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i  

ABSTRACT 

 

This study examined capacitive deionization’s effectiveness for recovering Cd2+ from water 

using novel carbon-based electrodes derived from Hermetia illucens pupae casings (PC) and 

biogas slurry (BG). Activated carbon (AC) was produced through carbonization at 500°C and 

chemical activation (KOH) at 700°C. The Brunauer-Emmett-Teller method, Scanning Electron 

Microscope, X-ray diffractometer, Fourier transform infrared, X-ray photoelectron 

spectroscopy, Raman spectroscopy, and contact angle measurements were performed on AC. 

Electrochemical impedance spectroscopy and cyclic voltammetry were used to test the 

electrochemical properties of carbons. The PC-derived carbon (PC-2-700) had a specific 

surface area of 640 m²/g, while the BG-derived carbon (BG-2-700) showed a higher 927 m²/g. 

PC-2-700 exhibited a higher specific capacitance (271.9 Fg⁻¹) compared to BG-2-700 (105.8 

Fg⁻¹), indicating better charge storage performance. The CDI cell containing the working 

electrodes in 5 and 10 mg/L Cd2+ solution was used for Cd2+ removal. The PC-2-700 electrode 

achieved 91 % removal efficiency (10.9 mg/g capacity) in 5 mg/L Cd²⁺ solutions, 

outperforming BG-3-700 electrode (60% efficiency, 2.3 mg/g). Moreover, PC-2-700 also 

demonstrated better charge and energy efficiency, consuming only 0.65 and 0.07 kWhm-3 

versus BG-2-700’s 0.24 and 0.93 kWhm-3 at 5 mg/L concentration, respectively. The enhanced 

performance of PC-2-700 was due to its better capacitance, specific surface area, and porous 

structure on the surface. This study showed potential electrodes can be designed from pupae 

casings to remove heavy metals from water. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background of the problem 

 

Water pollution has become a universal issue caused by intensive human activities. Heavy 

metals in water sources are a significant problem, increasing rapidly in recent decades and 

reaching an alarming rate (Siddiqui & Pandey, 2019; Yinan et al., 2017). Heavy metals like 

arsenic, zinc, nickel, lead, copper, and cadmium are released from activities like smelting or 

treatment of ores, mines, burning of petroleum products from fossil fuel, unloading industrial 

waste, the disposal of household waste, food packaging, the use of pesticides, and agricultural 

fertilizers (Maftouh et al., 2023). Heavy metals are highly toxic, carcinogenic, mutagenic, and 

challenging to degrade; moreover, they are easy to accumulate, and their properties last long 

(Ma et al., 2022). Therefore, once they enter the environment, they pollute water and soil, and 

they may get into human body through different mechanisms like the food chain, posing a 

serious health concern. 

Drinking water containing heavy metals like cadmium beyond the permitted level can lead to 

health issues such as liver and kidney damage, decreased haemoglobin production, mental 

retardation, infertility, anaemia, renal degradation, skeletal abnormalities, persistent lung 

issues, and muscle cramps (Kacholi & Sahu, 2018; Peng et al., 2016; Rwiza et al., 2021). 

Cadmium components are classified as Group 1 carcinogens (Huang et al., 2016). According 

to World Health Organization (WHO, 2014), the accepted level of cadmium in water is 0.003 

mgL-1. However, at low concentrations, cadmium is also a hazardous metal that has been linked 

to a higher risk of causing cancer (Rwiza et al., 2021). 

Due increased in anthropogenic activities, Tanzanian water supplies from different areas have 

greater cadmium concentrations than the recommended limit (Table 1). For instance, it was 

discovered that the typical cadmium levels in Mara Rivers' water samples are 0.48 and 0.74 

mg/L in the corresponding dry and wet seasons (Nkinda et al., 2021). Water samples from the 

Kichangani swamp area in Morogoro have been reported to have a higher level of cadmium 

(0.06 mg/L) than accepted drinking water quality (Mdegela et al., 2009). It is also noted, among 

others, that cadmium concentration in groundwater in Dar es Salaam is as high as 35 mg/L due 

to the impact of solid waste disposal (Kassenga & Mbuligwe, 2009). Moreover, groundwater 

in the Kahe catchment has been reported to have a cadmium concentration of 0.03 mg/L due 

to the intensive use of agrochemicals (Lwimbo et al., 2019). A study by Mwegoha and 
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Kihampa (2010) showed that the cadmium concentration was higher, 0.01 mgL-1, than the 

accepted level in the water of the valley of the Msimbazi River. 

Table 1: Concentration of Cd2+ in selected surface water sources in Tanzania 
 

Cd2+ 

Water sample concentration 

in mg/L 

Reference 

 

Mara Rivers 0.74 Nkinda et al. (2021) 

Kichangani swamp area in Morogoro 0.06 Mdegela et al. (2009) 

Groundwaters in Dar es Salaam  35 Kassenga and Mbuligwe (2009) 

Kahe catchment area 0.03 Lwimbo et al. (2019) 

Valley of Msimbazi River 0.01 
 

This calls for innovative, environmentally friendly, cost-effective, and sustainable technologies 

for removing Cd2+ from water for human usage (Chen et al., 2020; Gong et al., 2022). With 

the increasing demand for clean and safe water, various methods like physisorption, reverse 

osmosis, biosorption, and capacitive deionization have been established as the solution for 

heavy metal recovery from water since they can deliver high removal efficiency (Bandara et 

al., 2020; Chen et al., 2020; Pyrzynska, 2019; Wu et al., 2021). However, these methods have 

advantages and limitations. For example, reverse osmosis is currently used in larger-scale water 

desalination. Yet, because of their high cost, sophisticated operation, and secondary 

contamination, most of these technologies' applications are hindered (Huang et al., 2016). 

Capacitive deionization (CDI) is anticipated to be emerging method to overcome the challenges 

of the technologies above. Due to its relatively low energy usage, simple operation, and 

environmental friendliness, CDI has recently received much attention (Huang et al., 2016). An 

energy consumption of about 0.4 kWh m-3 was required to eliminate total dissolved solids 

(TDS) from brackish water (Jande, 2015). The CDI unit electrodes serve as vital components, 

and research are being done to develop new electrode materials to enhance CDI performance. 

The electrodes commonly employed in CDI are aerogel-based carbon, activated carbon, 

graphene, nitrogen-doped carbon, and nanostructured carbon cloth which are widely utilized 

in deionization capacitors (Peng et al., 2016; Xu et al., 2014). Graphene and Carbon aerogel 

match the requirements for CDI use; however, their use is limited by their expensive 

manufacture and purchase costs (Machunda et al., 2009). Hence, many works focus on 

preparing inexpensive and sustainable electrodes for CDI application (Lado et al., 2016). 

Owing to its superior surface area, enhanced electric conductivity, intrinsic structures, 

heteroatoms functional groups, appropriate distribution of pore sizes, and inexpensive cost of 

synthesis, biomass has recently emerged as a competitive alternative source of carbon materials 
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(Song et al., 2023). Tea waste has been prepared as a CDI electrode to eliminate fluoride and 

chromium from water (Gaikwad & Balomajumder, 2017). Chicken feather-based electrodes 

were developed to remove Pb2+ from water using the CDI method (Alfredy et al., 2019). Also, 

sugar can bagasse fly ash was prepared as electrodes for desalination application (Lado et al., 

2016). Also, using biomass for synthesizing carbon materials provides a new and suitable 

solution for managing solid waste (Alfredy et al., 2019; Elisadiki et al., 2019; Zhao et al., 

2019). 

This study has investigated the potential of using two biomasses from Hermetia illucens (black 

soldier fly) pupae casings and biogas slurry for developing CDI electrodes for Cd2+ removal 

from water. Hermetia illucens (black soldier fly [BSF]) pupae casings contain chitin as an 

essential content of its exoskeleton, which is among the natural biopolymers containing a 

mixture of N–acetyl–D–glucosamine. This chitin has been of interest in various fields, such as 

the pharmaceutical sector, wastewater treatment, the food sector, and many more (Kaya et al., 

2016; Martínez et al., 2014; Younes & Rinaudo, 2015; Zargar et al., 2015). It has been reported 

that chitin can be a good source of carbon; it has almost 36.6 wt% carbon (Li et al., 2020; 

Ratchai et al., 2023; Zhang et al., 2020). These properties can mimic its surface characteristics, 

such as surface charges, functional groups, hydrophilicity, and porosity (Waśko et al., 2016). 

