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Climate change is a real threat to life on earth to which carbon dioxide is recognized as the major 

contributor. This makes reduction in CO2 emissions a worldwide emergency and priority. To achieve 

climate change goals, including those established in the Paris Agreement, and United Nations (UN) 

Sustainable Development Goals (SDGs), (particularly SDG13 and SDG7), new scientific discoveries 

and innovative technologies to mitigate carbon dioxide emissions are needed. Recognizing the 

importance of this issue, the Centre for Carbon Dioxide Capture and Utilization of Sunway University 

is organizing the 2nd Euro-Asia Conference on CO2 capture and utilisation (EACCO2CU) was held on 

6th - 8th December 2022 at Sunway University, Malaysia.  

This is a continuation of EACCO2CU 2019, the conference was successful, involving 55 participants 

from various countries originating from Europe and Asia. This year, the conference offers 

opportunities for academicians, researchers, and industry experts to meet, share their knowledge and 

new ideas with local and international participants. In addition, participants also can engage with 

distinguished invited speakers who delivered keynote and plenary talks. Discover the latest trends and 

challenges in CO2 capture and utilisation through Zoom platform at EACCO2CU 2022. 
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THE EFFECT OF CHEMICAL ACTIVATION AGENTS AND ACTIVATION TEMPERATURE ON 
THE PORE STRUCTURE OF RICE HUSK-DERIVED ACTIVATED CARBON 
Dendi Adi Saputra1a*, Adjar Pratoto2a, Muhammad Fadhil Rahman3a, Akio Kodama4b 

 
Abstract: This study investigates the optimization of production parameters for rice husk-derived activated carbon, targeting its effective 
application in direct air capture (DAC) technology. Various chemical activation agents—potassium hydroxide (KOH), urea, and their 
combination—and activation temperatures (600°C, 700°C, and 800°C) were explored using pyrolysis. The morphology of the resulting 
activated carbon was analyzed via scanning electron microscopy (SEM) and ImageJ. Results demonstrate that the choice of activation 
agent and temperature significantly influence pore diameter size and quantity. Higher temperatures led to smaller pore diameters and 
an increased number of pores. The combination of KOH and urea at 800°C produced the most favorable particle size (0.811 μm), suitable 
for applications requiring a well-defined pore structure. This combination also exhibited the most even pore distribution and highest pore 
density. These findings provide valuable insights for optimizing the production of rice husk-derived activated carbon, contributing to the 
development of sustainable and effective sorbents for CO₂ capture in DAC technology. Additionally, they offer potential for broader 
applications of husk-activated carbon in various industrial and environmental fields. 
 
Keywords: Direct air capture, activated carbon, rice husk, chemical activation agents, activation temperature 

 

 1. Introduction  

The escalating atmospheric CO₂ burden necessitates 

immediate intervention. Deploying efficient and sustainable CO₂ 

capture technologies is critical to mitigate its adverse impacts. 

Current options include pre-combustion, post-combustion, and 

oxyfuel capture methods, serving as platforms for further 

advancement (Cannone et al., 2021). However, the 

spatiotemporal variability of atmospheric CO₂ concentrations 

presents a significant challenge for the widespread 

implementation of capture technologies (Deng et al., 2021). 

Consequently, direct air capture (DAC) technology has emerged 

as a promising approach, focusing on directly removing CO₂ from 

ambient air. 

DAC technology represents a negative emissions technique 

that can directly reduce CO₂ concentrations in the atmosphere. 

One of its key advantages is independence from concentrated 

emission sources, such as flue gases from cement plants, steam 

power plants, and steel processing facilities, making it a promising 

option for achieving significant CO₂ reduction targets. However, 

several challenges must be addressed to successfully develop and 

deploy DAC technology. These challenges include the low partial 

pressure of CO₂ in the air, which reduces the sorbent's efficiency, 

as well as the low thermal and chemical stability of the sorbent 

material and the high energy requirements for sorbent 

regeneration (Lee et al., 2021). The search for environmentally 

friendly sorbent candidates has become crucial to advance DAC 

technology within the framework of a green economy. This study 

aims to identify sorbents that possess the desired characteristics 

for efficient CO₂ capture. Ideal criteria for sorbent materials 

include high specific surface area, high thermal conductivity, high 

CO₂ adsorption capacity, high selectivity for CO₂ over N₂, high 

porosity, ease of recyclability, and low energy consumption for 

regeneration (Dissanayake et al., 2020; Shi et al., 2020; Wang et 

al., 2023). 

Several adsorbents such as porous carbon (Dissanayake et al., 

2020), activated carbon (Rinawati et al., 2019), zeolite (Zhang et 

al., 2019), metal-organic frameworks (Elhenawy et al., 2020), and 

nanomaterials (Segneri et al., 2023) have been studied for CO₂ 

capture applications. These materials demonstrate excellent CO₂ 

adsorption performance. However, the difficulty of finding raw 

materials and the limited availability of materials pose challenges 

in terms of cost-effectiveness and commercial feasibility for 

industrial applications (Goembira et al., 2021). To overcome this 

problem, the synthesis of activated carbon from rice husks has 

received much attention. Activated carbon derived from rice 

husks is known for its extraordinary adsorption capabilities, 

making it a versatile and popular adsorbent material (Rinawati et 

al., 2019; Yaumi et al., 2018; Hussin et al., 2021). Utilizing 

agricultural waste as a precursor for activated carbon synthesis 

aligns with the increasing environmental concerns and the 

demand for sustainable practices. Rice husks, an abundant 

byproduct of rice milling, offer significant potential as a cost-

efficient and sustainable source of activated carbon, particularly 

in regions such as West Sumatera, Indonesia, where rice 

cultivation is prevalent. However, the properties and functionality 

of activated carbon are significantly influenced by various factors, 
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such as the selection of chemical activating agents and the 

activation temperature (Jouhara et al., 2018). 

Therefore, it is important to know the optimal combination of 

chemical activating agents and activation temperature to 

optimize the production process and improve the performance of 

activated carbon derived from rice husks. This research aims to 

determine the most suitable parameters to produce activated 

carbon with the desired characteristics, especially a clear pore 

structure. Observations of pore structure focus on the size, shape, 

distribution, and density. The results of these observations can 

not only be used as a reference for determining treatments and 

materials as CO₂ adsorbents but can also be applied to various 

industrial and environmental applications. Industrial and 

environmental applications of activated carbon include 

supercapacitors, water filters, oil and gas purifiers, poison 

absorbers, pharmaceutical product cleaners, and aroma and taste 

absorbers. 

Research to determine the microstructural parameters of a 

material has been carried out, but the material observed is often 

nanoporous. Such research is necessary to use statistical analysis 

methods to process large arrays of nanosized pores, develop 

methodologies and algorithms to study morphological and 

nanostructural features, and automate the measurement process 

(Lushpa et al., 2018). In this research, the observations focused on 

activated carbon material from rice husk charcoal with a different 

end goal. The observed characterization only focuses on 

morphological observations using Scanning Electron Microscopy 

(SEM) which will be used as quantitative data with the help of the 

ImageJ application. 

The size, shape, distribution, and density of rice husk-

activated carbon treated with physical and chemical activation 

variations were observed. To achieve this objective, a systematic 

experimental approach was employed. Various chemical 

activating agents, namely potassium hydroxide (KOH), urea, and 

a combination of KOH and urea, were selected for the activation 

process. Different activation temperatures within a 

predetermined range of 600°C, 700°C, and 800°C were 

considered. The activation process was carried out using the 

pyrolysis method. Meanwhile, the rice husk-derived activated 

carbon morphology was investigated using scanning electron 

microscopy (SEM) and the ImageJ application. The experimental 

results provided insights into the impact of different activating 

agents and activation temperatures on the pore diameter size and 

pore quantity of the activated carbon derived from rice husk. By 

understanding the correlation between the synthesis variables 

and the properties of activated carbon, this research seeks to 

contribute to the development of effective treatments to produce 

activated carbon that can be applied in industry and the 

environment. 

 

2. Materials and methods 

2.1 Materials 

Rice husk (Oryza sativa L.), obtained from a rice mill in Padang, 

West Sumatera, Indonesia, was selected as the raw material. The 

rice husks were cleaned with distilled water to remove adhering 

dust and inorganic impurities and then dried at 105°C for 12 

hours. Potassium hydroxide (KOH ≤ 100%) was purchased from PT 

Smart Lab Indonesia, and urea (CH4N2O ≤ 99%) was obtained 

from Pudak Scientific. Before testing, the samples were cleaned 

and neutralized with distilled water and hydrochloric acid (HCl 

15%) purchased from Rofa Laboratory Centre. 

2.2 Preparation of sample 

Activated carbon (AC) was prepared using the pyrolysis 

method, as shown in the flow diagram in Figure 1. Initially, the 

cleaned rice husks were placed in a container for carbonization. 

Prior to the carbonization process, nitrogen was introduced into 

the furnace for 5 minutes at a flow rate of 80 ml/min to displace 

oxygen and prevent combustion reactions. The carbonization 

process was conducted at 500°C with a heating rate of 

10°C/minute for 2 hours, while nitrogen continued to flow at a 

rate of 80 ml/minute. After cooling to room temperature, the 

resulting biochar was removed from the furnace for the activation 

process. 

In the activation process, the biochar was impregnated with 

activating agents (KOH, urea, and a combination of KOH and urea) 

to produce porous carbon, with a mass ratio of 1:2 (mass of 

adsorbent: activating agents). The mixture was stirred and left for 

12 hours at 60°C. Subsequently, the samples were pyrolyzed in 

the furnace for 1 hour at various activation temperatures of 

600°C, 700°C, and 800°C, with a nitrogen flow of 50 ml/minute. 

After cooling to room temperature, the samples were taken out 

of the furnace and immersed in a 15% HCl solution, followed by 

repeated washing with distilled water until the washing solution 

became neutral. The samples were then dried for 24 hours in an 

oven at 80°C. Finally, the activated carbon samples were stored in 

sample bags. 

2.3 Characterization 

2.3.1 Morphology investigation using field emission Scanning 

Electron Microscopy (SEM)  

The morphology of the activated carbon samples was studied 

using field emission scanning electron microscopy (SEM). The 

samples were placed on SEM stubs and plated with carbon, 

followed by gold for two minutes using an argon plasma 

metallizer (sputter coater K575X) (Edwards Limited, Crawley, 

United Kingdom) to reduce electron charge through the 

sputtering process. Field Emission Scanning Electron Microscopy 

(FEI Nova Nano SEM 230) was utilized with a 10 kV voltage to 

optimize the observation of sample surface morphology at 5000x 

magnification. 

