of 

oxidizers such as steam or carbon dioxide. During chemical activation, the raw materials are 

impregnated with a chemical activating agent and then pyrolyzed at temperatures between 400ï

900 °C  [12]. Chemical activation has been reported to be more advantageous over physical 

activation due to low energy requirements, higher yields, larger surface areas, low activation 

time, development of porous structures, and it is considered to be economical and 
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environmentally friendly since the chemical reagents can be recovered and reused [13]. The most 

commonly used chemical activating reagents are KOH, ZnCl2, H3PO4, K2CO3, and NaOH  [14]. 

Different activation reagents, raw materials, ratio between the chemical agent and precursor 

mass, and pyrolysis temperature result in activated carbon with different properties, table 4.1 is a 

summary of surface area values (m2/g) from different biomass waste precursors used for the 

preparation of AC. 

 

AC is usually rich in heteroatoms such as oxygen, sulphur, hydrogen, nitrogen, halogen and other 

elements, in the forms of functional groups or atoms which are bonded chemically to the AC 

structure [15].  This makes it versatile for numerous applications in different fields such as 

pharmaceuticals, food processing, vacuum manufacturing, wastewater management, and air 

pollution [4]. Although the use of corncob to produce activated carbon has been reported in 

literature, the use of K2CO3 as an activating agent has yet to be explored. In this work, activated 

carbon was prepared from corncob waste as a precursor using K2CO3 as a chemical activating 

agent. The effects of the impregnation ratios of the chemical of activating reagent and precursor 

were investigated.  

 

Table 4.1. Comparison of surface areas of activated carbon prepared from lignocellulosic waste. 

Source Preparation method 

and conditions  

BET surface 

area (m2/g) 

Reference 

Corncob Pyrolysis, 800 ÁC for 

2 h, K2CO3  

1508.53 This work 

Tomato 

waste 

Pyrolysis, 600 °C for 1 

h, ZnCl2 

1093 [16] 

 

Orange 

peel 

Pyrolysis, 950 °C for 1 

h, K2CO3 

1352 [2] 

Peanut 

shell 

Pyrolysis, 750 °C for 

2h, KOH 

1523 [17] 

Grape 

bagasse 

Pyrolysis, 500 °C for 

1h, H3PO4 

1455 [18] 

Coconut 

shells 

Microwave, 1000 °C 

for 2 h, CO2 

2000 [19] 
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4.2 Materials and methods 
 

4.2.1 Materials  
 

Corncob was obtained from a local pet store (Johannesburg, South Africa). The other reagents: 

potassium carbonate (K2CO3) and hydrochloric acid (HCl) were all obtained from Sigma Aldrich, 

South Africa and used without any further purification. Distilled water was used to prepare 

aqueous solutions. 

 

4.2.2 Preparation and characterization of activated carbon 
 

Initially , the raw corncob (CC) was washed with distilled water to remove any impurities. It was 

then dried at 100 °C for 6 h before grinding into a fine powder using a home blender.  The 

obtained CC powder was directly mixed with a chemical activator i.e., solid potassium carbonate 

at the fixed weight ratios from CC /K2CO3 = 1:0 to 1:3. The mixtures were placed on a quartz 

boat inside a tubular furnace that was heated at 800 °C (heating rate: 10 °C/min) under N2 

atmosphere for 2 h. The furnace was then allowed to cool to room temperature and the resulting 

samples were washed several times with 1M HCl and distilled water. Finally, the samples were 

dried in an oven at 100 °C for 12 h. Figure 4.1 demonstrates graphical illustration of the AC 

synthesis. The activated porous carbons synthesized were labelled as ACC 1:0, ACC 1:1, ACC 

1:2, and ACC 1:3 where ACC refers to activated corncob and 1:x is the ratio of CC/K2CO3. 

 

 

Figure 4. 1:  Graphical illustration of activated carbon synthesis 
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4.3 Characterization 
 

 X-ray diffraction (XRD) (Bruker D2 Phaser) with a monochromatic Cu KŬ radiation (ɚ = 

0.15405 nm) generated at 30 kV and 10 mA was used to explore the crystalline structure of the 

activated carbons. A measurement of specific surface areas of the activated carbons and 

composites was determined using N2 adsorption (at 77 K), using a surface and porosity analyser 

(A Micromeritics Tristar 3000). The morphology of the activated carbon and elemental 

composition were studied by Scanning Electron Microscopy (SEM) with Energy Dispersive X-

Ray Analysis (EDX) using a ZEISS Gemini SEM 560 instrument with sub 1 kV. The thermal 

stability of the materials was monitored using a Perkin Elmer 6000 thermogravimetric analyser 

(TGA).  

 

4.4 Results and discussion 

 

4.4.1 X-ray diffraction  
 

The X-ray diffraction profile of the raw CC and activated carbon materials (ACC 1:0, 

ACC 1:1, ACC 1:2, ACC 1:3) are shown in figure 4.2 a. The raw CC comprised of three 

characteristic peaks at 2ɗ = 16°, 22°, and 34°, corresponding to the (101), (002), and (040) 

crystallographic planes [20]. The 101 and 040 peaks disappear when the raw materials are 

activated with K2CO3 and carbonized at all the different ratios. This indicates that the CC 

was fully carbonized and formed a new carbon structure. All the activated carbon 

materials had low intensity and broad diffraction peaks at 2ɗ = 23.8 and 42.5°, 

representing the (002) and (100) planes of graphite, respectively [21]. The result suggests 

that the carbon structures have a low graphitization degree and a turbostratic structure of 

disordered carbon was formed [22]. Similar XRD peaks were reported when Xie et al., 

prepared AC from CC using KOH as an activating agent  at 800°C for 2 h with heating 

rate of 8 °C/min  [23]. The carbonization of the raw material without any chemical 

activating agent produced AC with similar crystallographic properties to the ACs 

produced in the presence of K2CO3. Kennedy et al., reported that the small peak at 2ɗ = 

42.5° indicates that the formation of pores is due to the decomposition of carbon along the 

direction of the graphic structures [24]. 
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Figure 4.2: (a) XRD patterns, (b) TGA, (c) differential thermal analysis (DTG) and N2 adsorptionï

desorption isotherms for corncob and activated carbons prepared using different impregnation ratios. 

 

4.4.2 Thermal stability  
 

The thermal stability of the prepared materials was conducted using the 

thermogravimetric characterization method. Figure 4.2 (b and c) present the TGA and 

DTG of the five samples. The thermograms provided in figure 4.2 (c) indicate that all the 

ACCôs samples have similar degradation patterns with five decomposition regions. The 

weight loss in the first region of all samples at a temperature around 100  is attributed 

to the elimination of adsorbed moisture. The decomposition in the second region around 

300  correspond to the loss of hemicellulose, the third decomposition stage of is 

between 300ï450  and ascribed to the complete decomposition of the samples [25]. In 

the last region (450ï900 ), the rate was very slow and almost a constant weight was 

maintained in all the samples due to other graphitic materials. On the other hand, corncob 

consist of three decomposition stages, the first stage at the temperature range of 40ï

135 ÁC is attributed to the elimination of adsorbed moisture. The second decomposition 

stage at 200°C - 400 °C correspond to the loss of hemicelluloses and cellulose [26]. The 

third stage, is the carbonization of corncob to form solid residue such as chars and organic 
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residue, which suggests that the minimum temperature required for the carbonization of 

the corncob is 450 ÁC [27].The remnant ash content left after the process was 0.22 %, 3.44 

%, 4.94%, 13.30%, and 14.84% for the CC, ACC 1:0, ACC 1:1, ACC 1:2, and ACC 1:3 

respectively.   