Pupae casing can become a suitable carbon source with many nitrogen groups, promising 

surface area, and high capacitance (Choirul et al., 2024). A study by Purkayastha and Sarkar 

(2020) managed to produce biochar from BSF pupae casings with high nitrogen levels, which 

is challenging to get in materials of natural origin without surface modification. A study by Li 

et al. (2020) used black soldier-derived biochar in salt removal, and removal efficiency and 

sorption capacity were 87.23 % and 11.52 mgg-1 respectively. 

Biogas slurry can contain up to 0.5-2.5% N. Several studies have utilized biogas slurry in the 

production of activated carbon with high surface area, good electrochemical properties for 

supercapacitors, and adsorption of both organic and inorganic pollutants (Enock et al., 2017; 

Qian et al., 2022; Wang et al., 2019; Yuan et al., 2011). A study by Qian et al. (2022) 

synthesized biogas-residue-based activated carbons with a specific surface area of 1278 m2/g 

and high adsorption capacity for organic and inorganic pollutants removal from aqueous 

solution. Another study by Wang et al. (2019) developed activated carbon from biogas residue 

that has excellent electrochemical performance for super-capacitors with good specific surface 

area and pore sizes. Considering the similarities between CDI and supercapacitors, biogas 
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slurry carbon (BGSC) appear to be a promising activated carbon materials for creating an 

efficient CDI electrode in reducing heavy metals from an aqueous solution. 

1.2 Statement of the problem 

 

Heavy metals in water have worsened recently due to natural and human activities (Siddiqui & 

Pandey, 2019). Both human health and the natural ecological ecosystem are negatively 

impacted by cadmium-polluted water (Gong et al., 2022). High levels of cadmium ions (Cd²⁺) 

have been reported in water sources in the Kahe and Dar es Salaam catchments, with 

concentrations ranging from 0.03 mg/L to as high as 35 mg/L, respectively, which significantly 

exceed the World Health Organization (WHO) recommended limit of 0.003 mg/L for drinking 

water (Kassenga & Mbuligwe, 2009; Lwimbo et al., 2019). These elevated Cd²⁺ levels pose 

serious health risks, given their magnitude relative to the strict WHO guidelines. Numerous 

methods have been researched to lessen the quantity of heavy metals in water (Chen et al., 

2020; Wu et al., 2021). Reverse osmosis is among the mature technologies to reduce heavy 

metals from water, and it has a high removal efficiency (Alvizuri-Tintaya et al., 2023; Lumami 

et al., 2022). Commercial membranes can be costly, have problems with excessive energy use, 

and can fail to remove heavy metals, including lead and arsenic effectively (Lumami et al., 

2022). 

To overcome these challenges, CDI is proposed because it uses low energy consumption and 

is simple to operate. The effectiveness of the CDI method is measured by the materials of the 

electrodes utilized. Various activated carbon CDI electrode materials have recently been 

investigated for cadmium removal from water (Gong et al., 2022). To further improve their 

performance in CDI, surface modification via chemical N-doping has been used to increase the 

electrode's capacity to eliminate heavy metals from water. This is attributed to a low level of 

heteroatoms in pristine biomasses, which tends to foster the material's electric conductivity, 

advance the surface hydrophilic property, speed up the ion transfer, and enable 

electrodes/solution interaction, thereby enhancing their electrosorption performance of CDI 

(Gao et al., 2024; He et al., 2020; Li et al., 2020; Raj et al., 2020). Despite the complicated 

doping process and the high cost of synthetic nitrogen-containing materials, various studies 

have focused on preparing heteroatom-doped electrodes from biowaste to increase the 

electrode's capacity for removing heavy metals from the aqueous solution via the CDI process 

(Hsu et al., 2020; Rangaraj et al., 2019; Wang et al., 2024). Wang et al. (2024) reported a 

maximum removal efficiency of 82% for Cd2+ removal of the prepared nitrogen-doped carbon 

material with a surface area of 798 m2/g. A work by Rangaraj et al. (2019) reported a maximum 
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capacitance of 174.5 Fg-1 for N-doped carbon from tamarind shells than undoped one (70.6 Fg- 

1), which enhances its CDI performance. 

Few studies have investigated the utilization of self-nitrogen-doped electrodes for CDI in 

recovering cadmium ions from water, and the performance was promising and comparable to 

the modified ones. A study by Truong et al. (2023) used electrodes made from sargassum 

hemiphylum in removing Cd2+ by CDI and achieved an efficiency of about 74 %. In another 

study by Song et al. (2023), three biochar electrodes were prepared for cadmium recovery for 

the aqueous solution with a removal efficiency above 80%. This study has investigated the 

potential of using two biomasses from Hermetia illucens (black soldier fly) pupae casings and 

biogas slurry for developing CDI electrodes rich in the N-functional group for Cd2+ removal 

from water. 

1.3 Rationale of the study 

 

The escalating global demand for clean water has been exacerbated by the rapid growth of 

industrial and agricultural sectors, leading to widespread water contamination. Cadmium, a 

toxic heavy metal, poses significant health risks when present in water sources. To address this 

challenge, innovative methods are necessary to provide safe and accessible water for all. 

Traditional water treatment technologies often require substantial energy inputs, making them 

unaffordable for many communities. In response, emerging technology like CDI offers 

promising removal efficiency. This method is more energy-efficient and cost-effective, 

potentially leveraging renewable energy sources. 

1.4 Research objectives 

 

1.4.1 General objective 

 

The general objective of this study was to develop N-doped activated carbon electrodes derived 

from biogas slurry and pupae casings for removing cadmium from aqueous solution by CDI. 

1.4.2 Specific objectives 

 

(i) To investigate structural and electrochemical properties of activated carbon materials 

developed from biogas slurry and black soldier pupae casings. 
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(ii) To evaluate the performance of CDI electrodes based on activated carbon derived from 

biogas slurry and black soldier pupae casings in removing cadmium from an aqueous 

solution. 

1.5 Research questions 

 

This study intends to provide solutions to the following research questions: 

 

(i) What are the structural and electrochemical properties of activated carbons derived 

from pupae casings and biogas slurry that enhance CDI performance? 

(ii) What is the CDI electrodes' electrosorption capacity (mgg-1) derived from biogas slurry 

and pupae casings when removing cadmium from water? 

1.6 Significance of the study 

 

This study aims to explore nitrogen-rich CDI electrodes that remove cadmium ions from water 

developed from biowaste materials. Cadmium (Cd²⁺) was chosen among heavy metals due to 

its high toxicity, environment persistance, and severe health risks even at trace levels, making 

its removal from water a critical priority. This study focuses on developing nitrogen-rich 

capacitive deionization (CDI) electrodes from biowaste materials Hermetia illucens (black 

soldier fly) pupae casings (PC) and biogas slurry (BG) because these are abundant, low-cost 

wastes are rich in nitrogen. They can be converted into porous carbons with functional groups 

that enhance heavy metal adsorption. Utilizing these biomass wastes promotes sustainable 

waste valorization and improves electrode properties such as conductivity and wettability. The 

CDI technology is selected for its energy efficiency, operational simplicity, and ability to 

selectively remove ions like Cd²⁺ with regenerable electrodes, offering a greener alternative to 

conventional treatment methods. This approach aims to provide an effective, sustainable 

solution for cadmium contamination, integrating waste management and water purification to 

support environmental and public health goals. 

1.7 Delineation of the study 

 

This study aimed to prepare self-nitrogen carbon for removing cadmium from synthetic water 

using CDI. The study explores synthesis methods of Activated Carbon (AC), material 

characterization, and electrodes performance in terms of cadmium removal efficiency and 

electrosorption capacity. The dissertation is designed into five sections. Chapter one introduces 

the research objectives, rationale, and significance of the study and research questions. Chapter 
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two reviews existing literature on the status of heavy metals in water sources worldwide, 

existing literature on electrode materials for CDI and its efficiency in heavy metals removal, 

working principle of CDI technology, mechanisms for cadmium ion removal from water by 

porous carbon, existence of carbon materials derived from biomasses, and properties of black 

soldier pupae casings and biogas slurry activated carbon. Chapter three details the synthesis of 

activated carbon, characterization techniques, electrode fabrication, electrode electrochemical, 

and CDI test. Chapter four analyzes results, including porosity, surface morphology, elemental 

composition, and CDI experiment. Chapter five concludes with findings and recommendations. 