 

2.3.2 Measurement pore diameter dan pore number using 

ImageJ application  

The ImageJ application was chosen for measuring the pore 

diameter and pore number due to its simplicity and user-friendly 
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interface. ImageJ is widely used open-source software that 

provides various image analysis tools, making it suitable for 

analyzing SEM images and extracting quantitative data. To begin 

the measurement process, the SEM images were imported into 

the ImageJ software. The images were calibrated to ensure 

accurate measurements by aligning the scale and line tool units 

with the SEM ruler. This calibration step allowed for precise 

conversion of pixel dimensions into real-world measurements. 

The SEM images were divided into four sections for more 

manageable and systematic measurements. This division helped 

avoid confusion and ensure consistency in the measurements 

across the image. Using the line tool in ImageJ, manual 

measurements of pore diameter and pore number were 

conducted on each section of the SEM images. The line tool 

allowed for the selection of individual pores, and their diameters 

were measured directly from the images. Additionally, the 

number of pores present in each section was counted manually. 

Once the pore diameter and pore number data were 

obtained, further analysis was conducted by grouping the data 

based on the same activation temperature and activating agent. 

This grouping allowed for a comprehensive examination of the 

influence of different activating agents and activation 

temperatures on the pore characteristics of the rice husk-

activated carbon. To visualize the distribution of pore diameters, 

the data were processed using OriginPro 2019 software. The 

software facilitated the creation of a bar chart, where the pore 

sizes were plotted along the x-axis, and the corresponding 

frequencies or counts were represented on the y-axis. This 

graphical representation provided a clear understanding of the 

pore size distribution in the rice husk-activated carbon samples. 

The analysis of the bar chart was crucial for assessing the 

characteristics of the adsorbent material. By comparing the pore 

diameter distributions resulting from different activating agents 

and activation temperatures, valuable insights could be gained 

 

Figure 1. Sample Preparation Flow Diagram 
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regarding the impact of these parameters on the surface 

conditions and adsorption properties of the rice husk-activated 

carbon. 

 

3. Results and discussions 

3.1 Effect of chemical activation agents and activation 

temperatures on the morphology of adsorbent 

Figure 2 (a - i) visually represents the morphology resulting 

from different chemical activation agents (KOH, urea, KOH+urea) 

at various activation temperatures on the pore formation process 

in rice husk-derived activated carbon. Specifically, Figure 2 (a-c) 

illustrates the formation of pores in activated carbon using KOH, 

urea, and a combination of KOH and urea at an activation 

temperature of 600°C. The presence of visible boundaries 

between pores is evident in these samples. This phenomenon is 

also observed with the activation agent urea and the combination 

of KOH and urea. 

Furthermore, when the activation temperature was increased 

from 700°C to 800°C, there was a noticeable enhancement in pore 

formation, as shown in Figure 2 (d-i). This result indicates that the 

activation process becomes more effective and efficient at higher 

temperatures. The higher temperature provides the necessary 

energy for enhanced chemical reactions and for developing a 

more extensive pore structure in the rice husk-activated carbon. 

As a result, the visible boundaries between pores observed at 

600°C start to diminish, suggesting a more complete and 

optimized activation process at 800°C. 

This phenomenon can be explained by the fact that potassium 

hydroxide (KOH), being a strong alkali, exhibits corrosive 

properties towards carbonaceous materials at high temperatures. 

Consequently, it has the ability to permeate through the material, 

creating a significant number of pores. Additionally, the reaction 

between KOH and carbon during the activation process generates 

gas. The effusion of this gas contributes to the expansion and 

enlargement of the pore structure. Thus, the combined effects of 

chemical reactions and gas effusion play a crucial role in altering 

the particle size of rice husk-activated carbon when KOH is used 

as the activating agent. 

Furthermore, urea plays a significant role in the pore 

formation process of rice husk-activated carbon. When urea is 

used as an activation agent, it undergoes thermal decomposition 

during the activation process. This decomposition releases gases, 

such as ammonia (NH₃) and carbon dioxide (CO₂), which create 

pressure within the carbon matrix. The pressure generated by the 

gas release helps to create pores in the rice husk-activated 

carbon. The gases diffuse through the carbonaceous material, 

causing the formation of voids and channels. These voids and 

channels contribute to the development of a porous structure in 

the activated carbon. The decomposition of urea and the 

subsequent gas release also facilitate the removal of volatile 

   

KOH, 600℃ Urea, 600℃ KOH and Urea, 600℃ 

   

KOH, 700℃ Urea, 700℃ KOH and Urea, 700℃ 

   

KOH, 800℃ Urea, 800℃ KOH and urea, 800℃ 

 

Figure 2. Morphology view of rice husk activated carbon at various chemical activating agents and activation temperatures 
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components and impurities from the rice husk, resulting in a purer 

and more highly porous carbon material. 

Meanwhile, the combination of KOH and urea as activation 

agents for rice husk-activated carbon at high temperatures leads 

to several significant effects. Firstly, the interaction between KOH 

and urea initiates chemical reactions with the carbon precursor 

(rice husk), resulting in the decomposition and transformation of 

the carbonaceous material. This process releases gases and 

creates pores. Additionally, the combination of KOH and urea 

exhibits a synergistic effect on the activation process. The 

presence of both agents together enhances pore formation 

compared to using them individually, possibly due to a more 

efficient activation process or the generation of unique pore 

structures. 

Moreover, the combined activation process promotes the 

release of gases, such as ammonia (NH₃) and carbon dioxide (CO₂), 

which contribute to the expansion and enlargement of the pore 

structure in the rice husk-activated carbon. The effusion of these 

gases facilitates the creation of interconnected pores, resulting in 

an overall increase in the material's porosity. Thus, the combined 

use of KOH and urea at high temperatures effectively induces 

chemical reactions, exhibits synergistic effects, and promotes gas 

release, all of which play crucial roles in pore formation and the 

development of a highly porous activated carbon material. 

3.2 Effect of chemical activation agents and activation 

temperatures on the size and number of pores 

The effects of chemical activation agents (KOH, urea, KOH + 

urea) and activation temperatures on the size and number of 

pores in rice husk-activated carbon were investigated. SEM 

images were analyzed using the ImageJ application, providing 

quantitative data on pore characteristics. The number and 

diameter of pores under various chemical activation agents at 

temperatures of 600°C, 700°C, and 800°C are presented in Figure 

3 (a-c). Table 1 shows the average pore diameter of rice husk-

activated carbon formed under different conditions. The KOH + 

urea activating agents produced a smaller average pore size (0.92 

μm) than urea (1.17 μm) and KOH (1.2 μm). An activation 

temperature of 700°C resulted in a smaller average pore size (1.00 

μm) compared to activation temperatures of 800°C (1.01 μm) and 

600°C (1.28 μm). 

During the activation process, the chemical activation agents 

(KOH, urea, and their combination) primarily act as catalysts and 

react with the carbonaceous components in the rice husk. 

However, the structural properties of the precursor material 

seem to play a dominant role in determining pore size rather than 

the specific activation agents used. The natural composition and 

arrangement of the carbonaceous components within the rice 

husk result in a relatively consistent range of pore diameters. 

Despite the use of different activation agents, the resulting pore 

diameter in the rice husk-activated carbon remains relatively 

unchanged. This suggests that the unique characteristics of the 

rice husk material itself strongly influence the resulting pore size, 

overriding the individual effects of the activation agents. 

The increase in activation temperature correlating with an 

increase in the number of pores in the rice husk-activated carbon 

can be attributed to enhanced reactivity between the chemical 

activation agents and the material at higher temperatures. Higher 

activation temperatures increase thermal energy for chemical 

reactions, promoting more extensive and efficient interactions 

between the activation agents (KOH, urea, KOH + urea) and the 

carbonaceous components in the rice husk. The chemical 

activation agents act as catalysts, facilitating the removal of 

volatile matter and the development of porosity in the rice husk 

material. Higher temperatures provide the necessary energy for 

these reactions to occur at a faster rate and to a greater extent, 

leading to the formation of additional pores. 

Among the various combinations tested, the combination of 

KOH and urea as chemical activation agents at an activation 

temperature of 800°C yielded the most favorable results in terms 

of particle size, as shown in Figure 3 (c). This specific combination 

and temperature likely provided an optimal environment for the 

reactions to occur, resulting in a well-defined pore structure. The 

average diameter of the porous particles obtained under these 

conditions was measured to be 0.811 μm. This particle size is 

particularly suitable for applications requiring a well-defined pore 

structure, such as adsorption, gas separation, or catalysis. The 

presence of well-defined pores allows for efficient adsorption and 

separation processes, maximizing the material's performance in 

these applications. 

In summary, the activation temperature increase in the 

number of pores in the rice husk-activated carbon can be 

attributed to higher temperatures facilitating more extensive 

reactions between the chemical activation agents and the 

material. The use of KOH and urea as activation agents at an 

activation temperature of 800°C resulted in the most favorable 

particle size. 

 

4. Conclusion 

The experimental results and discussions elucidate the effects 

of chemical activation agents and activation temperatures on the 

morphology, size, and number of pores in rice husk-activated 

carbon. SEM images clearly show the impact of different 

activation agents (KOH, urea, KOH + urea) on pore formation at 

various activation temperatures. The results indicate that an 

increase in activation temperature correlates with increased pore 

formation in the rice husk-activated carbon. This can be 

attributed to the higher thermal energy available at elevated 

temperatures, which facilitates more extensive reactions 

between the chemical activation agents and the carbonaceous 

material. Higher temperatures promote enhanced pore 

Table 1. Average diameter of activated carbon with various 

variations 

 
Chemical Activation Agents 

KOH 
(μm) 

Urea 
(μm) 

KOH+Urea  
μm) 

Activation 
Temperatures 

600°C 1.40 1.37 1.06 

700°C 1.11 1.00 0.90 

800°C 1.10 1.13 0.81 
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development, resulting in a more complete and optimized 

activation process. 

 Among the various combinations tested, that of KOH and 

urea as chemical activation agents at an activation temperature 

of 800°C yielded the most favorable results in terms of particle 

size. The resulting activated carbon exhibited an average pore 

diameter of 0.811 μm. This particle size is well-suited for 

applications requiring a well-defined pore structure, e.g., 

adsorption, gas separation, or catalysis.  