 

4.4.3 Nitrogen adsorption-desorption 
 

The N2 adsorption-desorption isotherms of activated carbons prepared at different 

impregnation ratios and the raw CC are shown in figure 4.2 c. The shape of 

N2 adsorptionïdesorption isotherms are different for the different impregnation ratios, 

these isotherms belong to different types (isotherms II and IV) of IUPAC classification 

[28]. A type II isotherm indicates an indefinite multi-layer formation after completion of 

the monolayer and is found in adsorbents with a wide distribution of pore sizes and type 

IV isotherms indicate a significantly developed meso-structure due to the occurrence of 

the widening of the existing microspores [29]. The formation of porous structures using 

K2CO3 involves the reduction of K2CO3 to form K, K2O, CO and CO2 under inert 

conditions. The potassium compound formed during the activation step diffuses into the 

internal structure of char matrix [30], widens the existing pores and creates new 

porosities, consistent with the following reactions [31].  

 

K2CO3 + 2C Ÿ 3CO +2K                                                     eq (1) 

K2CO3 Ÿ K2 + CO2                                                                  eq (2) 

K2O + 2C Ÿ CO +2K                                                           eq (3) 

 

At relatively low pressures (<0.15 P/P0), the adsorbed N2 volume increased steeply, 

indicating an increase in the number of mesoporous and macro-pores [32]. It is noted that 

the hysteresis loop evidently increased at about P/P0 > 0.9, which means that the materials 

consist of macro-pores. For all impregnation ratios a plateau is not apparently reached 

rather adsorption occurs over the entire pressure interval indicating the presence of a wide 

range of pore diameters. The specific surface areas (SBET) (shown in table 4.1) are 101.49, 

357.57, 642.93, 1508.53, and 1183.46 m2/g for samples CC, ACC 1:0, ACC 1:1, ACC 

1:2, and ACC 1:3 respectively. This demonstrates that the presence of an activating 

enhances the specific surface area. The surface area increased with increasing 

impregnation ratios, and maximum surface area and pore volume were obtained at an 
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impregnation ratio of 1:2 (ACC: K2CO3). The decrease in the volume of adsorbed N2 at 

the 1:3 impregnation ratio was attributed to a reduction in the materialsô porosities at 

higher pressures due to collapsing pores [12]. The obtained surface areas are comparable 

to previous studies as shown in table 4.1.  

 

Table 4.2: Textural characteristics of corncob -derived activated carbons using different impregnation 

ratios. 

 

 
BET 

surface 

area 

(m2/g) 

Pore 

volume 

(cm3/g) 

Pore 

size 

(nm) 

CC 101.49 0.12 3.93 

ACC 1:0 357.57 0.19 2.17 

ACC 1:1 642.93 0.43 2.5 

ACC 1:2 1508.53 0.81 2.17 

ACC 1:3 1183.46 0.72 2.41 

 

 

4.4.4 Scanning electron microscopy 
 

The morphology and chemical composition of all materials was characterized using SEM-

EDX analysis. The scanning electron micrographs are shown in figure 4.3. The figures 

indicate that the ACC obtained in this study consist of irregular and heterogeneous 

surface morphologies, with well-developed pores of various sizes and shapes that tend to 

change with different impregnation ratios. Important differences between the surface of 

the raw CC and the activated carbons were observed, the raw corncob consisted smooth 

surface with minor pores, while a gradual improvement on the porosity was observed with 

increase in the impregnation ratios. The image of the sample carbonized at the 

impregnation ratio of 1:0 demonstrates porous but less regular surface morphology (figure 

4.3 b), whereas remarkably regular surface morphologies are observed for the other 

samples carbonized at the impregnation ratios of 1:1 to 1:2 (figure 4.3 c-e). ACC 1:3 

demonstrated a spongy like morphology confirming the collapse of the pore structure. 
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The observation clearly confirmed that K2CO3 activation of corncob results in the 

formation of porous structures. 

 

 

Figure 4.3: SEM images of (a) CC, (b)ACC 1:0, (c) ACC 1:1, (d) ACC 1:2, and (e) ACC 1:3. 

 

The elemental analysis was conducted using X-ray dispersive energy (EDX) method. The results 

of EDX characterization for raw CC and the activated carbons are shown in figure 4.4. The 

results of the EDX analysis revealed that the materials consisted of  carbon (C), oxygen (O), 

silica (Si), magnessium (Mg), and calcium (Ca) which are usaully present in activated carbon 

[33]. The highest peak was recorded for the carbon element compared to the other elements 

indicating that carbon is the highest elemental content of the materials. The carbon contents of 
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activated carbons (Ó60.48%) are considerably higher than the carbon content of raw corncob 

(56.7%). This is because the volatile molecules, such as hydrogen and oxygen, leave from 

activated carbons during carbonization process; resulting in AC rich in carbon contents [34]. The 

effects of impregnation ratios on the elemental composition of activated carbons, demonstrates 

that with increasing impregnation ratio, the carbon content of ACs is increased, which is in 

agreement with results reported by Kumar et al., [35].  The impurity peaks are due to the gold 

and palladium coating material. 

 

 

 

 

 

 

 

Figure 4.4: EDX analysis of (a) CC, (b) ACC 1:0, (c) ACC 1:1, (d) ACC 1:2, and (e) ACC 1:3. 

 

4.5 Conclusion 
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This study examined synthesis and characterization of activated carbon from corncob residue using 

potassium carbonate as a chemical activation agent. Herein, the activated carbon samples were 

prepared at 800 ÁC for 2h with impregnation weight ratios of corncob to K2CO3 ranging from 1:0 to 

1:3. The characteristics of the prepared ACCôs were examined using scanning electron microscopy, 

X-ray dispersive energy, thermogravimetric analysis, N2 adsorption-desorption and X-ray powder 

diffraction. The experimental results illustrated significant improvements in the BET surface area as 

the impregnation ratio increased from 1:0 to 1:2 (CC/ K2CO3), however, decreasing BET surface area 

at the ratio of 1:3 was attributed to collapsing pores. The best activated carbon sample (SBET=1523.2 

m2/g with a pore volume = 0.81 cm3/g) was obtained at an impregnation ratio of 1:2. The SEM 

micrographs showed a high porosity development on AC as a result of the activation treatment while 

EDX confirmed the presence the presence of carbon, oxygen, silica, magnessium, and calcium.  
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Chapter 5: Preparation of activated carbon, copper oxide and 

polyvinyl alcohol composites for potential application in 

chemical sensors 

 

5.1 Introduction  

 

In recent years, the urgency in monitoring air pollution using eco-friendly high-performance 

materials has motivated researchers to explore prospective and cost-effective materials. This is 

because of the high demand for simple, responsive and stable electronic sensors suitable for 

environmental monitoring in different fields such as safety in mining, air pollution control, and 

firefighting  [1]. A variety of materials including metal/metal oxide nanoparticles, inorganic 

semiconductors, carbon nanomaterials, and conjugated polymers have been explored as potential 

materials for resistive gas sensing applications [2]. Carbon-based materials have large surface 

area, low power consumptions, and good thermal and chemical stability, which are desirable 

properties in gas sensing  [1, 3].  

 

Among carbon-based materials, activated carbon (AC) has been considered to be the most 

promising sensing material because of its inner porous structure, large specific surface area, rich 

surface chemistry, chemical stability, the possibility of moulding its structure for specific 

applications, and most importantly, it is a low-cost material when compared to other forms of 

carbon such as carbon nanotubes (CNTs) [4]. Due to its low sensitivity and conductivity at room 

temperature, its application in operable sensors is restricted. Modification of AC surface is 

necessary to improve interaction between the sensing material and target gases in order to 

achieve high gas adsorption at low gas concentrations. Many efforts have been made in order to 

improve the sensing performance of AC by introducing surface functional groups such as 

carboxyl, carbonyl, hydroxyl, and phenols, or active substances such as metal oxides on the AC 

surface [5, 6]. For example, Huang et al., synthesized a metal oxide (MnO2)/AC composite and 

reported that the composite exhibited better electrochemical performance compared to pristine 

AC [7]. Khaleed et al., prepared a NiO/AC composite and reported that the composite had better 

conductivity compared to both the pristine NiO and AC [1]. 
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 The field of nanotechnology has drawn much interdisciplinary effort in the development of 

nanomaterials which has been providing promising innovative technologies due to their distinct 

physical features, electrical conductivity, chemical resistivity, and chemical characteristics, 

compared to those materials in bulk state [8]. Nanomaterials are being introduced into all aspects 

of life such as the advanced nano-substances in energy, biomedical and environment fields [9]. 