This study aimed to prepare AC with natural nitrogen functional groups, enabling the 

development of an economical CDI system for cadmium removal. While lab-scale results 

demonstrated the material’s potential for scalable water treatment, further research is required 

to evaluate its performance in natural water and address gaps in selectivity. This work 

contributed to sustainable solutions for mitigating cadmium pollution in water by prioritizing 

low-energy CDI technology compatible with renewable energy sources. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Status of heavy metals in water 

 

Water contamination by heavy metals is a significant global issue resulting from both human 

and natural activities. Sources of heavy metal pollution include agriculture, mining, fossil fuel 

combustion, waste disposal, untreated wastewater irrigation, and the use of pesticides and 

fertilizers (Mohammadi et al., 2019). These contaminants degrade water quality and impact 

vegetation, the food chain, and human health. Numerous studies worldwide have reported 

heavy metal concentrations in drinking water that exceed accepted safety limits. For example, 

research in India found elevated levels of iron, cadmium, lead, and manganese in drinking 

water (Mawari et al., 2022). Similar findings have been reported in Iran, where drinking water 

samples contained higher concentrations of cadmium, lead, and mercury (Ravanipour et al., 

2021), and in Bangladesh, where both groundwater and surface water were found to be 

contaminated with heavy metals (Deeba et al., 2021). Review papers further highlight the 

widespread nature of this problem. In Nigeria, potable water sources were found to contain 

heavy metals above permissible limits (Ozoko et al., 2022). In Nigeria, potable water sources 

contained heavy metals above permissible limits (Ozoko et al., 2022). In China, six heavy 

metals (copper, cadmium, nickel, arsenic, mercury, and zinc) were detected at levels exceeding 

domestic standards (Wang et al., 2021). 

Other reviews confirm that developing countries are particularly affected, with most reporting 

heavy metal concentrations in drinking water above recommended thresholds (Chowdhury et 

al., 2016; Mohanadas et al., 2023). Additional studies underscore the health risks associated 

with heavy metal exposure. For instance, research in Nigeria revealed that most surface and 

groundwater sources used for drinking exceeded safe limits for heavy metals (Okafor et al., 

2023). High levels of arsenic, chromium, and cadmium have explicitly been linked to adverse 

health outcomes, including stunting in children (Oginawati et al., 2023). 

Water samples from the Karnaphuli River in Bangladesh have been found to contain four heavy 

metals, including arsenic, chromium, and cadmium (Ali et al., 2016). Drinking water in 

Khorramabad, Iran was found to have lead, chromium, cadmium, and zinc above permitted 

amounts (Mohammadi et al., 2019). The Dzindi River in South Africa and river streams in 

Tanzania have been reported to contain various heavy metals, including iron, aluminium, 
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manganese, zinc, copper, lead, mercury, and arsenic (Edokpayi et al., 2014). A study by 

Kacholi and Sahu (2018) reveals high levels of iron, zinc, lead, and copper in water samples of 

Temeke District in Dar es Salaam used for vegetable irrigation. Additionally, a study by Nkinda 

et al. (2021) finds that water from the chosen river streams of Mara River in Tanzania has the 

highest quantities of lead, mercury, chromium, cadmium, and arsenic. These studies 

consistently highlight cadmium as a widespread contaminant in water bodies, requiring 

affordable, efficient treatment technologies like CDI. 

2.2 Mechanisms for cadmium ions removal from water by porous carbon 

 

Removing Cd2+ from an aqueous solution may involve three mechanisms: Complex formation, 

sharing electron pairs with nitrogen groups, and ion exchange, as shown in Fig. 1. The possible 

interaction of various functional groups with Cd2+ during electrosorption may include: 

(i) C=O 

 

Oxygen in the carbonyl group can coordinate with Cd2+, forming a complex compound: 

R-COOH + Cd2+ → R-COO-.Cd2+ 

(ii) Amino group (C-NH2) 

 

The lone pair of electrons in the nitrogen can interact with Cd2+ to form a coordination complex: 

R-NH2 +Cd2+ → R-NH2.Cd2+ 

(iii) Hydroxyl group (C-OH) 

 
Oxygen’s lone pair of electrons can bind Cd2+ : 

 

R-OH + Cd2+ → R-O-Cd2+ 

 
(iv) Ester (C-CO-C) can participate in interaction to coordinate with metal ions. 
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Figure 1:   Mechanisms for cadmium ions removal from water by porous carbon (Guo 

et al., 2017) 

2.3 Chemistry of hetero-N-atom in the carbon structural matrix 

 

The presence of hetero-nitrogen atoms, such as pyridinic-N and pyrrolic-N, in the carbon 

matrix significantly enhances electrosorption capabilities in capacitive deionization (CDI) 

systems. Pyridinic nitrogen, typically found at the edges of graphene-like structures, donates 

lone pair electrons that increase the local electron density, thereby creating Lewis basic sites 

which improve the adsorption affinity toward metal ions like Cd²⁺ (Wang et al., 2018). Pyrrolic 

nitrogen, integrated within five-membered rings, introduces redox-active sites that contribute 

to pseudocapacitive charge storage, enhancing the overall capacitance of the electrode (Liu et 

al., 2017). Furthermore, nitrogen contents modify the surface chemistry by increasing 

hydrophilicity and wettability, facilitating better electrolyte penetration and ion transport 

within the porous carbon structure (Lu et al., 2022). These nitrogen functionalities also induce 

structural defects and edge sites that serve as active centres for ion adsorption while 

maintaining the stability and electrical conductivity of the carbon framework (Enock et al., 
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2017). Collectively, these effects improve charge transfer kinetics and ion binding, leading to 

enhanced electrosorption efficiency and electrode durability in CDI applications. 

2.4 Working principle of CDI technology 

 

Compared to other traditional desalination procedures, CDI is a recently developed and widely 

desirable approach because it is eco-friendly, has low energy usage, and is ease to regenerate 

and maintain (Peng et al., 2016). The CDI is an electrosorption process involving the ions 

absorbed from an ionic solution on the surface of the electrode materials under an electric field. 

Positively charged ions such as calcium and cadmium are adsorbed onto an electrostatic double 

layer of electrodes negatively charged (cathode) when water is passing between the electrodes, 

while negatively charged ions such as chlorine adsorb onto the EDL of the electrodes positively 

charged (anode). Once electrodes have reached their adsorption capacity, adsorbed ions can be 

freed from electrode materials by discharging the cell at 0.0 V or polarity reversing of the cell 

(Gong et al., 2022). 
 

Figure 2:   Example of the CDI process showing the steps for (a) Ion elimination and 

(b) Electrode regeneration 

2.5 Electrodes materials for CDI and its efficiency in heavy metals removal 

 

Specific surface area, conductivity, specific capacitance, and pore size distribution as structural 

characteristics of electrode materials typically determine CDI performance. Better conductivity 

and relatively large specific surface area contribute to improved adsorption capacity (Lin et al., 

2022). As a result, the creation and manufacturing of improved electrode materials have 

received much attention in CDI research. The effectiveness of removing cadmium from an 

aqueous solution using carbon materials in CDI is summarized in Table 2. 
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Table 2: Electrode materials utilized in CDI pfor cadmium removal from water 
 

 Initial  

Materials 𝝁% 
EC 

concentr V 
Time 

Volume 
Flow rate 

Approach 
Size of 

References 

(mg/g) ation 
(mgL-1) 

(v) (h) (Mlmin-1) electrodes 

 

Activated carbon cloth 

Activated carbon 

powder 

Birnessite activated 

electrodes 

N-doped Biochar 

Humic acid. 

MoS2/AC nanosheet 

 

 

 

 

 

 

 

 
58.06 22.15 0.001 * * * * Batch mode * Yin et al. (2022) 

 composite  

32 103.6 * 1.2 * * 0 Batch mode 
One by 

one inch 

Huang et al. 
(2016) 

93 * 100 1.2 3 * 20 Batch mode * Gong et al. (2022) 

* 900 200 * 2 * * Batch mode * Peng et al. (2016) 

89 79 4 1.2 2 * Batch mode * Lin et al. (2022) 
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2.6 Based materials derived from biomass 

 

Because biomass and agricultural residue have an ample supply of raw materials, better 

electrical conductivity, low production costs, and a promising specific area, they have recently 

received a lot of attention as possible new sources of carbon precursors (Lado et al., 2016; Zhu 

et al., 2018). Since it is valued at a low cost and is a renewable resource that is good for the 

environment, biomass is a good raw material (Song et al., 2023). 