The experimental findings demonstrate that the specific 

activation agents (KOH, urea, KOH + urea) had a limited impact on 

the pore diameter of the rice husk activated carbon. Alternatively, 

the rice husk material's structural properties tended to dominate 

in determining the pore size. The natural composition and 

(a) 

 

(b) 

 

(c) 

 

Figure 3. Effect of the chemical activating agent and activation temperatures on the pore number and size 
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arrangement of the rice husk's carbonaceous components 

strongly influenced the resulting pore size, regardless of the 

activation agents employed. In summary, the research 

demonstrates the significance of activation temperature in pore 

development, with higher temperatures leading to increased 

pore formation. The combination of KOH and urea as activation 

agents at 800°C yielded a desirable particle size for applications 

requiring a well-defined pore structure. These results show that 

variations in the combination of KOH and urea produce a more 

even pore distribution and higher pore density compared to other 

variations. The study highlights the importance of considering 

both the activation temperature and the inherent properties of 

the precursor material when optimizing pore characteristics in 

rice husk-activated carbon. 
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IMMOBILISATION OF COPPER (I) OXIDE/ZINC OXIDE NANOPARTICLES ON THE GAS 
DIFFUSION LAYER FOR CO2 REDUCTION REACTION APPLICATION 
Nor Hafizah Yasin1a,b* and Wan Zaireen Nisa Yahya2a  
 

Abstract: The electrochemical reduction of carbon dioxide (CO₂RR) represents a promising strategy for CO₂ mitigation, requiring highly 
efficient catalysts integrated into electrochemical devices to achieve high conversion rates and energy efficiencies for desired products. 
Establishing a gas diffusion electrode is crucial for practical applications of CO₂ electrochemical reduction reactions (CO₂RR). This study 
uses the air-spraying method to immobilise nano-catalysts onto a gas diffusion layer (GDL) with exceptional homogeneity. A composite 
of copper(I) oxide (Cu₂O) and zinc oxide (ZnO) nanoparticles in a 4:1 ratio was deposited onto the GDL. Surface morphology analysis 
revealed the successful immobilisation of cubic Cu₂O and hexagonal wurtzite ZnO with a uniform distribution, indicating potential 
improvements in CO₂RR performance. Contact angle measurements were conducted to assess surface hydrophobicity, comparing pristine 
GDL with Cu₂O/ZnO-based GDL. Although the contact angle on the surface of the Cu₂O/ZnO-based GDL slightly reduced from 143.69° to 
134.82°, it maintained its hydrophobic nature. This reduction is attributed to Nafion, a binder in the catalyst ink mixture. The sustained 
high contact angle is crucial for the CO₂ reduction reaction process. X-ray diffraction (XRD) diffractograms of Cu₂O/ZnO-based GDL were 
compared with reference Cu₂O, ZnO, and bare GDL. The presence of all essential peaks confirms the successful immobilisation. The air-
spraying technique effectively achieved a favourable distribution of active metals. 
 
Keywords: Cu2O/ZnO, gas diffusion layer, immobilisation, CO2 reduction reaction 

 

1. Introduction 

 Carbon Carbon dioxide is categorized among greenhouse 

gases (GHG) and is a significant contributor primarily to fossil fuel 

combustion (Lin et al., 2020; Kim et al., 2015). It is a by-product of 

natural gas field monetisation within the oil and gas industry 

(Ahmad Zuhdi et al., 2021; Hassan et al., 2018). With the 

increasing demand for natural gas, there is a growing exploration 

of high-CO₂ fields to meet this need. However, the monetisation 

of high CO₂ fields has led to a rise in global carbon dioxide 

emissions, contributing to global warming. In response, 

PETRONAS has set a net-zero carbon emissions target by 2050, 

emphasizing the necessity for cleaner energy sources. Given the 

surge in environmental regulations addressing CO₂ emissions, gas 

field monetisation processes must prioritise fields with fewer 

contaminants. The depletion of such fields poses a challenge, 

necessitating urgent strategies to manage the extensive 

inventories of CO₂ by-products from high CO₂ fields (Hassan et al., 

2018). 

Effective monitoring of CO₂ emissions is achievable through 

adopting carbon capture, utilisation, and storage (CCUS). While 

sequestration remains a primary strategy for handling significant 

volumes of CO₂, this approach is characterised by its energy-

intensive nature and potential costliness (Hassan et al., 2018; 

Qiao et al., 2014). In pursuit of alternative solutions, methods 

involving utilising and converting CO₂ are considered. These 

approaches aim to generate more value by producing higher 

outputs of valuable chemicals while concurrently minimising costs 

(Lin et al., 2020; Qiao et al., 2014). 

Exploring reliable pathways such as photoelectrochemical, 

thermochemical, photocatalytic, and electrochemical routes for 

converting CO₂ into valuable products is crucial for mitigating 

global carbon emissions (Yuan et al., 2023; Qiao et al., 2014). 

Among these methods, the electrochemical route, known as the 

CO₂ reduction reaction (CO₂RR), stands out as a highly favourable 

technique. It reduces CO₂ emissions by transforming it into 

valuable products through heterogeneous electrochemical 

reduction principles (Lee et al., 2020; De Luna et al., 2018; Lee et 

al., 2015). CO₂ reduction occurs on the catalytic metal surface of 

the working electrode, involving two-, four-, six-, and eight-

electron reductions, either in an H-cell or flow cell configuration 

(Yuan et al., 2023; Mowbray et al., 2021; Lin et al., 2020; Qiao et 

al., 2014). This method has been extensively investigated, yielding 

valuable products such as methane, carbon monoxide, ethanol, 

ethylene, formic acid, methanol, and propanol (Lin et al., 2020; 

Jouny et al., 2018; Qiao et al., 2014). With ongoing research, the 

prospects for extensive implementation of this technology appear 

promising. 
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Ethylene, a highly versatile product generated through the 

CO₂ reduction reaction (CO₂RR) process, has significant market 

value and annual consumption. This chemical is a pivotal raw 

material in producing various items, including tyres, automotive 

products, textiles, paint, children's toys, and electronics. Despite 

the current lab-scale status of ethylene production technology, 

challenges such as limited ethylene selectivity over other by-

products like H₂, resulting from the hydrogen evolution reaction 

(HER), carbon monoxide, CH₄, and other substances, coupled with 

drawbacks like a current density below 100 mA/cm² and 

electrolyser design, have hindered substantial progress toward 

commercialisation (Yuan et al., 2023). According to Lin et al., the 

electrochemical reduction technology must fulfil specific criteria 

to be deemed suitable for commercialisation (Lin et al., 2020). 

Feasibility for commercialisation hinges on process characteristics 

meeting certain benchmarks, including a current density within 

the range of 200-400 mA/cm², a 90% faradaic efficiency, a cell 

potential below 2.3 V, and a minimum of 30% conversion of CO₂ 

(Lin et al., 2020). 

Since 1989, researchers have investigated the optimal 

working electrode for the CO₂RR. Copper-based electrodes have 

emerged as distinctive and efficient catalysts for converting CO₂ 

into hydrocarbons. While their efficiency has endured, there 

persists a demand for an active and selective catalyst that can 

generate specific products (Mok et al., 2023; Yuan et al., 2023; 

Chen et al., 2021; Chu et al., 2021). The quest for an effective 

catalyst demonstrating high activity and exceptional selectivity 

continues. Numerous copper-based working electrodes have 

been explored, including those with surface modifications geared 

towards ethylene production from CO₂, such as copper 

nanoparticles (NPs), copper wire, copper foil, copper oxide-based, 

bimetallic copper-based, copper-polymer, and copper-MOF 

(Strijevskaya et al., 2023; Yang et al., 2023; Chen et al., 2021; Chu 

et al., 2021; Tang et al., 2021; Ivan Merino-Garcia et al., 2019; 

Hoang et al., 2018; I. Merino-Garcia et al., 2018; Dohyung Kim et 

al., 2017; Reske et al., 2014). Kim et al. highlighted the efficacy of 

copper oxide nanoparticles for ethylene production, achieving a 

faradaic efficiency exceeding 65% (J. Kim et al., 2019). The nano-

catalysts were deposited on a glassy carbon electrode and 

evaluated in a conventional H-cell configuration, with the current 

density limited to less than 50 mA/cm² due to mass transport 

limitations. To facilitate the assessment of CO₂RR at higher 

current densities of 200-400 mA/cm², the integration of the 

catalyst onto gas diffusion electrodes becomes imperative (Zhang 

et al., 2019). 

This study involves the synthesis of nanosized copper(I) oxide 

and zinc oxide, applied through air-spraying onto a gas diffusion 

layer to create copper-based electrodes. In accordance with 

existing literature (Albo & Irabien, 2016), the inclusion of zinc 

contributes to the stabilisation of copper ions (Cu⁺) and the 

elimination of impurities capable of deactivating the 

electrocatalyst. Moreover, zinc has the potential to mitigate 

hydrogen formation during the hydrogen evolution reaction 

(HER), thereby enhancing the overall performance of CO₂ 

conversion (Merino-Garcia et al., 2019; Keerthiga & Chetty, 2017). 

There is a gap in the catalyst immobilisation technique on the gas 

diffusion layer for use in CO₂RR. Previous researchers focused 

more on the catalyst and CO₂RR performance compared to the 

catalyst immobilisation, which is a vital procedure in producing an 

effective working electrode. With detailed steps, this paper aims 

to assess the effectiveness of immobilising Cu₂O/ZnO-based gas 

diffusion layers using the air-spraying technique and characterise 

the resulting working electrode for potential application in the 

CO₂RR. The primary objective is to enhance the catalytic efficiency 

of the gas diffusion layer-based working electrode, particularly 

when employed in a liquid-flowing system. This enhancement 

aims to increase the selectivity for ethylene production and 

improve overall energy efficiency within a CO₂ electroreduction 

system. 