Copper oxide nanoparticles (CuO NPs) have gained significant importance due to their 

distinctive electrical and thermal conductivity, relatively high melting point, great solder ability, 

low electrochemical migration behaviour, and low cytotoxicity [10]. CuO NPs are widely used in 

the field of catalysis, gas sensors, waste treatment, batteries, food preservation, high temperature 

superconductors, solar energy conversion, and dye removal [9, 11]. There have been reports 

demonstrating that different morphologies of  CuO NPs are suitable for the detection of various 

gases such as ethanol and acetone [12]. However, metal oxide-based gas sensors require high 

operating temperature to achieve excellent sensing performance which could lead to high power 

consumption and  drift problems caused by sintering and diffusion process [13, 14]. Therefore, 

new methods should be explored to minimize these challenges. 

 

In this work, we report room temperature synthesis of CuO NPs and oil bath preparation of 

ACC/PVA/CuO composite using the ACC 1:2 sample (reported in chapter 4) and study the VOC 

gas sensing properties of the composite. The aim of this work was to investigate the role of CuO 

on the sensing properties of AC when exposed to different VOCs and evaluate which composite 

shows the highest response. 

 

5.2 Materials and methods 

 

5.2.1 Materials 
 

 

Copper nitrate hexahydrate (Cu (NO3)2·6H2O), sodium hydroxide (NaOH), and ethanol 

absolute (99.9% purity) was purchased from Sigma-Aldrich, South Africa. The activated 

carbon was prepared in using pyrolysis method (Chapter 4). De-ionized water was used 

during the preparation processes. All chemicals were used as received, without any further 

purification.  
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5.2.2 Methods 

5.2.2.1 Preparation of copper oxide nanoparticles (CuO NPs) 
 

CuO nanostructures were synthesized at room temperature through a solution 

reduction process using sodium hydroxide as a reducing agent. The preparation of 

the CuO nanostructures was done according to previously documented methods 

(Sonia et al., [15]) but with some minor modifications. In a typical reaction, 2 M 

aqueous solution of NaOH was mixed slowly with 50 ml of 0.2 M aqueous 

solution of copper nitrate hexahydrate at room temperature and until a pH value of 

12 was maintained. The mixture was the stirred for 12 hours at room temperature. 

The resultant solution was then sonicated for 30 min at room temperature, and the 

black-coloured precipitate obtained was washed with distilled water and ethanol 

several times and dried at 100 °C for 6 h, lastly, the sample was calcined at 400 °C 

in a muffle furnace for 2h. The reaction mechanism for the formation of copper 

oxide is as follows [16]: 

 

Cu (NO3)2 + 2NaOH        Cu(OH)2 + 2NaNO3         CuO + H2O 

 

NaOH plays an important role in the formation of CuO nanorods since OHī 

concentration facilitates the reaction that produces nanostructures. The mechanism 

shows that, in an alkaline bath there is initially the formation of Cu(OH)2 acting 

partly as nuclei for the growth of CuO nanoparticles [17].  

 

 

Figure 5.1: Graphical illustration of copper oxide nanoparticles. 
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5.2.2.2 Preparation of ACC/PVA/CuO composites and sensing devices 
 

The ACC/CuO/PVA composites were prepared using previously documented 

methods by Linganiso et al., with some minor modifications [18]. Briefly, 50 mg 

AC were ultrasonicated in 10 mL dimethylformamide for about 15 minutes to 

allow particle dispersion. About 5 mg of PVA was then added to form continuous 

network and bed the dispersed particles and the mixture was stirred at 60 °C for 

about 6 hours to dissolve the PVA. The composites solutions were prepared in the 

proportions: 5%, 10%, and 15% of CuO in ACC/PVA (w:w). For device 

fabrication, interdigitated electrodes-printed circuit board (IDEs-PCB) substrates 

were bought with IDE already mounted on the PCB substrates. Two copper wires 

of the same size were each mounted on each electrode by soldering method. Prior 

to preparing sensor films, the sensor substrate was rinsed with acetone, and dried 

in a 100 °C oven for 2h. Preparation of sensor films was carried out by drop 

casting method of the as-prepared composites using a micro-pipette. Precisely, 5 

ɛL of the sonicated composites was carefully dropped on the sensing layer of IDE-

PCB, the sensors were allowed to dry at room temperature overnight and further 

dried in an oven at 60 °C for 4 h. Figure 5.2 shows the preparation of sensing 

electrode. 

 

 

Figure 5.2: Preparation of sensing electrode 

 

5.2.2.3 Gas sensing measurements 
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The gas sensing properties of the fabricated sensing devices were studied by 

exposing the devices to the analytes (ethanol, acetone, 2-butanol, and methanol) 

and analysing the change in electrical resistance. An LCR 6300 multimeter with 

an AC input signal was used for the electrical resistance measurements.  Fig. 5.3 

gives a schematic representation of the sensing system used, where the sensing 

electrode was placed inside a 5 L round bottom flask. The gas vapour of the 

different analytes was injected into the round bottom flask using a micro-syringe. 

To obtain desired concentrations of analytes in ppm, the concentration was 

calculated using to Eq. 5.1 [19]. 

 

(ὴὴά) =
 Ȣ  

 ςχσὓὶὠ 
ρπππ                                            eq (5.1) 

 

Where ὅ is the concentration of the analyte gas in parts per million (ppm), ” the 

density of the analyte in gĀmL-1, Ὕ the testing temperature in Kelvin, ὠί the 

injected volume of the analyte in ‘L, ὓὶ the molar mass of the analyte gas in 

gĀmol-1, and ὠ the volume of the round bottom flask of 5 L.  

 

 

Figure 5.3: Graphical illustration of gas sensing setup 

5.3 Characterization 
 

The CuO NPs and composites were characterized using transmission electron microscopy 

(TEM) (FEI G2 TECNAI Spirit T12) to determine the morphology, and X-ray diffraction 

(XRD) (Bruker D2 Phaser) to determine the crystalline phase of the samples. 

Measurement of specific surface areas of the activated carbons and composites were 

determined using N2 adsorption (at 77 K), using a surface and porosity analyser (A 
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Micromeritics Tristar 3000). The thermal stability of the materials was monitored using a 

Perkin Elmer 6000 thermogravimetric analyser (TGA). 

 

5.4 Results and discussion 
 

5.4.1 X-ray powder diffraction  
 

The crystallographic and structural characteristics of the synthesized CuO rods and 

ACC/PVA/CuO composites were evaluated using XRD as shown in Figure 5.4. ACC 

exhibits broad and wide diffraction peaks around 23.8° and 42.5°, confirming the (002) 

and (100) phase of the graphitic domain. These peaks demonstrate the formation of small 

graphitic phase in ACC during calcination [20]. Comparison of XRD patterns of CuO and 

ACC/PVA/CuO samples in Figure 5.4 revealed that the CuO NPs in all samples represent 

a monoclinic structure that was indexed to copper oxide [CuO, PDF 01-073-6234]. The 

peaks appeared at 2ɗ (32.45Á, 35.57Á, 38.69Á, 48.77Á, 53.57Á, 58.75°, 61.72°, 66.04°, 

68.24°, 75.16°, and 83.53°) values and they were assigned to the corresponding (110), 

(002), (111), (-202), (020), (202), (-113), (310), (220) and (004) planes, respectively. All 

the observed peaks were assigned to the tenorite phase, in addition, a broad diffraction 

hump at 2ɗ range of 19.65° and a shoulder peak at 23.15° were observed in case of 

ACC/PVA/CuO samples, confirming presence of AC and PVA [21]. The mean CuO NPs 

crystallite size was calculated to be 20.90 nm, from the CuO (002 and 111) peaks using 

the DebyeïScherer equation (see equation 5.2) [22, 23].  