To make CDI electrodes, several biomass materials can be employed as a precursor, including 

coconut shells, cattle manure, coconut shells, rice husk, sugarcane bagasse, and tea waste (Deng 

et al., 2021; Farma et al., 2023; Ramalingam et al., 2020). Lately, studies have investigated 

waste suitability as electrode materials in CDI applications. 

Activated carbon from biomass waste from tea is used as CDI electrodes to remove fluorine 

and carbon. For a 10 mg/l mix feed solution, the removal percentages were determined to be 

88.5 and 85.20%, respectively (Gaikwad & Balomajumder, 2017). Additionally, it is stated that 

carbonized sorghum stem-derived carbon has been employed as super-capacitors and CDI 

electrodes, exhibiting notably larger capacitance (257 Fg-1) and BET surface area (1347 m2g- 

1) (Kim et al., 2021). Citrus-activated carbons were used as the anode in a CDI cell using a 

hydrothermal synthesis method and showed a suitable specific capacitance of 120 F/g. 

Moreover, prepared soybean shell-based activated carbon via pyrolysis approach shows a high 

surface area of 1032.2 m2g-1, an adsorption capacity of 15.5 mg/g at an absorption rate of 0.44 

mgg-1 min-1 at 1.2 V performed well in CDI methods (Zhao et al., 2018). These few pieces of 

research support the idea that bio-waste, which is abundant, inexpensive, and environmentally 

beneficial, can be assessed for use in CDI electrodes to remove heavy metals. 

2.7 Properties of biogas slurry activated carbon 

 

Plants that produce biogas generate biogas slurry (BGS) as a waste product. The 0.5-2.5% N is 

present in a range of BGS made using various production methods (Surendra et al., 2014). The 

differences in the nutritional makeup of BGS can be attributed to the biochemical constituents 

of feedstock and the circumstances under which it is generated. For example, the N content of 

solid animal manure could vary from 0.4 to 0.8% depending on the storage and feed 

circumstances (Surendra et al., 2014). For instance, Khan et al. (2014) described the BGS as 

containing more nitrogen than the feedstock made from solid animal feedstock. A work by 

Yuan et al. (2011) utilizes biogas residue as activated carbons for organic and inorganic waste 
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adsorption. The findings illustrate the practical synthesis of activated carbons with a specific 

surface area (1950 m2/g) and pore volume (1.232 cm3/g) was achieved. Qian et al. (2022) 

synthesized biogas-residue-based AC with a specific surface area of 1278 m2/g, high adsorption 

capacity for organic and inorganic pollutants removal from water. Another study by Wang et 

al. (2019) developed AC from biogas residue that has excellent electrochemical performance 

for super-capacitors with good specific surface area and pore sizes was attained. The outcomes 

verify that excellent electrochemical cycle stability and high specific capacitance were attained. 

A supercapacitor with a larger surface area of 350 m2/g, capacitance of 289 Fg-1, and 3-4.5 nm 

fine pore distribution was made using biogas slurry carbon (BGSC) chemically activated with 

a KOH/BGSC volume proportion of 2:1 (Enock et al., 2017). Considering the similarities 

between CDI and supercapacitors, BGACs are a promising activated carbon material for 

creating an efficient CDI electrode to reduce heavy metals from an aqueous solution. The 

BGACs have shown large surface area, noble pore structure, good conductivity, and the 

presence of oxygen and nitrogen functional groups in supercapacitors. This work aimed to 

develop activated carbon materials for creating CDI biogas slurry-based electrodes and 

evaluate the degree of cadmium removal. 

2.8 Properties of black soldier pupae casings activated carbon 

 

The BSF larvae are insects that have been most recently studied. They are produced on a 

massive scale worldwide and are used as a source of chitin and animal feed rich in protein and 

fat (Choirul et al., 2024; Soetemans et al., 2020). During the breeding stage, some percentage 

are left to be converted to flies for laying eggs, leaving shells as waste when molting out. Pupae 

case is rich in chitin. Chitin is a naturally occurring fiber-formamide. Pupae casing can become 

a suitable carbon source with many nitrogen groups, promising surface area, and high 

capacitance (Choirul et al., 2024). Pupae casing has been used as an adsorbent of methylene 

blue dye, and the removal efficiency was 96.1 % (Choirul et al., 2024). A study by Li et al. 

(2020) used BSF chitin-derived biochar in salt removal, which had efficiency and sorption 

capacity of 11.52 mgg-1 and 87.23 %, respectively. A study by Purkayastha and Sarkar (2020) 

produced biochar from BSF pupae casings, which have high nitrogen levels and are difficult to 

get in materials of natural origin without surface modification. To date, no studies have 

researched the possibility of using carbon from BSF pupae cases as electrode material for heavy 

metal removal by CDI. 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Materials 

 

The Hermetia illucens (black soldier fly) pupae casings and biogas slurry were collected from 

animal nutritious food production and biodigester in Seela village in Sing’isi ward, Meru 

district, Tanzania. Chemicals, including polytetrafluoroethylene (PTFE), were bought from 

Sigma-Aldrich, Sodium Hydroxide (NaOH), Hydrochloric acid (HCl), and Potassium 

Hydroxide (KOH) were purchased from Merk company, India. These chemicals were used 

without modification since they were in analytical grade. Conductive carbon black, activated 

carbon, and cadmium chloride (Cd2Cl4.5H2O) were collected from Shandong Richnow 

Chemical Co., China. 

3.2 Carbonization and activation process of biogas slurry and pupae casings 

precursor 

Preparation of activated carbons was done as shown in Fig. 3. Specifically, the following 

procedures described by Enock et al. (2017) were followed. Black soldier fly pupae cases were 

washed, dried for 12 hours, and crushed to ~160 μm particles. Biogas slurry was air-dried for 

five days. Each material (30 g) was carbonized in a nitrogen atmosphere at 500°C for 1 hour 

with a 10°C/min ramp rate. Pre-carbonized samples were chemically activated with KOH (1:1, 

1:2, and 1:3 ratios) at 700°C for 2 hours under nitrogen gas (Fig. 3). After natural cooling, 

carbons were washed with 1 M HCl until neutral pH and dried at 100°C for 12 hours, labelled 

PC-700 and BG-700. 
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Figure 3: Schematic description of the synthesis of carbon from biogas slurry and pupae casings 
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3.3 The CDI electrodes preparation 

 

The procedures for preparing CDI electrodes were adopted from Alfredy et al. (2019) and 

Elisadiki et al. (2020). The activated sample, polytetrafluoroethylene (PTFE), and carbon black 

were combined in the presence of ethanol solution at a mass proportion of 8:1:1 at room 

temperature to create a dough-like paste, which was then rolled to a suitable size and cut into 

4 cm by 4 cm squares. The dough was then processed at 50°C for 10 hours to act as the working 

electrode material, with a total mass of approximately (200 mg – 210 mg) (Fig. 4). The prepared 

electrodes were denoted as PC-X-Y for the pupae case-based electrodes, and BG-X-Y for 

biogas slurry-based electrodes, where X is KOH ratio, and Y is activation temperature. 

 

Figure 4:   Preparation of CDI electrodes 

 

3.4 Characterization of the prepared activated carbons 

 

Scanning electron microscopy (SEM, Carl Zeiss Ultra Plus) was used to analyse the surface 

morphological structure of the materials. The Porosimeter, 1994-2017 Quantachrome 

instrument was used to determine Nitrogen adsorption/desorption isotherms at 77.35 K in the 

relative pressure (p/po) of 0.99 to estimate the specific surface area of the activated carbons. 