 

2. Experimental 

2.1 Synthesis Preparation of Cu2O Nanoparticles 

Cubic copper(I) oxide (Cu₂O) nanoparticles (NP) were 

synthesized by dissolving 6g of copper(II) nitrate trihydrate in 30 

mL of ethylene glycol with vigorous stirring, heated to 120°C for 

20 minutes. The copper solution was then poured into a Teflon-

lined sealed reactor. The temperature was gradually increased to 

a crystal growth temperature of 180°C in an oven and maintained 

for 7 hours to induce cubic morphology, following the procedure 

outlined by Jung et al. (Jung et al., 2019). The solution was then 

cooled to ambient temperature, and the resulting precipitate was 

subjected to centrifugation and washed multiple times with 

distilled water and isopropyl alcohol until a clear solution was 

achieved. The obtained powder was dried overnight at 100°C. The 

Cu₂O nanoparticle powder was securely stored in a clean and dry 

Duran bottle for subsequent use. 

2.2 Synthesis Preparation of ZnO Nanoparticles 

Zinc oxide (ZnO) nanoparticles were synthesized using a 

modified polyol chemistry method tailored to the available 

laboratory facilities, following the approach outlined by 

Mahamuni et al. with modification (Mahamuni et al., 2019). To 

initiate the synthesis, 6 g of zinc acetate dihydrate was dissolved 

in 100 mL of triethylene glycol with vigorous stirring, and the 

mixture was heated to 80°C for 0100 hours. Subsequently, the 

zinc solution was transferred into a Teflon-lined sealed reactor, 

and the temperature was gradually increased to 220°C using an 

oven, maintaining this temperature for 0500 hours. The reaction 

resulted in the formation of a white precipitate, which was then 

subjected to centrifugation and washed multiple times with 

distilled water and ethanol until a clear solution was achieved. 

The obtained powder was dried overnight at 100°C, and the 

resulting ZnO nanoparticle powder was stored in a clean and dry 

Duran bottle for subsequent use.  

2.3 Immobilisation of Cu2O/ZnO Nanoparticles on Gas Diffusion 

Layer (GDL) 

Cu₂O NPs and ZnO NPs were combined in a 4:1 ratio to study 

the effect of ZnO on the CO₂ reduction performance. Sigracet 

39BB carbon paper served as the gas diffusion layer, providing 

support for the immobilisation of Cu₂O/ZnO. The catalytic ink was 

formulated by dispersing Cu₂O/ZnO NPs in a 5% Nafion solution, 

which served as a binder, with isopropyl alcohol (IPA) as the ink 

deposition carrier. This process followed the methodology 

outlined in previous studies (Guzman et al., 2021; Jung et al., 2019 
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I. Merino-Garcia et al., 2018). A mass ratio of 50:50 Cu₂O/ZnO 

NP with 5 wt% nafion solution was established as the baseline. 

The solution underwent ultrasonication for 1 hour at ambient 

temperature to ensure optimal homogeneity. The catalytic layer 

was then immobilised by spraying the catalyst ink onto the GDL 

surface and allowing it to dry in an oven for one hour. Figure 1 

illustrates the setup of the air-spraying equipment and the colour 

change of the GDL before and after the immobilisation of 

Cu₂O/ZnO on its surface. 

2.4 Catalyst Characterization 

Characterizing Cu₂O/ZnO nanoparticles on the gas diffusion layer 

(GDL) is essential for evaluating the catalyst's properties. Various 

characterization methods were employed, as outlined below. A 

Theta Lite Optical Tensiometer determined the hydrophobicity 

and hydrophilicity of the gas diffusion electrode (GDE) surface 

surface. One centimetre (cm) samples of both the pristine GDL  

and Cu₂O/ZnO-based GDL were tested. Hydrophobicity was 

assessed by dropping distilled water on the GDE surface and 

measuring the contact angle. A Hitachi SU8020 Field Emission 

Scanning Electron Microscope coupled with Energy Dispersive X-

Ray (FESEM-EDX) was utilized to examine the surface morphology 

of the pristine GDL and Cu₂O/ZnO-based GDL. Both surface and 

cross-sectional morphologies of the bare GDL and modified GDL 

were analyzed for structural comparisons at 10K and 40K 

magnifications. Simultaneously, EDX was employed to identify the 

elemental compositions and distribution of active metals on the 

surface and cross-section of the Cu₂O/ZnO-based GDL. For an in-

depth analysis of inorganic and nanomaterial phase purity as well 

as crystallinity properties, X-ray diffraction (XRD) was performed 

using the Shimadzu XRD-7000 over a range of 30-80 2θ. This 

technique was applied to both the pristine GDL paper and the 

Cu₂O/ZnO-based GDL. 

 

3. Results & discussion  

3.1 Hydrophobicity of the Cu2O/ZnO Immobilized on GDL 

The contact angle measurement is imperative for assessing 

surface hydrophobicity and hydrophilicity, providing insight into a 

liquid's ability to wet a solid surface. A surface is categorized as 

hydrophobic if its angle exceeds 90°, while an angle below 90° 

denotes hydrophilicity. Figure 2 displays the contact angles of the 

pristine GDL and the GDL modified with Cu₂O/ZnO. The average 

contact angle for the pristine GDL is 143.69°, whereas the 

Cu₂O/ZnO-based GDL exhibits a reduced angle of 134.82°, 

indicating a decrease of approximately 6%. Despite this reduction, 

the surface remains classified as hydrophobic. 

This reduction in contact angle may be attributed to the 

presence of Nafion ionomers acting as binders, which enhance 

catalyst utilization by promoting ionic connectivity. The Nafion 

ionomer presents a dual advantage by aiding in the binding of 

metals to the gas diffusion layer and concurrently enhancing ionic 

conduction (Ramasamy, 2020). However, the inherently 

hydrophilic nature of Nafion results in an elevated water content 

within the pores (Kibria et al., 2019). The preservation of high 

hydrophobicity is crucial for the success of this technology, as it 

prevents the flooding of the gas diffusion layer. Flooding could 

adversely impact the mass transfer of CO₂ to the catalyst layer 

during experimental runs (Guzman et al., 2021; Mowbray et al., 

2021; Lin et al., 2020). 

Burdyny and Smith (2019) discovered that the elevated 

hydrophobicity of the electrocatalyst on the gas diffusion layer 

played a significant role in enhancing CO₂ reduction efficiency and 

bolstering the stability of the GDL. The hydrophilic and 

hydrophobic conditions at the working electrode significantly 

influence the products generated during CO₂ reduction. A 

hydrophobic environment fosters the hydrocarbon reaction 

pathway, leading to enhanced C-C hydrocarbon coupling and thus 

boosting the formation of ethylene (Chang et al., 2022). 

 

Figure 1. The Setup of a) Air-spraying System for Immobilisation of Cu2O/ZnO-based GDL, b) neat Gas Diffusion Layer, c) Cu2O/ZnO-based 
GDL 

 

a c b 
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Figure 2. Contact Angle of a) GDL b) immobilized Cu2O/ZnO-
based GDL 

3.2 Morphology of the Cu2O/ZnO Immobilized on GDL 

A comparative analysis of FESEM images was conducted at 

varying magnifications to examine the cross-sectional and surface 

morphology of both pristine GDL and GDL modified with 

immobilized Cu₂O/ZnO. Figures 3(a), (b), (e), and (f) depict the 

cross-sectional views of the pristine GDL and Cu₂O/ZnO-based 

GDL, respectively. Meanwhile, Figures 3(c), (d), (g), and (h) 

showcase the surface morphology at magnifications of 10K and 

40K. 

The results indicate the successful immobilisation of 

Cu₂O/ZnO nanoparticles on the pristine GDL surface. The catalyst 

was incorporated into a Nafion solution, serving as a binder, with 

isopropyl alcohol (IPA) acting as the catalyst carrier during the 

immobilisation process, following protocols outlined by Guzman 

et al., Jung et al., and Merino-Garcia et al. (Guzman et al., 2021; 

Jung et al., 2019; I. Merino-Garcia et al., 2018). The Cu₂O/ZnO 

nanoparticles were effectively deposited, providing 

homogeneous coverage over the GDL surface. Notably, the 

surface morphologies of the immobilised GDL revealed the cubic 

shape of Cu₂O and the hexagonal shape of ZnO at both 10K and 

40K magnifications. 

3.3 Elemental Composition of the Cu2O/ZnO Immobilized on GDL 

Figure 4 depicts the Energy Dispersive X-ray (EDX) spectrum 

of the gas diffusion layer (GDL), revealing the presence of carbon, 

fluorine, and oxygen elements. The GDL comprises two primary 

layers. The first is a microporous layer designed to provide 

mechanical stability and electrical contact, facilitating gas 

distribution through macroscale pores composed of carbon 

structure paper (Kibria et al., 2019). According to Liang et al. 

(2020), the inclusion of a catalyst in the composition of the GDL 

prolongs the retention time on the electrode surface, thereby 

enhancing mass transport and resulting in an augmented current 

density for CO₂RR. 

The second layer, situated between the microporous and 

catalyst layers, is also microporous and serves to enhance 

interfacial electrical connectivity while preventing flooding. This is 

achieved through a combination of carbon black nanoparticles 

and a hydrophobic polymer mixture. The presence of fluorine is 

attributed to the inclusion of polytetrafluoroethylene (PTFE) in 

the GDL compound mixture. PTFE enhances the hydrophobic 

nature of the GDL, mitigating the risk of flooding during 

electroreduction reactions. 

 

Figure 4. Energy Dispersive X-ray (EDX) Spectrum of GDL 

Figure 5 presents the Energy Dispersive X-ray (EDX) spectrum 

of Cu₂O/ZnO-based GDL. The spectrum reveals the presence of 

Cu, O, and Zn elements, confirming that the Cu₂O and ZnO 

compounds were effectively immobilized onto the GDL substrate. 

The homogeneous distribution of Cu, Zn, and O elements across 

the gas diffusion layer was achieved using the air-spraying 

technique. Jhong et al. (2013) similarly observed that the air-

spraying method results in a more uniform catalyst layer, thereby 

contributing to improved performance. 

Element mapping is employed to assess Cu₂O/ZnO dispersion 

uniformity on the GDL. In Figure 6, the oxygen atoms are denoted 

by red dots, copper by blue dots, and zinc by green dots, 

indicating their distribution on the GDL. The surface crack 

observed on the catalyst on the GDL is due to the slow 

evaporation rate of the solvent from the catalyst ink solution 

during immobilisation. This aspect can be improved by 

immobilising catalysts on a heated surface, such as a hot plate 

operating at temperatures ranging from 60 to 80°C. 