 

D=                                                                                    eq (5.2) 

 

Where D is the average size of the ordered (crystalline) domains, K is the shape factor 

with a typical value of about 0.9, ɚ is the X-ray wavelength (0.154), ɓ is the full width at 

half maximum (FWHM) of the reflection peak, and ɗ is the diffraction angle. The 

intensity of peaks of the CuO peaks in ACC/PVA/CuO tends to be increased with 

increasing amounts of CuO.   
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Figure 5.4: XRD patterns of ACC, ACC/PVA/CuO 5%, ACC/PVA/CuO 10%, ACC/PVA/CuO 15%, 

and CuO. 

 

5.4.2 TEM  analysis 
 

To further investigate the as-prepared samples, the morphology of the materials was 

studied by TEM (Figure 5.5). The pristine activated carbon is shown in figure 5.5 a, 

exhibits uniform distribution of pores. The porous nature of ACC is more favourable for 

the adsorption of VOCs, and may prevent large agglomeration of CuO nanoparticles [24].  
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TEM analysis of CuO (Figure 5.5 b and c) confirmed the presence of flower like sample 

comprised of agglomerated, polydisperse rods with diameters ranging from 8.31 to 52.41 

nm and an average size distribution of 21.79± 9.88 nm, which is comparable to the 

average crystallite size calculated using the Debye Scherrer equation. Similar properties 

were reported by Vasantharaj et al., [25]. The ACC/PVA/CuO composites show the 

homogenous deposition of the rod nanoparticles in the activated carbon matrix and 

demonstrated that the variation in the concentration of CuO has an influence on the 

morphology of the composites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: TEM images (a) ACC, (b-c) CuO NPs, (d) ACC/PVA/CuO 5%, (e) ACC/PVA/CuO 10%, (f) 

ACC/PVA/CuO 15%, and (g) show the particle size distribution of the CuO NPS. The inset in (c and e) 

show TEM images at a lower magnification scale 
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5.4.3 Thermal stability  
 

The TGA and differential thermal analysis (DTG) analysis was performed to identify the 

thermal behaviour and stability of the composites in an air atmosphere. Figure 5.6 (a and 

b) presents TGA and DTG of the composites. The thermograms for all the composites 

show similar degradation patterns, the weight loss in the first region at a temperature 

around 100  is attributed to the elimination of adsorbed moisture. A second degradation 

peak around  175ï387 ÁC can be attributed to the thermal degradation of the main chains 

of PVA  [26]. The major weight loss between 400 and 600 °C is mainly related to the 

combustion of the activated carbon [27].  At the end of the degradation, the final residual 

mass of the ACC/PVA/CuO 5%, ACC/PVA/CuO 15%, and ACC/PVA/CuO 10% were 

6.44%, 9.84 %, and 13.85% respectively.  

 

 

Figure 5.6: (a) TGA, (b) DTG of the composites, (c) N2 adsorptionïdesorption isotherms of the CuO 

NPs and composites, and (d) N2 adsorptionïdesorption isotherm of the ACC. 

5.4.4 Pore structure characterization  
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Figure 5.6 c and d shows the nitrogen adsorption isotherms measured for all samples. The 

ACC and the modified ACC/PVA/CuO composite samples exhibit a type-IV isotherm 

profiles according to the International Union of Pure and Applied Chemistry (IUPAC) 

classification. In each of the samples, the gas quantity adsorbed increase evidently at low 

relative pressure (P/P0< 0.2) due to the abundance of meso-pores [28]. The 

ACC/PVA/CuO composites exhibited higher specific surface areas of 296.22, 132.64, 

98.30 m2/g for ACC/PVA/CuO 5%, ACC/PVA/CuO 10%, and ACC/PVA/CuO 15% 

respectively, when compared to the pristine CuO (0.624 m²/g). This increase in the 

surface area of the ACC/PVA/CuO composites can be attributed to the addition of ACC 

(1508.53 m2/g), which exhibits a much higher specific surface area. The nitrogen 

adsorption amount of the composites decreases gradually with an increase in the CuO 

loading, due to the loss of free space (intraparticle voids) after the CuO particle dispersion 

on the ACC [29]. The textural properties of the ACC, CuO, and ACC/PVA/CuO 

composites are summarized in table 5.1.  

 

Table 5.1: Textural characteristics of activated carbon, CuO, and ACC/PVA/CuO composites.  

 

 
BET 

surface 

area (m2/g) 

Pore 

volume 

(cm3/g) 

Pore size 

(nm) 

ACC 1508.53 0.72 2.17 

CuO 0.624 0.12 1.44 

ACC/PVA/CuO 5% 278.04 0.13 1.94 

ACC/PVA/CuO 10% 132.64 0.061 1.83 

ACC/PVA/CuO 15% 98.30 0.058 2.14 

 

 

5.4.5 XPS analysis 
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XPS analysis is a powerful surface sensitive technique that has been used to confirm the 

chemical composition, purity, and oxidation state of the as-prepared CuO NPS. Figure 5.7 

a shows XPS survey spectrum of CuO NPs, which have confirmed that the presence of 

copper (Cu), oxygen (O), and carbon (C). Figure 5.7 bïd show the high-resolution spectra 

of Cu 2p, O1s, and C 1s, respectively. The high-resolution spectra of Cu 2p revealed 

distinguishable Cu 2p3/2 and Cu 2p1/2 peaks at binding energies of 934.6 and 954.6 eV 

respectively with an energy difference of 20 eV, which  correlated well with the standard 

Cu 2p peaks for CuO[28]. In the same spectra, there is a satellite peak of Cu 2p3/2 at the 

higher binding energies allocated at 943.4 eV, the presence of satellite feature of Cu 2p 

ruled out any possible Cu2O phase[30]. The high-resolution spectrum of O1s as shown in 

Figure 5.7 was deconvoluted to three peaks at 533.3, 531.7, and 529.6 eV. The peak at 

529.6 eV, can be assigned to the binding energy for lattice oxygen (OL)2ī in CuO lattice 

and is in good agreement with the binding energy of O2ī ion in the metal oxide sites 

(Cu2+īO2ī) [31]. The peak at 531.7 and 533.3 eV can be assigned to the binding energy 

for oxygen defects/vacancies  (OV)2ī within the matrix of CuO,  and the binding energy 

for adsorbed residual carbon or other surface oxygen species, which can easily react with 

the CuO NPS [32]. All the peaks of the C 1s spectrum known as adventitious carbon 

contamination are typically used as a charge reference for XPS spectra on the surface of 

the sample [31]. Figure 5.7 d shows the high-resolution spectra of carbon (C 1s), which 

confirmed the presence of a referenced peak at 284.7 eV and other peaks at 284.3, 286.1, 

287.9, and 288.67 eV, assigned to CïC sp3 bond, C-C sp2 bond, C=O, and O-C=O bond, 

respectively. The results measured from the XPS spectra confirmed the existence of the 

CuO structure.  
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Figure 5.7: (a) XPS survey spectrum of CuO NPs. (bïd) High resolution (Core level) of Cu 2p, O 1s, and 

C 1s from as synthesized CuO NPs, respectively. 