The prepared samples were firstly outgassed in a vacuum at 300°C for 1 hour. Non-Local 

Density Functional Theory (NLDFT) methods were used to determine the pore size distribution 

of activated samples. The analysis of functional groups on the surface of materials using an 

FTIR (Fourier transform infrared spectrometer, FTIR Shimadzu IRSpirit-A224159). The 

diffraction patterns of activated carbon were conducted using an XRD (X-ray diffractometer, 

Bruker D8 Advance diffractometer). The existence of nitrogen content was confirmed with X- 

ray photoelectron spectroscopy (XPS). The properties and structure of carbon were analyzed 
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using Raman spectroscopy. Materials contact angles were measured using a contact angle 

goniometer (L 2004A-0388). 

3.5 Electrochemical test of electrodes 

 

The electrochemical properties of activated carbons, which were determined by 

electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) tests, were 

determined by PGSTAT204, AUT50663 Metrohm as a working station. The electrolyte 

concentration used for the EIS and CV test was 6 M KOH. The Ag/AgCl electrode serves as 

the working electrode, reference electrode, and counter electrode in a three-electrode working 

system. The EIS test was conducted using a frequency range of 0.01 Hz to 100 000 Hz and an 

amplitude of 10 mV. The preparation of electrodes for electrochemical properties adopts the 

procedures described in Enock et al. (2017). The employed electrode was created by pushing 

a mass load of about 5 mg active material as a mixture of activated carbons, polyvinylidene 

difluoride (PVDF), and conductive carbon at a mass ratio of 8:1:1 on two pieces of nickel foam. 

The electrode Capacitance (C, F g-1) based on the CV curves was estimated using the formulae 

Equation (1). 

 

𝐶 = ∫
𝑣𝑓 

𝑣𝑖 

𝐼 
 

 

𝑟𝑚∆𝑉 
𝑑𝑢 (1) 

 

Whereby, I (A) is response current, r (Vs-1) is potential scanning rate, ∆V is a potential window, 

and m is mass active material deposited on the electrode. 

3.6 Electrosorption of Cd2+ with CDI 

 

Two Cd2+ ion concentrations (5 mg/L and 10 mg/L) were prepared from CdCl2 salt. An 

electrosorption investigation of Cd2+ was done with a lad scale CDI cell with PC-700 and BG- 

700 in batch mode at a 10 mL /min circulating rate. A voltage of 1.2 V was applied to the CDI 

cell using potentiostat/galvanostat (1A. EIS 1A/10 V/1 MHz EIS, Ivium Technologies, The 

Netherlands, equipped with Iviumsoft electrochemistry software). An initial solution volume 

of 30 mL was supplied in the cell using a peristaltic pump for 90 minutes. After every 5 

seconds, the conductivity meter (GMH 3400) was used to monitor the conductivity of the 

solution to predict the removal efficiency. An Atomic Absorption Spectroscopy (AAS- 

WFX210) determined the Cd2+ concentration. 

Equation (2) and (3) illustrated the calculation of removal efficiency (RE) and electrosorption 
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capacity (EC) of Cd2+ from the solution, respectively. 
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  𝑜  

𝑅𝐸 = 
𝐶𝑜−𝐶𝑓 × 100% (2) 

𝐶𝑜 

 
𝐶𝐸 = 

𝐶𝑖−𝐶𝑡 × 𝑉 (3) 
𝑚 

 
Whereby, V is the volume used of the solution (mL), Ci and Ct are the initial and final 

concentrations of Cd2+ (mgL-1), respectively, and m is the mass of the electrode (g). 

The electrodes’ energy consumption and charge efficiency were calculated to estimate CDI 

performance in removing Cd2+ from water. 

 

𝛬 = 
𝐹 . 𝛤 

 
 

𝑀𝑊 .∑ 
(4) 

 

𝐸 = 
𝑉 ∫

𝑡 
𝐼𝑑𝑡 

𝑄𝑡 
(5) 

 
Whereby, E is energy consumption in kWhm-3, V is applied voltage, I is current, Q is assigned 

flow rate, t is charging time, F is faradays constant (96485 c/mol), ∑ is a total charge (c/g) 

obtained by integrating current curve, and its electrosorption capacity. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 Textural structure and surface morphology 

 

Scanning electron microscope-energy dispersion (SEM) micrographs for the surface and pore 

morphologies of prepared PC carbons are shown in Fig. 5. Without carbonization, the surface 

of black soldier fly pupae casings tends to have organized repeated units of hexagonal/square 

boxes and non-porous structures, as earlier observed by Purkayastha and Sarkar (2020) and 

Soetemans et al. (2020). The PC carbon at a ratio of 1:1 (PC-1-700) presented the formation of 

a fluffy and less porous structure after high-temperature activation (Fig. 5a). The increase in 

KOH in PC-2-700, has resulted in the formation of sections of organized repeated units of 

hexagonal microfibrillar boxes on the surface (Fig. 5b). Also, in Fig. 5b, the depth of the holes 

in the boxes has increased, creating suitable pores that are beneficial for the electrosorption of 

heavy metals. This enhanced depth was due to a more extensive etching effect from KOH, 

which enlarges and deepens the pores. Pores are formed in Fig. 5c, and hexagonal boxes are 

destroyed on the PC-3-700 surface. This may be attributed to the contribution of a large amount 

of KOH, which reacted with the exterior and interior surfaces of the PC-3-700. 

The SEM micrographs of BG carbons are depicted in Fig. 6. The smooth and less porous 

surface is observed in BG-1-700 due to a small amount of activating agent (KOH) (Fig. 6a). 

Whereas Fig. 6c-d shows a flake-like morphology on the surface of BG-2-700 with a lack of 

well-formed pores. This may be due to the complex properties of biomass feedstock for BG 

samples, which also affects the KOH activation process in achieving the desired structural 

characteristics and, hence, does not create significant porosity in BG-2-700. An increase in the 

amount of KOH results in many pores on the surface of BG-3-700, as shown in Fig. 6c, than 

in BG-1-700 and BG-2-700. In addition, the Scanning electron microscopy-energy dispersive 

X-ray spectroscopy (SEM-EDX) analysis and elemental mapping confirmed the existence of 

nitrogen, carbon, and oxygen content on the surface of the PC and BG samples (Fig. 7). 
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Figure 5: The SEM images of PC samples showing development of porosity with 

increasing KOH ratios (a) PC-1-700 (b) PC-2-700 (c) PC-3-700 
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Figure 6: The SEM images of BG carbon illustrating the differences in surface 

morphology at three KOH ratios (a) BG-1-700 (b) BG-2-700 (c) BG-3-700 
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Figure 7:   (a) The SEM-EDX and elemental mapping for BG sample (b) PC sample 

4.2 Nitrogen adsorption/desorption analysis 

 

Among the crucial factors affecting the adsorption capacity of electrodes are pore size 

distribution within the materials and the specific surface area (Fig. 8), illustrates Nitrogen 

adsorption/desorption Isotherms for PC and BG to characterize the carbon electrodes’porous 

structure and surface area. It is observed that all the adsorption isotherms for PC carbons belong 
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to type IV adsorption isotherms based on the classification of the International Union of Pure 

and Applied Chemistry (IUPAC) by showing the existence of a hysteresis loop at p/po greater 

than 0.4. This reveals that most PC carbon pores are mesopores with an average pore diameter 

of 3.3 nm. The N2 adsorption isotherm for BG carbons is also a type IV isotherm with more 

micropores than mesopores. This is evidenced by an observation showing a slight steep 

increase in N2 adsorption in the low-pressure zone in all BG isotherms showing the presence 

of micropores see (Fig. 8c). The NLDFT pore size distribution of all carbon is shown in Fig. 

8b. Pore sizes mainly range below 2 nm for BG and above 2 nm for PC carbon. This implies 

many micropores in BG samples, as depicted in SEM images (Fig. 6a, b, and c). Therefore, the 

total surface area of activated carbon was calculated using the Brunauer-Emmet-teller (BET) 

model. Table 3 indicates the textural properties such, as pore size distribution, BET surface 

area (SBET), and pore volume of prepared carbons. 