 

a b 

 

Figure 3. Cross-section and Surface Morphology of a-d) GDL, e-h) 
Cu2O/ZnO-based GDL 
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Figure 5. Energy Dispersive X-ray (EDX) Spectrum of Cu2O/ZnO-
based GDL 

 

 

 

Figure 6: Elements Mapping of Cu2O/ZnO-based GDL 

3.4 Crystalline Structure of Cu2O/ZnO Immobilized on GDL 

Figure 7 illustrates the X-ray diffraction (XRD) patterns of 

pristine GDL and GDL modified with Cu₂O/ZnO, validating the 

crystalline structures of the deposited nanoparticles. The XRD 

diffractogram of Cu₂O/ZnO-based GDL was compared with the 

pristine GDL, standard Cu₂O (JCPDS 01-078-2078), and ZnO (JCPDS 

00-036-1451) patterns to elucidate the crystal structure of these 

compounds. 

The XRD analysis revealed distinct diffraction peaks for the 

pristine GDL at 37.9°, 44.1°, 54.2°, 64.4°, and 77.5°, as depicted in 

Figure 7. The immobilized Cu₂O/ZnO-based GDL exhibited all 

crucial diffraction peaks associated with the Cu₂O cubic crystalline 

structure (111), (200), and (220) at 36.4°, 42.3°, 52.5°, 61.4°, 65.6°, 

69.6°, 73.6°, and 77.4°. This observation aligns with the results 

reported by Jung et al. (2019), who identified face-centered cubic 

Cu₂O. 

Furthermore, the hexagonal wurtzite crystal structures of 

ZnO, specifically (100), (002), (101), and (110), were observed on 

the Cu₂O/ZnO-based GDL surface at 31.8°, 34.4°, 36.3°, 47.5°, 

56.6°, 62.9°, 66.4°, 67.9°, 69.1°, 72.6°, and 76.9°. The compilation 

of prominent diffraction peaks corresponding to GDL, Cu₂O, and 

ZnO in the XRD pattern for Cu₂O/ZnO-based GDL serves as 

conclusive evidence, affirming the successful immobilisation of 

the nanocatalyst onto the GDL substrate. 

 

 

Figure 7. X-ray Diffraction (XRD) Pattern of a) Cu2O/ZnO-based 
GDL, b) neat GDL, c) Reference ZnO, d) Reference Cu2O 

 

4. Conclusion 

The deployment of the air-spraying technique for 

immobilizing Cu₂O/ZnO nanoparticles on the gas diffusion layer 

(GDL) has been effectively implemented. Detailed examinations 

of the working electrode's surface morphology, textural 

properties, and phase characteristics were conducted. The Cu₂O 

nanoparticles display a cubic structure, while ZnO manifests a 

hexagonal wurtzite shape, with both uniformly deposited across 

the gas diffusion layer. The introduction of the Nafion binder 

resulted in a slight decrease in the hydrophobicity of the 

Cu₂O/ZnO-based GDL compared to the pristine GDL. Nonetheless, 

the hydrophobicity level remains acceptable, effectively 

mitigating the risk of flooding at the working electrode during the 

liquid flow system's CO₂ reduction reaction process. Projected as 

an exceptional electrocatalyst for CO₂ reduction reactions, the 

Cu₂O/ZnO nanoparticle gas diffusion electrode shows 

considerable potential for future applications. 
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2nd Euro-Asia Conference on CO2 Capture and Utilization (EACCO2CU2022) 

EXPERIMENTAL INVESTIGATION OF AMINE-BASED GRAPHENE NANOSUSPENSION FOR 
CO2 ABSORPTION 
Nur Azni Farhana Mazri1a, A Arifutzzaman2b*, Mohamed Kheireddine Aroua3a,c 
 

Abstract: Absorption is the most widely used carbon dioxide (CO2) removal technology. The CO2 absorption performance of 
monoethanolamine (MEA), the most commonly used CO2 absorbent, can be improved by suspending nanoparticles. This work examined 
the performance of graphene nanoplatelets (GNPs) as additives to enhance CO2 absorption in MEA. The GNPs were characterized by 
HRTEM, FTIR, and XRD. The study examined the influence of GNP concentrations on CO2 absorption at room temperature. The images 
from HRTEM confirmed that the implemented graphene consists of several layers of graphene sheets. Increasing the loading of particles 
increased the solubility of CO2 until the optimum concentration was reached. From this work, it is evident that incorporating GNPs into 
MEA enhances the CO2 absorption performance of MEA. Thus, the addition of nanoparticles to the absorbent can enhance its CO2 
absorptivity. 
 
Keywords: 2D Nanomaterials, Graphene, Nanosuspensions, Amine, CO2 absorption.   

 

1. Introduction 

Absorption is one of the methods used for acid gas removal. 

Carbon dioxide (CO2), one of the acidic gases, is derived from 

natural sources and anthropogenic emissions. CO2 absorption is 

one of the techniques used for post-combustion CO2 capture. 

Ochedi et al. (Ochedi, Yu, Yu, Liu, & Hussain, 2021) mentioned that 

the capability, experience, and reliability of the technique make it 

the most promising CO2 capture technology. Monoethanolamine 

(MEA), a primary amine, has been extensively used and studied as 

a CO2 absorbent. One mole of CO2 will react with two moles of 

amines to form carbamate, as shown by the following equation: 

𝐶𝑂2 + 2𝑅𝑁𝐻2  ↔  𝑅𝑁𝐻𝐶𝑂𝑂− + 𝑅𝑁𝐻3
+  (1) 

The disadvantages of MEA include corrosivity, high toxicity, 

regeneration energy requirements, vapor pressure and volatility, 

low CO2 capacity, and the need for additional operational 

equipment, which undermine the effectiveness of MEA (Hamidi, 

Farsi, & Eslamloueyan, 2018; Ramezani, Mazinani, & Di Felice, 

2021; Seo, Lages, & Kim, 2020). An ideal absorption solvent 

should have high CO2 capacity, chemical and thermal stability, fast 

reaction rates, and low absorption heat, regeneration energy, 

toxicity, and volatility (Hamidi et al., 2018; Ramezani et al., 2021). 

In this regard, nanofluid is one of the approaches identified to 

overcome the problem. Suspension of nanoparticles in a base 

fluid produces nanofluid.  

Several studies have shown that adding nanoparticles can 

enhance CO2 capture. Seo et al. (Seo et al., 2020) employed a 

nickel nanoparticles-MEA system for CO2 absorption in two 

microfluidic platforms: a microreactor and a long serpentine 

channel. They reported an increase of 34% and 54% in the rate of 

CO2 absorption in the microreactor and long serpentine channel, 

respectively. TiO(OH)2 has also been reported to accelerate the 

CO2 absorption of MEA (Lai et al., 2018). Mohammadpour et al. 

(Mohammadpour, Mirzaei, & Azimi, 2019) employed a 

dimensionless number system to quantify the effect of additives 

on the CO2 absorption of MEA. Among the carbon additives used 

in the study, graphene oxide (GO) showed the most significant 

impact on enhancing solubility and mass transfer rate. Source 

(Rahimi, Riahi, & Abbasi, 2020) suspended pristine and modified 

carbon nanotubes (CNTs) in different base fluids, where all types 

of CNT addition increased CO2 absorption. In the GO-SDS-MEA 

system (mohammadpoor, Mirzaei, Azimi, & ghomshe, 2018), the 

addition of GO increased the mass transfer coefficient and CO2 

molecular diffusion, with a linear relationship with temperature 

and an inverse relationship with pressure.  

In this work, we evaluated the performance of graphene 

nanoplatelets (GNPs) as additives to enhance CO2 absorption in 

MEA. The influence of the volume fraction of GNPs at room 

temperature was investigated. To eliminate the influence of 

dispersants, the GNP-MEA nanofluids were prepared using the 

ultrasonic dispersion method without adding any dispersant. 
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2. Methodology 

2.1. Materials 

This study used GNPs (Sigma-Aldrich), MEA (Merck), CO2 

(Alpha Gas Solution, Malaysia), and deionized water (DW). 

2.2. Synthesis of Nanofluids 

The nanofluids used in this study were prepared using the 

two-step method, where the nanoparticles were introduced into 

the base fluid. The stock solution of the base fluid was prepared 

by stirring a mixture of MEA and DW for 30 min. The GNPs needed 

were then measured so that the resultant nanofluids would have 

the following volume fractions (φ): 0.01, 0.03, and 0.05. Before 

the nanofluids were sonicated for 1 h via an ultrasonic bath, 

where the sonication process was conducted for 15 min for each 

session, the GNP-MEA dispersions were stirred for 30 min. The 

temperature of the sonication process was kept constant at 25 ± 

2 °C throughout the process. No dispersing agent was used in the 

preparation to prevent any interference with CO2 absorption.  

 

3. Characterization 

3.1 High-Resolution Transmission Electron Microscope 

A FEI-Tecnai G2 20 S-Twin high-resolution transmission 

electron microscope (HRTEM) was employed to analyze the 

morphologies and geometric specifications of the GNPs. The 

preparation of the sample involves 20-min sonication of 1 mg of 

GNP suspension in isopropyl alcohol, followed by overnight air-

drying on a copper grid (Formvar-carbon coated, 300 mesh). 

 

3.2 Fourier Transform Infrared Spectroscopy 

An attenuated total reflectance (ATR)-equipped VERTEX 70v 

Fourier transform infrared (FTIR) spectrometer (Bruker) was 

employed to identify the functional groups of the GNPs. The 

spectra of the samples were acquired in the range of 4000–400 

cm-1 and with a resolution of 4 cm-1. 

 

3.3. X-ray Diffraction 

A Miniflex X-ray diffractometer (Rigaku) equipped with Kβ-

filtered Cu-Kα radiation (λ = 0.1544 nm) generated at 15 mA and 

40 kV was used for X-ray diffraction (XRD) analysis. The 

diffractogram was recorded in the 2θ range between 10° and 90° 

with a scanning speed of 6° min-1. 

 

3.4. CO2 Absorption 

Fig. 1 shows the setup used for the CO2 absorption 

experiments, which is identical to the one used by (Abdul Samat, 

Yusoff, Aroua, Ramalingam, & Kassim, 2019). CO2 flowed from (I) 

to (II), where it was heated and pressurized to the required 

conditions. Then, 20 mL of the sample was added into (IV) and 

heated to the required temperature. The temperature of (II) and 

(IV) was kept constant during the experiment. The pressure of CO2 

was simultaneously recorded by (VII) during the experiment until 

the equilibrium was reached, where the pressure remained 

constant for at least 30 min. The CO2 absorptivity of the prepared 

nanofluids was determined using the CO2 pressure drop (Eqn. (3)), 

expressed as CO2 solubility (mol of CO2 /mol of solvent).  