 

5.5 Gas sensing 

 

For gas sensing investigations the fabricated gas sensors were mounted in the test chamber for 30 

min before exposure to analyte gases in order to stabilize the electrical baseline [12]. Different 

VOCs (ethanol, acetone, 2-butanol, and methanol) were selected as test gases to demonstrate 

changes in selectivity and sensitivity of the ACC and the ACC/CuO composites, with exposure 

time of 5 min in vapour and 5 min in air. The gas response is presented as Response = (Ra- Rg / 

Rg)× 100%, were Rg and Ra are the resistances of the sensor specimen under gas exposure and in 

air, respectively. All the gas sensors exhibited a higher response percentage to ethanol when 

compared to acetone, 2-butanol, and methanol, thus confirming their selectivity to ethanol. The 

major preference of activated carbon-based sensors towards ethanol over the other is due to the 

presence of oxygen adsorption sites and dispersion interactions mainly through the hydrocarbon 
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chain on the activated carbon-based materials [33]. Figure 5.8 demonstrates that the sensor 

responses were found to be dependent on the CuO concentration.  The maximum sensor response 

for all the VOCs was achieved for ACC/PVA/CuO 15%, compared to pristine activated carbon 

and the other composites, in which ACC/PVA/CuO 15% > ACC/PVA/CuO 

10% > ACC/PVA/CuO 5% >ACC. It is clear that the response of the composites is highly 

affected by the amount of CuO in the composite as the response increased with CuO percentage 

loading. This confirms that the overall composite performance was improved by the addition of 

CuO. This further confirms that the CuO nanoparticles can be effectively applied in room 

temperature operable gas sensors when mixed with the ACC and PVA constituents. 

 

Figure 5.8: (a) Sensitivity of the sensor towards different gases at 300 ppm, (b) Ethanol dynamic 

response curve of the ACC/PVA/CuO 15% sensor, (c) Response and recovery time of 

ACC/PVA/CuO 15% to 100 ppm of ethanol gas, and (d) Reproducibility cycles of ACC/PVA/CuO 

15% sensor towards 100 ppm ethanol at room temperature.  

 

Figure 5.8 b illustrates the dependence of the sensor resistance on the ethanol concentration (ranging 

from 100-300 ppm) at ambient temperature for the ACC/PVA/CuO 15%. The electrical resistance of the 
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sensor decreases when in contact with the ethanol and increased when exposed to air, carbon materials 

and CuO are commonly p-type semiconductors, for various sensor-analyte pairs, an inversion from p to n 

(or n to p) type response has been previously reported, where the n or p type here refers simply to the 

reaction to the analyte and not to the conductivity type (electrons or holes) [34]. Excellent reversibility 

with stable response and complete recovery to the initial resistance state is observed, indicating a fast 

response and recovery processes, which is extremely important for a real-time sensing device. As the 

ethanol concentration increase, the ethanol could easily get adsorbed and react with formed oxygen 

species on the surface of sensor device, thus facilitating the sensing reactions, promoting the response 

significantly. This result demonstrates that ACC/PVA/CuO 15% can be considered as a potential sensor 

(breathalyser) to screen drunk drivers at normal at ambient temperatures. Response and recovery are the 

central parameters that define the performance of a chemical sensor, response time is defined as the 

amount of time required for sensorôs resistance change to reach 90 % of the maximum response 

(saturation point) in the presence of a target gas and the recovery time is the time taken for lowering 90% 

of the final equilibrium value [35]. The response and recovery of the ACC/PVA/CuO 15% were 125 and 

130 seconds, respectively, when exposed to 100 ppm of ethanol. To determine the repeatability of 

sensing material, the ACC/PVA/CuO 15% sensor was exposed to 100 ppm of ethanol. As seen in figure 

5.7 d, the sensor demonstrated a reversible and stable sensor behavior after four cycles.  

5.6 Proposed sensing mechanism  

 

The gas-sensing mechanism of ACC/PVA/CuO 15% can be explained by the change in 

resistance arising from the adsorption and desorption of oxygen. As illustrated in figure 5.9, 

when the sensor is exposed to air, the oxygen molecules will be adsorbed on the surface of the 

sensor and then ionize into oxygen species in the form of O2
ī, Oī, O2ī by depriving electrons 

from the conduction band leading to a thick electron depletion region with high potential barrier 

formed on the surface of the sensing material, thereby leading to an increase in sensor resistance 

[36]. However, once the ethanol gas is injected into the test chamber, ethanol molecules react 

with the oxygen species on the surface, which releases the trapped electrons back to the 

conduction band of the sensor, leading to the decrease of the thickness of the depletion region as 

well as the potential barrier, resulting in the sensor resistance to decrease [37].  
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Figure 5.9: Graphical illustration of the gas sensing mechanism. 

 

5.7 Conclusion 

 

In this work, ACC/PVA/CuO composites were successfully prepared by a simple oil bath method. 

Nanosized CuO particles with an average diameter of about 21.79± 9.88 nm were successfully attached 

to the surface of ACC and PVA. The characteristics of the prepared composites were examined using 

TEM, TGA, N2 adsorption-desorption, and XRD. The experimental results illustrated significant changes 

in the specific surface area (SBET) as the concentration of CuO increase from 5-15%. The nitrogen 

adsorption capacity of the composites decreased gradually with an increase in the CuO loading due to 

ACC pore blockage as a result of the introduced CuO species, resulting in the reduction of the total pore 

volume and specific surface area when compared to the pristine ACC sample. The TEM images 

demonstrated that the variation in the concentration of CuO has an influence on the morphology of the 

composites. The composites were further explored for the detection of VOCs at room temperature. All 

the gas sensors exhibited a higher response percentage to ethanol, however, the ACC/PVA/CuO 15% 

composite-based sensor demonstrated high response (%) compared to pristine activated carbon and the 

other composites, in which ACC/PVA/CuO 15% > ACC/PVA/CuO 10% > ACC/PVA/CuO 5% >ACC. 

This is associated to the introduction of defects on the surface of activated carbon contributing to 

increased electrical conductivity, active sites, whereby the surface modifications promoted the 

adsorption and diffusion of vapour. The measured response and recovery time for the ACC/PVA/CuO 

15% sensor in 100 ppm ethanol was to 125 s and 130 s, respectively. These results indicate that 

ACC/PVA/CuO 15 % has the potential for ethanol sensing application at room temperature. 
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Chapter 6: Synthesis and Characterization of biomass-based 

fluorescent carbon structures for the detection of Fe (III) in 

aqueous solutions 
 

6.1 Introduction  
 

With the increase in industrial and wastewater effluents, water pollution has become a serious threat 

for human and aquatic life [1]. One of the major concerns is the presence of heavy metal ions  from 

industrial waste such as Fe3+, Hg2+, Pb2+, Cu2+, Cr6+, Zn2+, Co2+, etc [2ï7].  Ferric ion (Fe3+) is the 

most abundant and essential metal ion in living organisms, it plays crucial roles such as cellular 

metabolism, oxygen transport, enzyme catalysis, deoxyribonucleic acid (DNA), and ribonucleic acid 

(RNA) synthesis [8ï11]. Although Fe3+ plays vital roles in the biological system, excess Fe3+ cause 

liver damage, kidney failure, cell oxidation and annihilation of blood circulation in human body 

[12], [13]. Moreover, high concentrations of Fe3+ in water bodies plays a role in the primary 

productivity of phytoplankton besides nitrate, phosphate and silicate which negatively affects the 

environment and aquatic life [13]. Hence, it is a necessity to develop effective analytical methods 

for the detection of Fe3+ ions and other metal ions. 

 

So far, several approaches for the determination of Fe3+ in aqueous solutions have been developed 

including plasma optical emission spectroscopy, atomic absorption spectrometry, inductively 

coupled plasma mass spectrometry, etc. [9, 14, 15]. However, these methods are complicated, 

expensive, and require several steps for sample preparation [16]. To overcome these shortcomings, 

fluorescence quenching has been used for the detection of Fe3+ owing to the high sensitivity, great 

simplicity, easy monitoring, and rapid response [17]. The most widely used fluorescence sensors 

include organic dyes, semiconductor quantum dots (QDs),  fluorescent metal organic frameworks 

and fluorescence metal nanoclusters [1, 16, 18ï20]. However, there are concerns rising from their 

photo instability, toxicity, low sensitivity, and environmental unfriendliness restricting their real 

applications [21, 22]. Thus, highly efficient, sensitive, photo-stable, and eco-friendly nanostructures 

are desirable.  