The BG carbon possesses the largest specific surface area compared to other samples (Table 

3). This is due to the availability of micropores in BG’s carbon, which are associated with a 

highly specific surface area, as seen in the pore size distribution (Fig. 9d). The hydrated ionic 

radius of Cd2+ (0.426 nm) may probably not match most of the micropores present in BG 

electrodes, resulting in considerable transport resistance and lower removal efficiency despite 

its highest surface area (Chen et al., 2018; Song et al., 2023). The existence of mesopores 

favors high electrosorption of Cd2+, proving that mesoporouss enhance the contact of the Cd2+ 

with PC electrodes and hence promote adsorption and transportation of Cd2+ compared to BG 

electrodes. Availability of mesopores and larger surface area are essential in creating double- 

layer capacitors and may enhance the CDI electrosorption mechanism (Song et al., 2023; Zhao 

et al., 2019). 
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BET (m 

 

Figure 8:  (a) The N2 Adsorption Isotherms for all PC samples (b) The NLDFT pore 

size distribution for all PC (c) The N2 Adsorption Isotherms for all BG 

samples (d) The NLDFT pore size distribution for all BG samples 

Table 3: Surface characteristics of all prepared carbon samples 
 

Carbon S 2g-1) Pore volume (cm3g-1) Pore size (nm) 

BG-1-700 576 0.7421 1.9 

BG-2-700 927 0.6447 2.6 

BG-3-700 830 0.5724 2.8 

PC-1-700 454 0.7678 3.4 

PC-2-700 549 0.709 3.3 
PC-3-700 640 0.6071 3.1 

4.3 Surface functional group analysis 

 

Figure 9, indicates FTIR analysis of BG and PC samples to confirm the presence of functional 

groups and chemical bonds. There was no shift in peaks in all prepared samples. In Fig. 9a, 

peaks about 1394 cm-1 are attributed to N-H bending bonds. The Peaks at about 1065 cm-1 

specify the existence of C-N groups, and peaks at about 712 and 873 cm-1 correspond to the 

bending of the N-H-H bond (Soetemans et al., 2020; Zhang et al., 2019). 
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A broad absorption peak at around 3062 cm-1 is associated with intermolecular stretching of 

the O-H bond, showing a certain amount of hydroxyl in the carbon. A band at about 1751 cm- 

1 is assigned to a C=O (Sarwar et al., 2021). A characteristic broad peak at 578 cm-1 might be 

located due to the in-plane bending of C-CO-C (Li et al., 2020). For BG samples, notable bands 

were identified at about 3001 and 2889 cm-1, corresponding to the C-H bond’s asymmetric and 

symmetric stretching vibrations (Kyaw et al., 2020). A broad peak at about 2270 and 2080 cm- 

1 corresponds to the presence of CH and CN groups, respectively (Sarwar et al., 2021). The 

peak at about 1556 cm-1 reveals the existence of a CC double bond (Wang et al., 2017). The 

peak at around 969 cm-1 is allocated to the C-O bond. The structure of the Cd2+ after 

electrosorption for the selected electrodes was studied by FTIR analysis, as indicated in Fig. 9 

c, d. 

Several mechanisms may be involved in Cd2+ removal, such as filtration on porous materials, 

chemisorption including complex compound formation, ion exchange, and electrostatic 

attraction (Guo et al., 2017; Rao, 2021). As observed in Fig. 9c, there are shifts of peaks, 

decreases in peak intensity, new peaks formation, and disappearance of peaks, indicating strong 

interaction between Cd²⁺ ions and the functional groups on the electrode surface. It is noted 

that the presence of lone pairs of electrons from oxygen functional groups can form complex 

compounds with Cd²⁺ (Song et al., 2023). Furthermore, according to the hard-soft acid-base 

theory, nitrogen functional groups in the materials can share electrons for binding with Cd²⁺ , 

enhancing its removal efficiency (Guo et al., 2017). 
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Figure 9: (a) The FTIR spectra for all PC carbon samples (b) The FTIR spectra of PC electrodes before and after Cd2+ (c) The FTIR 

spectra for all BG carbon samples (d) The FTIR spectra of BG electrodes before and after Cd2+ 
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4.4 Material crystallinity analysis 

 

Figure 10, shows the x-ray diffraction pattern of selected representatives of PC and BG 

samples. The diffraction peaks at 25° and 30° are related to the crystal plane of graphite of 

about (002) and (100), respectively. Broad characteristic peaks reveal the amorphous nature of 

the prepared PC and BG samples. However, the broadness of the peak in PC samples is more 

intense, exhibiting a level of crystallinity according to previous results by Purkayastha and 

Sarkar (2020). Also, there are weak, sharp peaks on the broad peak of BG samples; this may 

be due to some impurities in the carbon, such as silica, as observed by Enock et al. (2017). 

The Raman spectroscopy technique of the selected carbon was used to analyze carbon structure, 

as observed in Fig. 10b. Two peaks were observed at about 1343 and 1586 cm⁻¹ in both 

samples, which are assigned to the existence of D and G bands. Generally, the existence of 

these bands is shown by the existence of defects in graphitic samples and single graphitic 

layers, respectively. Hence, the intensity ratio of (ID/IG) signifies the structural disorder within 

the material. Therefore, a higher value for PC-2-700 (1.256) than BG-2-700 (0.957) indicated 

a highly porous structure in PC samples, which may enhance its specific capacitance. 

To confirm the existence of Nitrogen content, the XPS analysis was performed on the selected 

samples, as shown in Fig. 11. The occurrence of peaks at around 398-400.7 eV binding energy 

evidenced the existence of nitrogen content in prepared carbon. Figure 11a, shows PC and BG 

carbon O 1s, N 1s, and C 1s from broad spectrum. In Fig. 11e, peaks related to carbon can be 

observed; C-C/C=C (283.2 eV), C-O (284.59 eV), C=O (285.06 eV), and O-C=O (292.5 eV) 

for PC carbon (Wang et al., 2018). In Fig. 11d, the peaks for carbon content in BG carbon have 

a lot of noise, but it shows the presence of carbon. As observed in Fig. 11b, the nitrogen (N 1s 

peaks) shows the presence of pyrrolic nitrogen (400.7 eV), Amide (399.6 eV), pyridinic 

nitrogen (398.4 eV) in PC carbon as compared to BG-samples (Enock et al., 2017; Song et al., 

2023). The N configurations for PC carbon enhanced the electrosorption capacity of the carbon 

material such that pyridinic nitrogen may donate one electron pair and increase electron density 

in the carbon matrix improving electrical conductivity and charge transfer during 

electrosorption. Also, pyrrolic nitrogen enhances cation affinity by donating lone pairs. 

Generally, both configurations increase hydrophilicity, improving electrode-electrolyte contact 

and ion accessibility. In Fig. 11c, the peaks between (530-533 eV) are related to O 1s, whereas 

C-O is 9530.5 eV. 
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Figure 10: Structural and crystallographic properties of carbon (a) The XRD patterns 

for PC and BG samples (b) Raman peaks for PC and BG samples 
 

Figure 11: (a) Full spectrum (b) The N 1s spectra (c) The O 1s spectra (d) The C 1s 

spectra for BG (b) The C 1s spectra for PC 
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4.5 Electrochemical analysis of the prepared electrodes 

 

Figure 12 and 13, show CV curves of all the prepared electrodes at altered scan rates alternating 

from 5 to 100 mVs-1 in a voltage window of -1.0 V-0.0 V in a 6 M KOH solution. Figure 14, 

indicate the specific capacitance of all prepared samples concerning scan rate in CV 

measurement. The CV curves for two materials (PC and BG) exhibited nearly quasi-rectangular 

shapes at all scan rates, predicting the energy/charge storage mechanism through non-faradaic 

EDL phenomena. As the scanning rate increases, electrode capacitance decreases, which is 

always directly related to adsorption capacity. This could be given that high scanning rates 

prevent ions from having enough time to get along with the materials and penetrate the pores 

of the materials. Equation 2 was applied to estimate the specific capacitances of pristine PC 

and BG electrodes. The PC-2-700 electrodes were found to have a better specific capacitance 

of about 271.9 Fg-1 than the BG-2-700 electrodes with (105.8 Fg-1). This may be attributed to 

the good conductivity of PC samples, which results in more active sites for charge storage and 

transfer availability than BG samples. 

However, the overall capacitance of BG samples is low despite its high specific surface area 

because studies have reported that a large number of micropores hinders the accessibility to 

electrolyte ions in the solution, hence slowing down the ion transfer to the depth of micropores 

(Liang et al., 2013; Wang et al., 2019). From Table 4 it can be seen that biomass-derived 

carbons, including pupae casings (PC) and biogas slurry (BG), exhibit capacitance values 

comparable to other well-studied biomass electrodes activated under similar conditions. 