𝑃𝑉 = 𝑛𝑅𝑇     (2) 

Δ𝑛 =
𝑃1𝑉1

𝑅𝑇
−

𝑃2𝑉2

𝑅𝑇
     (3) 

Where P1 and P2 are the initial and final pressures (Pa), 

respectively, V1 is the volume of the gas reservoir (m3), V2 is the 

volume of the system except the reactor cell (m3), R is the gas 

constant (m3·Pa·K-1·mol -1), and T is the temperature (K). The 

experimental conditions of CO2 absorption are summarized in 

Table 1.  

 

4. Results and Discussion 

4.1. Characterization 

4.1.1. HRTEM Analysis 

Fig. 2 shows the optical microscopy images of GNPs. The flat 

multi-layered graphene sheets are rough and jagged (Fig. 2(a)). 

Also, the edges of the sheets appear smooth but irregular in some 

areas (Fig. 2(a)). The interlayer distance of the graphene sheets 

 

Figure 1. A diagram of the experimental setup: (I) gas cylinder, 

(II) gas reservoir, (III) motor, (IV) high-pressure reactor cell, 

(V) water bath, (VI) controller, (VII) computer, (Va) control 

valve, (Vb) needle valve, and (Vc) pressure relief valve. 

 

 

I 

II 

III 

IV 
V 

VI 

VII 

Vc 

Va 

Vb 

Table 1 Experimental conditions of CO2 absorption 

Parameters Value 

Mass concentration of MEA 
solution  

30% 

Pressure of CO2 50, 125, and 200 psi 

Temperature of thermostatic 
water bath  

26 °C 

Ultrasonication time 1 h 

Volume of nanofluids 20 mL 

Volume fraction of GNPs 0.01, 0.03, and 0.05 
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was found to be approximately 340 pm (Fig. 2(b)), in agreement 

with the XRD results (Fig. (3)).  

 

4.1.2. XRD Analysis 

Fig. 3 shows the XRD patterns of GNPs. It can be seen that a 

strong peak was emitted at 2θ = ~26.3°, which is related to the 

[002] plane (Gomari, Esfandeh, & Ghasemi, 2017). The wide peak 

at 2θ = ~43.0° and the small peak at 2θ = ~54.2° of the XRD 

patterns could be ascribed to the [100] and [004] peaks, 

respectively (Kumar et al., 2018). The interlayer distance d(002) is 

0.34 nm, as calculated by Bragg's law (Eqn. (4)). The value is in 

agreement with the d(002) value of graphite (Farinre et al., 2022).  

𝑑ℎ𝑘𝑙 =
𝜆

2𝑠𝑖𝑛𝜃
     (4) 

4.1.3. FTIR Analysis 

Fig. 4 illustrates the bonds and their respective wavelengths of 
GNPs. The C=C peak was observed at 1564 cm-1. As seen in the 
spectra, a negligible amount of oxygen groups can be found in the 
GNPs. 
 

4.1.4 Stability Analysis 

Nanofluid stability is important for CO2 absorption as it 

influences the mass transfer enhancement mechanisms. The 

MEA-GNP nanofluids used in this work were prepared via the two-

step method, where the production and dispersion of the 

nanoparticles occur in two separate steps. To achieve a uniform 

colloidal dispersion, ultrasonication was also employed to 

prepare the nanofluids. Fig. 5 visualizes the stability performance 

of the prepared MEA-GNP nanofluids, where the GNPs were 

found to be sedimented 72 h after the preparation (Fig. 5(b)).  

4.2. CO2 Absorption Study 

The absorption of CO2 in the pure MEA solution is about 0.62 

mol/mol MEA, which agrees with the solubility of CO2 in MEA 

(0.64 mol/mol MEA) as reported by Jiang et al. (Jiang, Zhao, Zhuo, 

& Wang, 2014). Fig. 6 indicates that the CO2 solubility of GNP-MEA 

nanofluids was slightly higher than the base fluid, MEA. The GNP 

addition improved the CO2 solubility of MEA by 2%. The effect of 

GNP loading on the CO2 solubility of MEA was then investigated. 

The CO2 solubility of GNP-MEA nanofluids increased until reaching 

 

Figure 2. TEM images of GNPs 

 

    

(a) (b) 

~3.4 nm 

 

Figure 3. XRD crystallographic patterns of GNPs. 

 

 

Figure 4. FTIR spectra of GNPs. 

 

 

Figure 5. The stability of MEA-GNP nanofluids (a) after 

preparation and (b) after 72 h. 
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the optimum level of φ = 0.03 and then decreased. The increase 

in CO2 solubility of MEA can be explained by the generally 

acknowledged mass transfer enhancement mechanisms, the 

hydrodynamic effect, the shuttle effect, and the inhibition of 

bubble coalescence (Zhang et al., 2022). The shuttle effect can be 

explained as the nanoparticles acting as a shuttle for the adsorbed 

gas, transferring the gas repetitively, thus enhancing the gas-

liquid mass transfer. The hydrodynamic effect relates to the 

diffusion boundary layer of a gas-liquid system. The presence of 

nanoparticles induces Brownian motion, microconvections, and 

velocity disturbances, which affect the diffusion boundary layer 

and reduce its thickness. The bubbles of the gas molecules collide 

with nanoparticles and break into smaller bubbles. Smaller 

bubbles increase the gas-liquid contact area, thereby enhancing 

the mass transfer. This phenomenon is called the inhibition of 

bubble coalescence. Adding GNPs enhances the mass transfer of 

MEA through the mass transfer enhancement mechanisms. The 

effect becomes greater as the concentration of solid increases. 

However, when the solid loading is too high, the gas-liquid 

interfacial area is limited, and adjacent particles may be exposed 

to form a “plate”, which can hinder mass transfer (Jiang et al., 

2014). Combining these two effects leads to an increment, 

followed by a reduction in the enhancement factor with the 

concentration of the GNP nanoparticles. The highest 

enhancement result of CO2 solubility at each concentration of 

GNPs can be observed at 125 psi (862 kPa). 

 

5. Conclusion 

In this study, GNP-MEA nanofluids were prepared, and its 

performance in CO2 absorption was studied. The characterization 

revealed typical characteristics of GNPs. The experimental data 

revealed that the addition of GNPs increased the performance of 

MEA for CO2 absorption by 2%. For the effect of nanoparticle 

concentrations, the CO2 absorptivity of MEA increased with 

increasing concentrations until the optimum concentration was 

reached. The enhancement of MEA performance in CO2 

absorption was related to the generally acknowledged mass 

transfer enhancement mechanisms. Therefore, the suspensions 

of GNPs in MEA are expected to enhance CO2 absorption.  
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CHARACTERISATION OF EGG WHITE-IMPREGNATED ACTIVATED CARBON FOR CO2 
ADSORPTION APPLICATION  
Nur Syahirah Mohamed Hatta1a, Farihahusnah Hussin2a,b, Lai Ti Gew3b,c and Mohamed Kheireddine Aroua4a,b,d* 
 

Abstract: In this study egg white was used as a source of natural amino acids to modify the surface properties of palm shell-based activated 
carbon to enhance its CO2 capture performance. A simple impregnation method was employed for this purpose. Characterisation analysis 
was performed on the egg white-impregnated activated carbon to examine any changes in its surface properties before the CO2 
adsorption test. The modified adsorbent showed high thermal stability below 300 °C and comprised of a new amide functional group. 
Furthermore, the modified adsorbent exhibited a 31% higher breakthrough time and maintained its CO2 adsorption capacity at 0.3 
mmol/g, in comparison to raw activated carbon, regardless of the surface area and micropore volume reductions of 17% and 18%, 
respectively. These findings provide evidence for the prospect of using egg white-impregnated activated carbon for CO2 adsorption 
applications, which could lead to a new generation of affordable and eco-friendly adsorbents. 
 
Keywords: Activated carbon, CO2 capture, CO2 adsorption, Natural Amino Acids, Egg White 
 

 

1. Introduction 

Carbon dioxide (CO2) emissions account for about 76% of all 

global greenhouse gas emissions, leading to climate warming 

(U.S. EPA, 2023). In fact, the sudden drop in daily carbon dioxide 

(CO2) emissions during the pandemic in 2019 due to measures like 

stringent movement control orders demonstrated that human 

activities are contributing to the rise of global CO2 concentration 

(Le Quéré et al., 2020; Rasmussen, 2021). Although major efforts 

have been made worldwide to reduce CO2 emissions, in the long 

run, more sustainable ways are still required from the social, 

environmental and economic perspectives. One key solution to 

this issue is to implement Carbon Capture and Sequestration 

(CCS) technology, preferably by post-combustion mode which can 

be easily integrated into existing plants (Allangawi et al., 2023). Of 

the post-combustion methods available, adsorption constitutes 

to a highly profitable and effective means of CO2 capture, 

consuming less energy than the conventional absorption process 

(Khan et al., 2023).  

Typical groups of adsorbents include activated carbons, 

polymeric materials, zeolites, silica and metal–organic 

frameworks (MOFs). However, the efficiency of capturing CO2 

using solid sorbents (adsorbents) always depend on the selection 

of a suitable adsorbent for use in a particular application 

(Ketabchi et al., 2023). Subsequently, these adsorbents are 

generally subjected to physicochemical treatment to enhance 

their surface functionalities and thus increase their CO2 

selectivity. Malaysia has abundant biomass/biowaste resources 

that could be converted into activated carbon. These biomass-

derived forms of carbon are inexpensive and can be further 

modified for improved surface functionalities (Nazir et al., 2023). 

However, the solvents commonly used as modifying agents during 

the treatment are alkaline metal salts, strong acids and amine-

based solvents, which have proven less environmentally friendly 

(Shu Hui & Ahmad Zaini, 2015; You & Kim, 2020). Therefore, a 

sustainable approach would be to use green solvents like natural-

based ionic liquids (ILs) and deep eutectic solvents (DESs) (Vanda 

et al., 2018; Zhao et al., 2021). These solvents not only possess 

low toxicity and high biodegradability but also potentially reduce 

material costs owing to the cheap, abundant and easily accessible  

natural compounds, i.e., organic acids and bases, amino acids, 

sugars and choline (Vanda et al., 2018). Of these, amino acid was 

found to be prominently functionalised with IL (AAIL) and DES 

(Suhaili et al., 2023), and it was used as a modifying agent with 

porous solids, suggesting its efficiency in facilitating the CO2 

capture process (Balsamo et al., 2018; Philip & Henni, 2023). 