 

Since their discovery in 2004 by Xu et al., during the purification of single-walled carbon nanotube 

(SWCNT) through preparative electrophoresis, and then via laser ablation of graphite powder and 

cement in 2006 by Sun et al., CQDs have gradually become a rising star in the carbon nanomaterials 
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family [23]. Owing to their unique tunable photoluminescent, size-dependent optical properties, 

good biocompatibility, facile synthesis, and low toxicity as compared to their counterparts, the 

semiconductor quantum dots (QDs) [24, 25]. Recently, CQDs have been widely used as fluorescent 

sensors in the detection of Fe3+ due to their fluorescence quenching effect which may originate from 

formation of CQDïFe3+ complexes through the interaction of Fe3+ with surface functional groups of 

the CQDs such as phenolic hydroxyl, carboxyl, and amino groups [26]. Different synthesis methods 

have been developed for the preparation of CQDs such as microwave-assisted synthesis, 

hydrothermal method, solid-phase method, ultrasonic treatment, electrochemical method, and so on 

[10, 27]. Among these methods, microwave-assisted synthesis is highly desirable because of the 

simplicity and short synthesis time, which result in homogeneous and fast heating that is beneficial 

in the synthesis of CQDs [28, 29]. 

 

Nitrogen-doped CQDs (N-CQDs) have gained interest due to their ability to enhance the 

performance and stability of CQDs and broaden the potential applications of CQDs by replacing 

carbon atoms in the sp2/sp3 network [30]. In this study, a simple, one-step microwave-assisted 

method to prepare nitrogen-doped carbon quantum dots (N-CQDs) from microcrystalline cellulose-

derived cellulose nanocrystals prepared in Chapter 3. The as-prepared N-CQDs exhibited an 

excitation wavelength dependent fluorescence. These N-CQDs were further explored for the 

detection of Fe3+. The preparation of fluorescent nitrogen doped carbon materials  from CC-CNCs 

was published on the IEEE sensors 2021 [31]. 

 

6.2 Materials and Methods 
 

6.2.1 Materials and reagents 
 

Microcrystalline cellulose, sulphuric acid (H2SO4, 98%), and urea (CH N O) were obtained from 

Sigma-Aldrich (South Africa). Metal salts, namely, KCl, Ni(NO3)2·6H2O, CdCl2.H2O, Cu(NO3)2, 

Mg(NO3)2·6H2O, Zn(NO3)2·6H2O, Al(NO3)3.9H2O, Ca(NO3)2, Fe(NO3)3, Co(NO3)2·6H2O, and 

NaNO2 were all purchased from Sigma-Aldrich (South Africa). All the chemicals and reagents were 

of analytical grade and used as received without further purification. Deionized water was used for 

the preparation of aqueous solutions. 

 

6.2.2 Methods 
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6.2.2.1 Synthesis of nitrogen-doped carbon quantum dots (N-CQDs) from 

cellulose nanocrystals (CNCs) 
 

Figure 6.1 illustrates the schematic diagram of the synthesis of N-CQDs from CNCs. Briefly, 0.5 g dry 

powdered CNCs was mixed with 0.35 g of urea and placed in a 35 mL microwave tube with 15 mL of 

distilled water. To perform the synthesis, the sample was heated from room temperature to 180 °C and 

maintained at this temperature for 10 minutes before fast cooling to room temperature. The reaction 

mixture was centrifuged to remove large particles and impurities, passed over a 0.22 Õm filter membrane 

to isolate the N-CQDs, which were stored in the refrigerator or further analysis. 

 

 

Figure 6.1: Synthesis of N-CQDs using microwave synthesis and their application in the detection of 

Fe3+ using photoluminescence spectroscopy 

 

6.2.2.2 Detection of Fe3+ using N-CQDs  

For the detection of Fe3+, N-CQDs (100 µL of the original fluid was diluted with 2 mL of distilled 

water) and mixed with varying concentrations of ferric nitrate (0-3000 µM) at a 1:1 v/v ratio. To study 

the selectivity of the prepared N-CQDs towards the detection of Fe3+ in aqueous solution, other metal 

ions with the concentration of 1000 µM were prepared (K+, Cd2+, Mg2+, Zn2+, Ni2+, Al3+, Co2+, Na+, 

and Cu2+), and examined similarly to Fe3+. The fluorescence emission spectra of the above solutions 

were collected at the optimum excitation wavelength of 340 nm. 
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6.3 Characterization 

The functional groups of N-CQDs were analyzed using a Fourier transform infrared spectroscopy 

(FT-IR) ((Brucker TENSOR 27 FT-IR). The materials were studied by powder X-ray diffraction 

(PXRD) (Bruker D2 phaser equipped with Cu-KŬ radiation (ɚ = 1.5405 ¡)), at an operating 

voltage of 30 kV and current of 10 mA. Transmission electron microscopy was used to determine 

the morphology of the particles (TEM, FEI Technai G2 Spirit) operated at 120 kV. ImageJ 

software was used to determine the particle size distribution from TEM images; more than 150 

particles were measured.  The fluorescence characteristics of the N-CQDs were analzsed using a 

photoluminescence (PL) spectrophotometer (Varian Cary 2656 Eclipse EL04103870 fluorescence 

spectrophotometer). The UVïvis absorption spectra of the N-CQDs were recorded using a 

spectrophotometer (SPECORD 210 plus UVïvis spectrophotometer). 

 

6.4 Results and discussion 

 

6.4.1 Properties of the N-CQDs 

 

Transmission electron microscope (TEM) images (figure 6.2) demonstrate that the prepared N-

CQDs exhibited spherical particles with diameters ranging from 1ï5 nm and an average size of 

2.30± 0.55 nm (the diameters of the particles were determined from the TEM images using ImageJ 

software as shown in the inset of figure 6.2 a). FT-IR spectroscopy was employed to determine the 

functional groups populating the surface of the CNCs and N-CQDs (figure 6.3 a). The characteristic 

absorption peaks of the CNCs at 3046-3675 cm-1, and  2805-2990 cm-1 are attributed to the O-H and  

C-H stretching vibrations [32],  these peaks slightly shifted on the N-CQDs appearing around 2735- 

3522 cmī1, with an additional adsorption band around 3272-3389 cm-1 which is due to the N-H 

stretch [33]. Comparatively, the spectrum of N-CQDs consist of special bands between 1324 cmī1 

and 1610 cmī1, which correspond to the characteristic stretching vibration of C-N bonds and the N-

H bonds respectively, suggesting nitrogen was successfully incorporated during the N-CQDs 

synthesis [34]. The XRD pattern of the N-CQDs is shown in figure 6.3 b. A broad diffraction peak 

around 23.0° and a weak shoulder peak around 42.0° were observed for the prepared NCQDs. These 

peaks were assigned to the (002) and (100) planes of graphitic carbon, revealing a graphitic nature 

of the N-CQDs with highly disordered carbon atoms [35, 36]. The inset in figure 6.3 b, shows the 

XRD reflections of the cellulose nanocrystals (CNCs), three reflection peaks at 16, 22, and 34 ° 
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which were assigned to the amorphous and crystalline carbon framework. This indicates that the 

CNCs were fully carbonized during the synthesis of N-CQDs [37].  The optical properties of the as-

prepared N-CQDs were studied using both UVïvis and photoluminescence spectroscopy. 