Therefore, they can achieve competitive electrochemical performance, supporting their use as 

cost-effective and environmentally friendly materials for capacitive deionization and energy 

storage applications. 
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Figure 12: Cyclic voltammograms (a) The PC-1-700 (b) The PC-2-700, and (c) The 

PC-3-700 
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Figure 13:  Cyclic voltammograms (a) The BG-1-700 (b) The BG-2-700, and (c) The BG-

3-700 

 

Figure 14: (a) Specific capacitance of all PC samples concerning scan rate in 

measurement (b) Specific capacitance of all BG samples concerning scan 

rate in CV measurement 
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Table 4: Specific capacitance values of activated carbons derived from various 

biomass feedstocks 

Biomass waste 
Activation 

temperature 

Concentrati 
Capacita 

on of 
nce (Fg-1) 

References 
 (°C ) electrolyte   

Kapok fibers 750 6 M KOH 283 Wang et al. (2018) 

Lotus stem 550 6 M KOH 85 Yao Zhang et al. (2017) 

Perilla frutescens 700 6 M KOH 270 Liu et al. (2017) 

Potato starch 900 1 M KOH 245 Ruibin et al. (2015) 

Biogas slurry 700 6 M KOH 105 Panja et al. (2025) 
Pupae casings 700 6 M KOH 271 Panja et al. (2025) 

The EIS test of carbon materials indicates the transfer of charge and ion diffusion at 

solution/electrode interaction. The EIS spectra for all electrodes are illustrated in Fig. 15. Semi- 

circle diameter can measure Rct at the point where cadmium chloride solution and electrodes 

interact. In the low-frequency range, slopes are steeper for PC’s electrodes, indicating a higher 

capacitance and a lower ionic diffusion resistance. Compared to BG electrodes, the semi- 

circle's diameter was smaller in the high-frequency area, indicating that the material had a high 

charge transfer rate. 

 

Figure 15:   Nyquist plot (a) All PC samples (b) All BG samples 

The equivalent series resistance (ESR) represents solution resistance (Rs), intrinsic active 

electrode resistance, and contact resistance on electrode/electrolyte interface, which, in theory, 

is the intercept on the real axis in a high-frequency region (Mo et al., 2016). From the fitted 

equivalent analogy circuit of the EIS for two selected electrodes, Rs were 0.33 Ω and 0.56 Ω 

for PC-2-700 and BG-2-700, respectively. However, Rct was 1.03 Ω and 5.57 Ω for PC-2-700 

and BG-2-700, respectively, indicating faster ion diffusion onto the surface of the porous PC- 

2-700 electrode than on BG-2-700. The larger Rct value for BG-2-700 may be due to many 

small micropores and less hydrophilic nature, resulting in poor Cd2+ removal efficiency (Wang 



34  

et al., 2018). Table 5 illustrates Rs and Rct for all prepared electrodes. Generally, the KOH 

activation of PC-2-700 improves the electrochemical properties of the PC-2-700, resulting in 

fast charge transfer and better electric conductivity, significantly enhancing the electrosorption 

ability in the CDI test. 

Table 5:    The Rs and Rct value obtained from fitted equivalent circuit for the 
 electrodes  

SAMPLE  Rs(Ω) Rct (Ω) 

PC-1-700  0.45 2.51 

PC-2-700  0.33 1.03 

PC-3-700  0.35 1.96 

BG-1-700  0.71 10.98 

BG-2-700  0.56 5.57 
BG-3-700  0.62 7.68 

4.6 Wettability measurement 

 

The wettability properties of the selected carbons for both PC and BG carbons are shown in 

Fig. 16. The images were captured at three-second intervals. At instant capture, the contact 

angles were 79° and 138.67° for PC and BG carbons, respectively. It reaches 18.66° and 71.49° 

after 12 sec, respectively. This indicates that PC carbons are more hydrophilic than BG carbons, 

which will enhance their adsorption and electrosorption ability. These properties facilitate the 

high use of pores on the surface of PC carbons, which also increases the electrode/solution 

interaction and eventually enhances the adsorption of Cd2+ (Zhao et al., 2023). Nitrogen 

functional groups enhanced this finding in addition to –CO and –OH groups on the PC carbon 

surface, as observed in the FTIR peaks. The low level of hydrophilicity in BG carbon, despite 

the presence of some N/O groups may be attributed to their placement inside the micropores 

and may not contribute to electrosorption if pores were inaccessible. 
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Figure 16:   Photographs of water drops (a) The PC sample and (b) The BG sample 

4.7 The CDI experiment 

 

The CDI performance of the PC and BG electrodes in removing Cd2+ from water was 

investigated in this work. The concentration of Cd2+ ions before and after the electrosorption 

process was estimated by Atomic Absorption spectrometry. The solution containing 5 and 10 

mgL-1 of Cd2+ as the initial concentration was prepared with a pH above 9. At this pH, Cd(OH)2 

is formed, which tends to aggregate at the surface of the working electrodes, contributing to 

the removal of Cd2+ from water (Song et al., 2023). The conductivity drop of the prepared 

solution (5 mg/L and 10 mg/L) versus time within 90 min electrosorption at 1.2 V was used to 

predict the concentration drop as presented in Fig. 17b and 18b. Concentration dropped to 0.45 

mgl-1 and 2.01 mgl-1 for PC-2-700 and BG-3-700, reaching an efficiency of 91% and 60%, 

respectively, at 5 mgL-1 of Cd2+ (Table 6). An observation of a decrease in conductivity for all 

electrodes is seen, and within less than 90 min, materials reach saturation point. As can be seen 

in Fig. 18a and 17a, conductivity dropped from 398 µScm-1 to 87 µScm-1 and 395 µScm-1 to 

213.3 µScm-1 during the electrosorption process for PC-2-700 and BG-2-700 electrodes at 5 

mg/L concentration, respectively. 

Equation 1 was used to estimate the electrodes' electrosorption capacity. The PC-2-700 

exhibited the highest electrosorption capacity, approximately 10.9 and 11.2 mgg-1, at 5 and 10 

mgg-1 concentrations, respectively. This result corresponds with its highest removal for Cd2+ 

ions, as discussed in the electrosorption process. 
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Cycling stability and regeneration ability are essential when choosing a better CDI electrode 

material. A direct short-circuit regeneration of 23 electrosorption/desorption cycles for 12 

hours was done in a 5 mg/L CdCl2 solution at 1.2 V for the selected electrode. Figure 18c, 

shows that the pupae casings-derived electrode demonstrated good cyclic stability in CDI, 

retaining over 89.7% of its initial Cd2+ removal efficiency after regeneration. An increase in 

conductivity was observed when the negative and positive plates were shorted-off, revealing 

that desorption took place. This may be attributed to the complex compound between Cd2+ and 

hydroxyl groups existing on the material’s surface, which may affect its regeneration (Song et 

al., 2023). This shows that the carbon surface morphology may affect the electrode materials' 

removal efficiency and regeneration. As indicated in Fig. 17b and 18b, the electrode removal 

efficiency decreases when the concentration of Cd2+ increases to 10 mgl-1. While increasing 

the concentration of Cd2+ in the solution to 10 mgl-1, the removal efficiency decreases to 48, 

61, and 52% for PC-1-700, PC-2-700, and PC-3-700, respectively, and to 20, 30, and 33% for 

BG-1-700, BG-2-700, and BG-3-700, respectively. 