Pure single amino acids can be easily obtained commercially 

but they cost more than other natural compounds. Alternatively, 

amino acids can be sourced from foods and plants. For example, 

Imtiaz-Ul-Islam et al. (2011) determined that whey protein could 
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adsorb CO2 over 15 cycles with a minimal loss of capacity, a better 

result compared to activated carbon and zeolites. Other recent 

literature has explored the use of egg white in fabricating 

nitrogen-doped materials but in other applications such as 

wastewater treatment (Chen et al., 2022; Wang et al., 2020) and 

high-performance supercapacitor electrodes (Zhu et al., 2019). 

Furthermore, Gil-Lalaguna et al. (2022) reported that protein-

containing livestock wastes can also be converted into pyrolysis 

char and used as a CO2 adsorbent, although they exhibited a lower 

adsorption capacity than pure proteins. Albumen (egg whites) is 

closer to a pure amino acids chain than other sources of natural 

amino acids and could offer immense potential as a surface 

modifying agent. Some bakery and cosmeceutical industries 

discard large amounts of egg white, normally during pastry 

making and antibody cultivation (Lu et al., 2022). From this 

perspective, repurposing egg white waste might not only promote 

the circular economy but also help in addressing two 

environmental issues at once (waste management and climate 

warming).  

This paper presents a preliminary investigation into the CO2 

adsorption performance and characteristics of palm shell-based 

activated carbon after impregnation with 50 wt.% of egg white 

solution. In comparison to raw activated carbon, the egg white-

impregnated activated carbon was characterised using a field 

emission scanning electron microscope with energy-dispersive x-

ray (FESEM-EDX), while a surface area and pore volume analyser 

was used to examine the changes in surface physical properties 

and elemental compositions. To determine the chemical 

properties, Fourier transform infrared (FTIR) spectroscopy was 

performed to analyse the functional groups of the adsorbent. The 

thermal stability of the adsorbent was also inspected using a 

simultaneous thermal analyser (STA) before the CO2 adsorption 

test using a packed-bed column. Two fundamental parameters 

pertaining to CO2 adsorption performance are the breakthrough 

time and CO2 adsorption capacity, which were also measured. 

 

2. Experiment 

2.1 Materials 

Fresh chicken eggs were purchased from a local supermarket, 

while palm kernel shell-based activated carbon (C2889, Sigma-

Aldrich) was purchased from the supplier. The purified carbon 

dioxide (99.8%) and nitrogen (99.995%) gases were supplied by 

Alpha Gas Solution Sdn. Bhd., Malaysia. 

Preparation of egg white impregnated activated carbon 

The activated carbon (AC) was initially washed and oven-dried 

overnight at 100-120 °C to remove impurities and fine particles. 

The dried AC was then kept in a desiccator until needed. An egg 

white (EW) concentration of 50 wt.% was selected as an initial 

study. To prepare the solution, EW was separated from the yolk 

before being diluted with deionised (DI) water to produce a 

solution with a 1:1 ratio in terms of weight. The solution was then 

added to the dried AC and left for 24 hours at room temperature 

(25 °C) before being oven-dried at 50 °C to allow the EW solution 

to disperse into the pore surfaces of the AC (Mohamed Hatta et 

al., 2023). 

2.2 Characterisation 

The impregnated AC was characterised using a field emission 

scanning electron microscope with energy-dispersive x-ray 

spectroscopy (FESEM-EDX) (Tescan Analytics, TESCAN VEGA3, 

Czech Republic) for the surface morphology and elemental 

composition analyses. Fourier transform infrared (FTIR) 

spectroscopy (Bruker, VERTEX 70v, USA) was used to analyse the 

changes in chemical bonds and functional groups present after 

the modification process. A Micromeritics accelerated surface 

area and porosity (ASAP) 2020 instrument was used to determine 

the surface area and pore volume. To ascertain the thermal 

decomposition of the sample, a simultaneous thermal analysis 

(STA) was performed under 20 mL/min of nitrogen (N2) flow at a 

heating rate of 10 °C/min. 

2.3 CO2 adsorption test 

The CO2 adsorption performance of the EW-impregnated AC 

was evaluated using a system with a single packed-bed column 

under atmospheric pressure (1 atm). The test was conducted at a 

temperature of 25 °C and a flow rate of 200 mL/min (15 vol.% 

CO2/N2). The adsorption column filled with the sample was 

purged with the N2 flow to remove other gases from the column 

and those that were readily adsorbed on the sample. The 

adsorption was started, and the concentration of CO2 leaving the 

adsorption column was recorded using a digital logger at one-

minute intervals. The CO2 concentration profile was presented in 

the form of Ct/C0 against time. The breakthrough time is defined 

as the time when CO2 reaches the end of the column and leaves 

with the other gas effluent (Gabelman, 2017), commonly 

determined at a 5% concentration (Ct/Co = 0.05). The CO2 

adsorption capacity was then calculated. 

 

3. Results and discussion 

3.1 FESEM-EDX analysis 

Figure 1 shows the results obtained from the FESEM-EDX 

analysis of the AC before and after the impregnation with 50 wt.% 

EW solution. Figure 1 (a and c) indicates that the surface and 

pores of the impregnated AC were partially covered by a thick 

layer, of what were assumed to be EW particles. This 

accumulation of EW particles on the AC surface and pores could 

be due to the use of a relatively high concentration of EW solution 

and the poor dispersion of the solution during impregnation. As a 

result, partially complete pore blocking was observed, as 

indicated by the apparent size of the surface pore openings 

reducing from a range of 4–10 µm to a range of 4–6 µm. 

Conversely, the result of the EDX analysis shown in Figure 1 (b 

and d) reveals that the relative percentage composition of the 

oxygen (O) element in the EW-impregnated AC increased from 7.4 

wt.% to 13.5 wt.%, and a new element was present (2.1 wt.% 

nitrogen (N)). This suggests that the EW was successfully 

impregnated onto the AC. Furthermore, the N element was 

prominently observed, which could aid the CO2 adsorption, 

although this depends on the type of N-functionalities (Saha & 
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Kienbaum, 2019). Further analysis is needed to validate this 

assumption. 

3.2 Surface area and pore volume 

The BET surface area analysis result revealed that the AC 

impregnated with 50 wt.% EW decreased in total surface area 

from 679 to 565 m2/g. The t-plot micropore area also showed a 

reduction from 441 to 363 m2/g. Meanwhile, the t-plot micropore 

volume decreased from 0.1798 to 0.1481 cm3/g after the 

impregnation. However, all the reductions were below 18%, 

despite the higher concentration of EW used leading to the 

deposition of a thick layer of EW on the AC surfaces, thus blocking 

some of the micropores. These results agreed with the FESEM-

EDX analysis. 

3.3 FTIR analysis 

Figure 2 displays the infrared spectra of palm shell AC before 

(top) and after (bottom) impregnation with 50 wt.% EW. All the 

absorption bands between 2662 cm-1 and 1589 cm-1 generated by 

both samples generally represent the peaks for the C-H stretching 

and aromatic ring vibration stretching (C≡C, C=C, C–O and C=O) of 

the AC (Rugayah, 2014). Meanwhile, the peaks between 3740 cm-

1 and 3660 cm-1 may be attributed to the O-H stretching in 

hydroxyl groups or adsorbed water in the AC (Rugayah, 2014), 

which could be due to incomplete moisture removal during the 

analysis. Remarkably, the EW-impregnated AC revealed the 

presence of new peaks at 3557 cm-1, 2957 cm-1, and within a range 

of 1642 to 1514 cm-1, confirming the existence of amide 

compounds in this EW-impregnated AC. The first two peaks from 

1650 cm-1 to 1620 cm-1 were probably linked to C=O absorption of 

amide I and NH2 deformation of amide II in primary amide, 

respectively (Parker, 1971). The peak near 1514 cm-1 could relate 

to the secondary noncyclic amide (amide II), while the peak at 

3557 cm-1 indicates the stretching of free N-H of primary amide 

(Parker, 1971). Although the peak at 2957 cm-1 commonly 

represents the C-H stretching, it could also be interpreted as the 

band in free amines (Sashina et al., 2015). These findings 

confirmed that the EW was impregnated onto the AC. However, 

it is unclear whether this functional group was attached to the AC 

surface physically or chemically, unlike with the grafting method 

which is known to form covalent bonding with the grafted 

compound, but this would require a more advanced 

characterisation method.  

 

 

Figure 3. FTIR spectra of palm shell-based activated carbon before 

and after impregnation with 50 wt.% egg white solution. 

3.4 Thermal analysis 

Generally, the thermal properties of an adsorbent depend 

strongly on the stability of the material under heat treatment, and 

any modification to the material could alter its original properties. 

Therefore, thermal decomposition analysis can provide insightful 

information on the type of suitable application for which the 

material can be applied at its maximum allowable temperature. 

Figure 3 shows the thermal decomposition analysis of the 50 wt.% 

EW-impregnated AC. The initial weight loss of approximately 5% 

below 100 °C was due to the moisture loss of the sample. 

Depending on the type of feedstock, AC derived from biomass 

typically has high thermal stability above 500 °C (Sharma et al., 

2021). In this study, the EW-impregnated AC lost 50% of its weight 

at 302 °C, as indicated by the onset degradation of the 

thermogravimetric curve (black) coinciding with a medium peak 

of the heat flow curve (blue) and the maximum endothermic peak 
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Figure 2. Thermal analysis of palm shell-based activated 

carbon after impregnation with 50 wt.% egg white solution. 
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Figure 1. Results of FESEM-EDX analysis of palm shell-based 

activated carbon before (a and b) and after impregnation with 

50 wt.% egg white solution (c and d). 
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of the derivative weight curve (red). This could be attributed to 

the amino acids of the EW decomposing, which was reported 

between temperatures of 178 and 344 °C (Sashina et al., 2015). 

Similar results were observed in previous studies related to amino 

acid-incorporated adsorbents (Philip & Henni, 2023; Suhaili et al., 

2023). At temperatures over 350 °C, the sample continued to 

degrade slowly, and about 28% of the weight remained at the end 

of the analysis (900 °C). 