  

 

 

Figure 6.2: (a-b) TEM images of the N-CQDs, the inset in (a) shows the particle size distribution of the 

N-CQDs 

  Figure 6.3 c shows the UV-Vis absorption spectra of the N-CQDs, two characteristic peaks at 220 and 

285 nm were observed. These were assigned to the ˊ - ˊ * transition of the C=C or C=N bonds in the 

carbon core and the n- ˊ * transition of the C=O or amine groups on the surface of the N-CQDs [34]. 

Under the UV lamp (365 nm) the N-CQDs exhibited a blue fluorescence (shown in the inset of figure 6.3 

c). Figure 6.3 d, shows the excitation dependent fluorescence emission spectra of N-CQDs obtained at 

varying excitation wavelengths from 300 nm to 400 nm with an increment of 10 nm, which resulted in 

an emission redshift [35]. This property may be due to the distribution of different functional groups 

with different emission traps, the difference in particle size, and multi fluorescence components in N-

CQDs [27]. 



106 
 

 

 

Figure 6.3: (a) FT-IR of CNCs and the N-CQDs, (b) XRD of the N-CQDs, (c) UVïvis absorption spectra 

of the as-prepared N-CQDs sample in water (black) and fluorescence emission of the N-CQDs at 340nm 

excitation wavelength (red) and (d) is the fluorescence spectra obtained from different wavelengths of 

excitation 300ï400 nm (with 10 nm increments starting from 300 nm). The inset in (c) shows the N-

CQDs sample solution in water during daylight and under a UV lamp (365 nm) and the inset in (b) 

shows the XRD profile of the cellulose nanocrystals 



107 
 

 

Figure 6.4: (a) XPS survey spectrum of N-CQDs. (bïd) High resolution (Core level) of C 1s, O 1s, and 

N 1s from as synthesized N-CQDs, respectively 

XPS analysis is a powerful surface sensitive technique that has been used to confirm the chemical 

composition, nature of bonding, and purity of the as-prepared N-CQDs. Figure 6.4 a shows XPS survey 

spectrum of N-CQDs, which have confirmed that the presence of carbon (C), oxygen (O), Nitrogen (N), 

and Silicon (Si). With atomic percentage of 83.8 % of carbon, 12.2 % of oxygen, 2.9 % of nitrogen, and 

Si (< 1%) impurities due to the starting material (corncob) used during preparation.  Figure 6.4 bïd show 

the high-resolution spectra of C 1s, O 1s, and N 1s, respectively. The high-resolution spectra of C 1s 

revealed distinguishable six peaks at 284.6, 284.2, 284.8, 286.0, 287.6 and 288.7 eV, assigned to CïC 

sp2 bond, C-C sp3 bond, C-O, C=O and O-C=O bonds, respectively which is consistent with the FT-IR 

results. The high-resolution spectrum of O 1s as shown in figure 6.4 (b) was deconvoluted to three peaks 

at 531.6 and 533.17 eV assigned to the C-O and C=O bonds. The high-resolution spectrum of N 1s 

(figure 6.3 d) was deconvoluted to two peaks centered at 399.1 and 400.2 eV associated to pyrrolic and 

graphitic N [36].  Figure 6.5 demonstrates the possible position of surface functional groups on N-doped 
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Cdots as determined by N1s XPS survey deconvolution, which confirmed the incorporation of nitrogen 

functional groups (N-H) similar to the FTIR.  

 

Figure 6.5: Types of nitrogen dopants in N-CQDs. 

 

6.5 N-CQDs based fluorescent chemosensor for sensitive and selective 

detection of Fe3+ 

 

6.5.1 Sensitivity of the N-CQDs for Fe3+ detection 

 

The sensitivity of the N-CQDs towards Fe3+ was studied by adding different concentrations of Fe3+ (0 

µM to 3000 µM) to the N-CQDs suspension and measuring the fluorescence emission intensity at the 

optimum excitation wavelength of 340 nm. As shown in figure 6.6 a, the fluorescence intensity of the N-

CQDs decreased gradually with increasing concentration of the Fe3+, indicating that the addition of Fe3+ 

ions can effectively quench the fluorescence emission of the N-CQDs. Based on previous studies the 

mechanism of fluorescence quenching of N-CQDs in the presence of Fe3+ is caused by the formation of 

the N-CQDs-Fe3+ complexes, which facilitate electron transfer between N-CQDs and Fe3+ and restrict 

excitation recombination, leading to fluorescence quenching [10, 14]. The quenching constant was 

calculated using the Stern-Volmer equation:  F0/F ï 1 = Ksv [Fe3+], where Ksv represents the static 

Stern-Volmer constant, F0 and F represent the fluorescence intensities of the N-CQDs in the absence and 

presence of Fe3+ ions respectively. The Stern-Volmer plots in figure 6.6 b showed a good linearity in the 

Fe3+ range of 0ï500 ɛM with Ksv equal to 0.164 x 104 M-1 and a correlation coefficient (R2) value of 

0.995. The limit of detection (LOD) was calculated to be 75 nM using the formula LOD= 3ů/s (where ů 

is the standard deviation and s is the slope of the linear response) which is comparable to previously 
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reported fluorescence methods of Fe3+ ionsô detection as shown in table 6.1 [8, 9, 12, 13, 34ï37]. UV-

Vis absorption was used to further study the mechanism of fluorescence quenching of the N-CQDs in the 

presence and absence of Fe3+ (Figure 6.6 c). After adding 1000 µM Fe3+, the absorption peak at 285 nm 

disappeared and the spectrum resembled the absorption spectrum of the undiluted Fe3+, indicating that 

Fe3+ ions saturated the surface of N-CQDs, which resulted in colour change from bright blue to brown 

colour under the UV irradiation (the inset of figure 6.6 c). 

Table 6.1: Comparison of different methods used for the detection of Fe3+ 

 

 

 

 

 

 

 

 

 

 

 

 

 

Detection method sensors Linear 

range 

(µM)  

LOD 

(µM)  

Reference 

Fluorescence CDs from pinewood 0-1000 0.36 [15] 

Fluorescence CDs from sweet potato 0-100 0.32 [37] 

Fluorescence N-GQDs from marigold 0-20 0.041 [38] 

Fluorescence N-CQDs from chitosan 1-200 0.15 [39] 

Fluorescence N-CQDs from watermelon juice 0-300 0.16 [21] 

Fluorescence N-CQDs from cellulose 

nanocrystals 

0-500 0.075 This work 
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6.5.2 Selectivity of the N-CQDs towards Fe3+ 

 

To investigate the selectivity of the N-CQDs towards Fe3+, the fluorescence emission of different metal 

ions with the potential of interfering with Fe3+ (1000 µM of Ca2+, Cd2+, Cu2+, Co2+, Mg2+, Ni2+, Zn2+, 

Al 3+, K+, or Na+) were measured at the optimum excitation wavelength of 340 nm. Fig. 6.6 d shows the 

quenching effect of the different metal ions. It is seen that Fe3+, Cu2+, Ni2+, and Co2+ tend to decrease the 

fluorescent intensity, with Fe3+ showing the strongest effect. Cd2+, Ca2+, and K+ slightly increase the 

fluorescent intensity, and no effect was observed after adding Na+, Mg2+, Zn2+, and Al3+. The reason for 

this quenching is ascribed to the strong affinity of N-CQDs toward Fe3+, facilitating electron transfer 

between N-CQDs and the half-filled 3d orbital of Fe3+ ion and restrict excitation recombination, leading 

to fluorescence quenching [14]. To further study the interference of Fe3+ with other metal ions, Fe3+ 

detection in the presence of other ions was also measured. As shown in figure 6.6 d after the addition of 

Fe3+, the other metal ions start to exhibit a slight quenching effect on the fluorescence of the N-CQDs. 