 

Figure 17:   (a) Desalination experiment of all BG samples at 5 mg/L (b) at 10 mg/L 

The electrosorption capacity for PC-2-700 increases to 11.2 mgg-1, as shown in Table 6. This 

indicates the promising application of PC-based electrodes in recovering Cd2+ from aqueous 

solutions. 
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Figure 18: Desalination experiment of all PC samples at 5 mg/L (b) at 10 mg/L (c) 

Regeneration cycles for PC electrode 

Table 6:    The Cd2+ Removal efficiency determined by AAS measurement 

AAS Initial  AAS Final 

Samples concentration concentration 
(mg/L) (mg/L) 

Removal 

efficiency 

(%) 

Electroporation 

Capacity(mgg-1) 

5 1.7512 PC-1-700 65 5.2 
10 5.2110 48 3.1 
5 0.4532 PC-2-700 91 10.9 
10 3.9121 61 11.2 
5 1.0113 PC-3-700 80 8.3 
10 4.7782 52 5.4 
5 3.1513 BG-1-700 37 1.2 
10 8.1435 20 0.3 
5 2.0134 BG-2-700 56 2.1 
10 7.2113 30 1.6 

BG-3-700 
5 2.0023 60 2.3 
10 6.7121 33 0.6 

Table 7 provides an overview of recent CDI electrode materials reported in a research paper 

for removing Cadmium ions from water. The activated carbon (AC) cloth's Cd2+ reduction 

efficiency was 41.87% (Huang et al., 2016); when birnessite electrodes were used, the 
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electrosorption capacity was about 54.78 mgg-1 (Peng et al., 2016). Also, the Activated carbon 

fiber/Mno2-based electrode was investigated for Cd2+ removal, and the electrosorption capacity 

reached 14.88 mgg-1 (Yin et al., 2022). Polypyrrole/chitosan composite-based electrode was 

used for Cd2+ removal, and the removal efficiency was 51.10% (Zhang et al., 2019). The AC 

from 3 biomasses was investigated for recovering Cd2+ from water (Song et al., 2023). 

Therefore, electrode materials prepared from environmentally friendly and low-cost black 

soldier fly pupae casings and biogas slurry exhibited similar efficiency of capacitive 

deionisation in removing cadmium from water. 
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Table 7: Materials used in CDI to remove cadmium ions from water 

Initial 

 

Specific 

Materials 𝑹𝑬 %  
EC 

(mg/g) 

 
Activated carbon 

cloth 32 

Activated carbon 

concentration 

(mgL-1) 

V(v) 
Time 

(h) 
Volume 

(ml) 

Flow rate 

(ml/min) 
Approach 

surface 

area 

(m2g-1) 

References 

cloth with ZnO 29 
nanoparticles 

Birnessite- 

activated - 
electrodes 

Armophous O- 

doped boron - 
nitride nanosheets 

Lotus leaf-derived 

carbon nanosheets 
71 

Nitrogen doped 

porous carbon 82 
material 

N-doped Biochar 

Humic acid. 89 

MoS2/AC 

nanosheet 

composite. 

Pamello peel 

58.06 

 

73 

52 

103.6 - 1.2 - - 0 Batch mode - Huang et al. (2016) 

- 50 1.8 - 3.2 3 Batch mode 1000 Kyaw et al. (2020) 

 

900 

 

200 

 

- 

 

2 

 

- 

 

- 

 

Batch mode 

 

14.2 

 

Peng et al. (2016) 

 

2281 

 

- 

 

- 

 

- 

 

12.5 

 

- 

 

- 

 

- 

 

Chen et al. (2017) 

- 100 1.2 - - 

 

- 3705 Ye et al. (2025) 

- 10 1.2 - - - - 798 Wang et al. (2024) 

79 4 1.2 2 - - Batch mode - Lin et al. (2022) 

22.15 0.001 - - - - Batch mode - Yin et al. (2022) 

1.6 2 1.2 - - - - 
  

7 10 
      Song et al. (2023) 
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Materials 𝑹𝑬 % 

 

EC 

(mg/g) 

Initial 

concentration 

(mgL-1) 

 

V(v) 

 

Time 

(h) 

 

Volume 

(ml) 

Specific 

Flow rate 
Approach 

surface 
References 

(ml/min)  area 
(m2g-1) 

89 2.1 2 1.2 - - - - 

Algae 73 8.6 10     

89 2.1 2 1.2    

Corncob 
76 9.1 10 

    

Pupae casings 91 10.9 5 
   

546 

61 11.2 10 1.2 1.5 30 
Batch 
mode 

Panja et al. (2025) 

46 4.4 5 
   

927 

Biogas slurry 
30 1.6 10 
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Table 8 summarizes how the variation of the activation agent ratio affects the characteristics of 

the prepared samples. The data indicates a direct relationship between the ratio of the activation 

agent and the BET area of the sample. Specifically, as the amount of KOH increases, the surface 

area also increases. This is because adding more KOH during the activation process expands 

the existing pores, thereby increasing surface area and pore volume, as observed by Enock et 

al. (2017). However, the sorption capacity decreases despite the larger surface area associated 

with large KOH ratios. This suggests that surface area alone does not guarantee superior 

electrosorption performance in CDI applications. The effectiveness of electrosorption is also 

influenced by factors such as the availability of active sites and electric double-layer overlap. 

A balance concerning these electrosorption sites and EDL overlap is crucial to achieving 

optimal electrosorption capacity. Additionally, the performance in CDI is enhanced by the pore 

structure and size of the electrodes; better ion adsorption occurs when the pore size is compatible 

with the hydrated ion size. A well-balanced distribution of micropores and mesopores is also 

essential for improving removal efficiency as noted by Wang et al. (2024). 

Table 8: Relationship between the prepared samples’ textural properties and effects 

of activation 
2 -1 3 -1 

Carbon SBET (m g ) Pore volume (cm g ) Pore size (nm) 

BG-1-700 576 0.5421 1.9 

BG-2-700 927 0.6447 2.6 

BG-3-700 830 0.5724 2.8 

PC-1-700 454 0.7678 3.4 

PC-2-700 549 0.709 3.3 
PC-3-700 640 0.5071 3.1 
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

 

This work explored the development and application of porous carbon derived from biogas 

slurry, and black soldier fly pupae casings for removing cadmium ions from water with an 

energy-efficient capacitive deionization technique. The study involved the preparation of pupae 

casings and biogas slurry-derived carbons through carbonization and activation with potassium 

hydroxide. The structural and chemical properties and differences in the activation agent-to-

pupae casings/biogas slurry ratio at fixed activation temperatures were examined from various 

characterization analyses such as SEM-EDS, BET, FTIR, XPS, XRD, Raman spectroscopy, 

and electrochemical test. The surface and structural analysis showed a well- formed pore and 

mesopores dominance for PC- carbon as compared to BG carbon with high microporosity 

which limits ions accessibility, hence lowering its capacitance and electrosorption capacity. 

The electrochemical and textural analysis results revealed a high structural disorder 

(amorphous) for PC carbon, enhancing capacitance and better wettability than BG- carbon. 

This study assessed the usefulness of these carbon electrodes in removing Cadmium ions (Cd²⁺) 

from aqueous solutions. 

The results showed that PC-2-700 has a high removal efficiency of about 91% with a 10.9 

electrosorption capacity. A material with high SSA (927 m2/g for BG-2-700) has a moderate 

Cd2+ removal of about 56%. The results did not reveal a direct correlation between the KOH- 

to-carbon ratio and the efficiency of Cd²⁺ removal. However, even if BET surface area is a 

significant factor, it is not the single determinant of electrosorption capacity and removal 

effectiveness. This is because high surface area does not guarantee that all pores were 

accessible during removal process. 

The existence of nitrogen content in carbon materials may significantly enhance material’s 

electrochemical activity and ion affinity, improving removal efficiency beyond what surface 

areas alone can provide (Xu et al., 2023; Zhang et al., 2019). The study demonstrates that pupae 

casing-derived activated carbon is a promising low-cost, sustainable solution for cadmium 
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removal, potentially supporting rural water purification strategies and circular economy 

principles. 

5.2 Recommendations 

 

This study recommends several areas for further investigation: 

 

(i) Optimization of parameters: Although the synthesis of PC and BG-derived carbon 

materials for CDI applications has shown promising results, further optimization of the 

carbonization and activation temperatures is necessary to understand the suitable 

parameters for good carbon for better performance in CDI and pH and voltage. 

(ii) Metal oxide hybrid: While this study focused on pristine carbon, future research should 

consider integrating redox-active oxide into carbon matrix to improve ion affinity. 

(iii) Broader water purification testing: The synthesized porous carbons should be evaluated 

for their effectiveness in removing other contaminants from water, including fluoride, 

salts, and additional heavy metals, to assess their broader applicability in water 

purification. 

(iv) Competitive ion study: Future study should consider removing the cadmium ion in the 

presence of competing ions (Pb2+, Cr2+, Na+) to access ion selectivity. 

By addressing these recommendations, future research can build upon the findings of this study 

and potentially enhance the practical applications of black soldier pupae casings and biogas 

slurry-derived carbon in environmental remediation. 
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