The obtained results indicate that the prepared N-CQDs have a high sensitivity and selectivity towards 

the detection of Fe3+ and can be used as a chemosensor in an aqueous environment with competing ions.  
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Figure 6.6: (a) Fluorescence spectra of N-CQDs in different concentrations of Fe3+ (5ï3000 ɛM), (b) 

Linear relationship between F0/F and Fe3+ concentration (5-500 µM), (c)UV-vis spectra of the N-CQDs 

with and without different concentrations of Fe3+, and (d) Changes in the fluorescence intensity ratio 

(I/I0) of N-CQDs after the addition of various metal ions. The inset in (c) shows the N-CQDs sample 

with different concentrations of Fe3+ under the UV lamp (365 nm) 

6.6 Conclusion 
 

In this study, highly photoluminescent N-CQDs with high sensitivity towards Fe3+ in aqueous 

solutions and a bright blue emission were synthesized by a one-step microwave synthesis from a 

mixture of cellulose nanocrystals and urea. The LOD was determined to be 75 nM which is 

comparable to previously reported Fe3+ fluorescence detection methods. The study demonstrated 

that the prepared N-CQDs have a potential to be applied as chemosensors for detection of metal 

ions in aqueous environments. Future studies will investigate the effect of varying reaction 

parameters on the sensitivity, selectivity and the quantum yield of the N-CQDs. Heteroatom doping 

effect on the properties of CQDs will also be investigated. 
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Chapter 7: Conclusions and recommendation 

 

7.1 Conclusions 

 

Developing countries such as South Africa experience significant negative impacts associated 

with poor agricultural waste management. The growing environmental awareness has resulted in 

growing research interest in the use of agricultural waste to prepare renewable and green 

resources for sustainable economies. Agricultural waste has been utilized in this study to prepare 

cellulose nanocrystals and different types of carbon materials (activated carbon (AC) and carbon 

quantum dots (CQDs)). The aim study was of this study was to improve the economical use of 

corncob waste as a feedstock for preparation of CQDs and activated carbon for sensing 

applications. Acid hydrolysis was used to extract CNCs from corncob which were compared to 

the CNCs prepared from commercial microcrystalline cellulose. The CNCs samples revealed 

comparable thermal, surface/structural, and crystallinity. These were confirmed by various 

characterizations techniques including SEM, TEM, XRD, TGA, and FT-IR analysis. The as-

prepared CNCs were then utilized to prepare highly luminescent N-CQDs with a high degree of 

functional groups, sensitivity, and selectivity towards Fe3+. CQDs showed great potential for 

fluorescent sensor applications. Incorporation of surface functional groups such as nitrogen and 

oxygen containing groups were confirmed by FT-IR and XPS analysis which showed that the 

prepared N-CQDs were highly functionalized with these heteroatoms, resulting in emission 

redshift as the excitation wavelength increased from 300-400 nm. 

 

Due to its natural porous nature, the corncob was also utilized to prepare activated carbons by 

chemical activation with potassium carbonate (activating agent) at 800 °C using varied ratios of 

impregnation. Highly porous AC material with BET surface area of 1523.2 m2 /g and a pore 

volume = 0.81 cm3 /g was obtained in this study. Decoration of the activated carbon with CuO 

NPs was achieved, in which the effect of CuO NPs loading was investigated using TEM, XRD, 

BET, and TGA. The prepared ACC/CuO composites exhibited higher BET specific surface areas 

when compared to pristine CuO NPs. Sensing of VOCs at room temperature conditions was 

studied using different sensors designed from the pristine ACC, ACC/PVA/CuO 5%, 

ACC/PVA/CuO 10%, and ACC/PVA/CuO 15 %. The results showed that CuO NPs play an 

important role in enhancing sensor performance of the ACC since its incorporation improved on 
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the conductivity and response when compared to the ACC-based sensor. The ACC/PVA/CuO 

15% sensor exhibited better sensing performance compared to all the sensors due the introduction 

of more defects on the surface of activated carbon contributing to increased electrical 

conductivity, active sites, whereby the surface modifications promoted the adsorption and 

diffusion of vapour. The ACC/PVA/CuO sensor demonstrated good reproducibility of the 

sensing signal when exposed to 100 ppm ethanol vapours for up to four cycles. Hence, the 

ACC/CuO composites could be a future candidate for ethanol gas sensing application at room 

temperature. 

 

7.2 Recommendation for future work 

 

Having described the potential of acid hydrolysis and chemical activation for applicability in the 

conversion of agricultural waste to value added products that have a potential to be utilized as 

chemical sensors, it is important to note that there is required work for further scope in the 

development of value-added products from agricultural waste in South Africa. Efficient methods 

for converting lignocellulosic waste to CNCs are still desirable. Future work should look into 

minimizing the number of steps required to produce CNCs from corncob. The nitro-oxidation 

method can be investigated further as an alternative to the conventional acid hydrolysis method.  

 

The effect of microwave reaction parameters and heteroatom dopants on the quantum yield and 

subsequent application of CQDs is yet to be fully explored. Multi-heteroatom co-doping, and 

surfactant coordination on CQDs can be investigated for improved selectivity in heavy metal ion 

detection. Further, photoluminescence lifetime measurements are necessary to ensure successful 

application of CQDs. 

 

Our sensing data showed an increasing response with increasing CuO concentration in the 

prepared composites, low concentrations of heavy metal oxides are usually desirable in order to 

minimise the toxicity and possible leaking of the heavy metals, however, increasing the CuO 

concentration in the composites should be studied in order to evaluate the highest possible 

response of the materials. 

 

 

 

 



119 
 

 

Publications and supplementary information 

Synthesis of fluorescent nitrogen-doped carbon spheres 

from corncob residue for the detection of Fe (III) in 

aqueous solutions 
 

Lindokuhle P. Magagula1, Nosipho Moloto1, Siziwe Gqoba1, Patricia J. Kooyman2, Tshwafo E Motaung3,4 and Ella C. 

Linganiso1,4,5* 

1Molecular Sciences Institute, School of Chemistry, University of the Witwatersrand, Braamfontein, 2050, South Africa 

2Department of Chemical Engineering, University of Cape Town, Rondebosch, 7701, Cape Town, South Africa 

3Department of Chemistry, School of Science in the College of Science Engineering and Technology, University of South 

Africa, Preller Street, Muckleneuk Ridge, City of Tshwane, UNISA 0003, South Africa 

4Department of Chemistry, Sefako Makgatho Health Science University, Medunsa 0204, South Africa 

5Microscopy and Microanalysis Unit, University of the Witwatersrand, Braamfontein, 2050, South Africa 

Cebisa.Linganiso@wits.ac.za* 

Abstractð Water contamination has become 

more severe as modern industrial technology 

has progressed over the years. Among water 

contaminants are heavy metal ions such as 

Fe3+, which is commonly used in industries 

such as mining, chemical processing, and 

battery manufacturing. Fe3+ is the principal 

contaminant of concern in acid mine drainage 

from coal mines, causing siderosis and organ 

damage. The current study prepared highly 

photoluminescent nitrogen-doped 

functionalized carbon spheres (N-CSs) from 

corncob residue using a facile, green, and low-

cost microwave synthesis. The as-prepared N-

CSs exhibited an excitation-dependent 

fluorescence with a maximum emission and 

excitation at 420 and 340 nm, respectively and 

showed good selectivity and sensitivity towards 

the detection of Fe3+ with a 70 nM limit of 

detection. 

Keywordsð Corncob residue, Carbon 

spheres, Sensor, Fe3+, Fluorescence quenching 

I. INTRODUCTION  

Maize (Zea mays), also known as corn, is a 

widely distributed crop, with a global production 

of approximately 10.99 × 108 tons in the 2018-

2019 season [27]. In South Africa, corn is a staple 

food with over 16 million tons produced in the 

2019-2020 period, which an 38% increase 
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compared to the 2018-2019 crop [7].  

 

 

 Figure S3.1: XRD pattern of the residue after 

alkali treatment 

 

 

Figure S3.2: SEM image of MCC 

 

 

 

 

 

 

 

 