3.5 CO2 adsorption performance 

Figure 4 displays the CO2 breakthrough curve for the AC 

before and after impregnation with 50 wt.% of EW. The results 

illustrate that the breakthrough time for the EW-impregnated AC 

was slightly longer (8.4 min) than its original performance (6.4 

min). Furthermore, the steeper curve slope suggested an efficient 

mass transfer rate of the adsorbate throughout the packed-bed 

column (Gabelman, 2017). Meanwhile, the CO2 adsorption 

capacity of the AC remained similar, with a minimal drop from 

0.3204 mmol/g to 0.3029 mmol/g, most likely attributed to the 

significant reductions in the surface area and micropore volume 

after impregnation. Theoretically, physical impregnation means 

simply mixing the support and solution, whereby the solution 

monomer/polymer diffuses into the pores of the support 

materials without significant pore blockages (Jahandar Lashaki et 

al., 2019). Therefore, the surface area and pore volume 

reductions were normal, as reported in an amine-impregnated 

adsorbent (Gholidoust et al., 2017). However, these reductions 

may have compensated for the improved adsorption 

performance because the pores filled with additional functional 

groups that could adsorb more CO2. In contrast, a very high 

solution concentration could lead to aggregation of the dried 

solution particles. In this case, EW attached onto the AC surface 

and blocked the pores, thus reducing the CO2 accessibility to the 

amino acid functionalities inside the pores (Jahandar Lashaki et 

al., 2019). This could further explain the improved of 

breakthrough time of the EW-impregnated AC and the 

insignificant decline in its adsorption capacity. The EW-

impregnated AC exhibited the longest breakthrough time 

compared with other waste-derived ACs, although further 

investigations are required to improve its adsorption capacity 

(Table 1). 

 

4. Conclusion 

This study investigated CO2 adsorption performance in 

correlation with the characteristics of palm shell-derived AC after 

impregnation with 50 wt.% of EW solution. The overall findings 

were promising, suggesting that EW could be an alternative green 

modifying agent to enhance the surface properties of AC. The 

successful impregnation of EW was clearly observed from the FTIR 

analysis results, with the presence of new peaks assigned to 

amide bands supported further by a 31% improvement in 

adsorption performance in terms of breakthrough time compared 

Table 1. Comparison of CO2 adsorption performance with other biomass/waste-derived activated carbons. 

Adsorbent 
Operating 

condition 
Activation agent 

Breakthrough 

time (min) 

CO2 adsorption 

capacity (mmol/g) 
Reference 

Palm kernel shell 

activated carbon 

25°C, 1 bar 

15% CO2 

- 6.4 0.32 
This study 

50 wt.% egg white 8.4 0.30 

Palm kernel shell 

activated carbon 

4 bar 

10% CO2 

- < 0.1 0.54 
Abdul Rani and 

Muda (2017) 10 wt.% CeO2 5.8 0.63 

PET waste derived 

activated carbon 

30°C, 1 bar 

5% CO2 

- < 0.1 ~0.55 (12.5% CO2) 

Kaur et al. (2019) KOH to carbon 

(3:1) 
3.2 

0.55 

1.33 (12.5% CO2) 

Plastic derived 

activated carbon 

15°C, 1 bar 

10% CO2 

- < 0.1 0.14 

Ligero et al. (2023) KOH to carbon 

(2:1) 
0.6 

0.62 

0.38 (30°C) 

 

 

Figure 4. Breakthrough curve of CO2 adsorption by palm shell-

based activated carbon before and after impregnation with 50 

wt.% egg white solution. 
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to raw AC. Thermal analysis also revealed that almost half the 

impregnated AC was decomposed at temperatures above 300 °C, 

which was related to the decomposition temperature of amino 

acid compounds. In terms of CO2 adsorption capacity, the EW-

impregnated AC performance was similar to that of raw AC, as 

inferred from the surface area and pore volume results, as well as 

the FESEM-EDX analyses. The surface area and pore volume 

reductions confirmed that the EW solution was filling the pores 

and deposited on the surface of AC surface; however, this was 

also found to cause a pore blockage phenomenon. While newly 

added amide functional groups of EW were successfully 

impregnated, as indicated by the FTIR analysis, some might have 

been completely blocked inside the AC pores. This left the 

remainder attached onto the outer surface layer of the AC and led 

to constant instead of improved adsorption capacity. Regardless, 

the EW-impregnated AC could still retain the CO2 adsorbed on its 

surfaces for longer than the raw AC and other waste-derived 

activated carbons from the literature, indicating its potential as a 

new eco-friendly adsorbent. Future research could examine how 

to refine the method to optimise the adsorption capacity and the 

possible interaction mechanisms between this adsorbent and 

CO2. 
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SYNTHESIS AND CHARACTERISATION OF 2-(METHYLAMINO)ETHANOL-BASED DEEP 
EUTECTIC SOLVENTS FOR CO2 CAPTURE 
Mohd Azlan Kassima1*, Ameen Gabr Ahmed Alshaghdarib2, Rozita Yusoffb3 and Mohamed Kheireddine Aroua b,c,d4 
 

Abstract: In recent years, deep eutectic solvents (DESs) have attracted the interest of many researchers for application in a wide range of 
industrial and scientific fields, including carbon dioxide (CO2) capture. DESs exhibit favourable solvent properties for CO2 removal 
applications; hence, they have become promising alternatives to common amine solutions and ionic liquids (ILs). In this context, a novel 
DES was synthesised by mixing 2 (methylamino)ethanol (2-MAE) as a hydrogen bond donor with choline hydroxide (ChOH) as a hydrogen 
bond acceptor with a molar ratio of ChOH:2-MAE of 1:1. The solubility of CO2 in the prepared systems was determined and characterised 
before and after CO2 absorption by measuring their physicochemical properties (density and viscosity) and analysing their FTIR spectra. 
The results showed that the DES and 2M DES aqueous solutions exhibited CO2 absorption capacities comparable to those of other reported 
DESs. These physicochemical properties were comparable to those reported in the literature. Besides, the FTIR analysis of the studies 
systems after absorption indicates the formation of carbamate. 
 
Keywords: Deep eutectic solvents, 2 (methylamino)ethanol, choline hydroxide, physiochemical properties, CO2 solubility. 

 

 1. Introduction   

One of the primary factors in global warming and climate 

change is seen to be the growing and continuous emission of the 

greenhouse gas carbon dioxide into the atmosphere as a result of 

the increased demand for fossil fuels in the industrial activity and 

automation era. (Dincer & Abu-Rayash, 2020). According to 

reports, carbon dioxide (CO2), which accounts for 60% of all 

greenhouse gases released into the environment, is primarily 

produced by the steel, cement, petrochemical, energy, and 

transportation industries (IEA, 2023; Kassim, Sairi, Yusoff, Alias, & 

Aroua, 2016). In 2019, the combustion of fossil fuels in the United 

States was responsible for around 80% of all greenhouse gas 

emissions (Agency, 2021, April 14). According to Earth System 

Models (ESMs), the average results of ESMs predict that the 

temperature will rise by between 1.0 and 3.7 °C in the twenty-first 

century (Anderson, Hawkins, & Jones, 2016). These increasing 

signs thus necessitate action to create effective and affordable 

technology to reduce carbon dioxide emissions at their source. 

Since the first decade of the 20th century, much research has 

been done to create effective methods for capturing and storing 

carbon dioxide. Numerous developments for CO2 collection, 

including physicochemical and biological methods, have 

undergone extensive research (Nanda, Reddy, Mitra, & Kozinski, 

2016; Zubeir, Lacroix, Meuldijk, Kroon, & Kiss, 2018). Today, the 

majority of CO2 is removed or collected by physical and chemical 

absorption employing solvents including aqueous ammonia 

amines, ionic liquids, amino acid salts, and deep eutectic solvents 

(P.-C. Chen & Lin, 2018). Ionic liquids (ILs) and deep eutectic 

solvents (DESs) are two solvents that can be developed to be 

utilised broadly, effectively, and efficiently in large-scale 

applications. They are among the most promising, new, and 

environmentally friendly solvents (Suzuki, 2018; Zhang, De 

Oliveira Vigier, Royer, & Jérôme, 2012). 

Since their potential was found, research on amine solvents 

and ionic liquids (ILs) has increased during the past 20 years. Deep 

eutectic solvents (DESs) were designed to address the 

shortcomings of traditional ionic liquids (ILs), including their high 

cost of synthesis, toxicity, and poor biodegradability. DESs were 

presented and classed as a unique type of ionic liquid (C.-C. Chen 

et al., 2021; Zurob et al., 2020). DESs are defined as a combination 

of two to three inexpensive, safe, and mostly quaternary 

ammonium salts or halide salts with hydrogen bond donor (HBD) 

components (Smith, Abbott, & Ryder, 2014). These mixes mostly 

consist of nonsymmetric ions, which have low melting 

temperatures due to their low lattice energy. As a result, the 

creation of DES is easier than that of ILs; in fact, nearly all DESs 

may be synthesised by combining a hydrogen bond acceptor 

(HBA) and a hydrogen bond donor (HBD) (Tomé, Baião, da Silva, 

& Brett, 2018; Zhang et al., 2012).  
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Among all DES's potential uses, absorbing CO2 appears to 

provide the best prospects for sustainability and effectiveness 

(Smith et al., 2014; Zurob et al., 2020). However, a large variety of 

these solvents may be generated due to the ease with which DESs 

can be made utilising HBD and salts as HBA. As a result, there will 

be much interest in the use of these solvents in CO2 absorption in 

the future years.  

Numerous studies have been conducted to develop efficient 

technology, to tackle CO2 emissions from its sources, such as using 

novel green solvents such as deep eutectic solvents (DESs). 

Several studies have been conducted on absorbing CO2 using an 

aqueous mixture of 2- (methylamino)ethanol (2-MAE), and good 

gas solubility was observed in certain conditions. Therefore, the 

great performance of 2- (methylamino)ethanol (2-MAE) shows 

potential to be used as a hydrogen bond donor (HBD) and 

different types of salts as hydrogen bond acceptor HBA. However, 

up to our knowledge, the scope of some of these studies was 

limited to certain types of hydrogen bond acceptors and certain 

absorbing conditions. Therefore, this work aims to synthesise and 

characterise 2 (methylamino)ethanol (2-MAE)-Based DES and 2M 

DES aqueous solution as well as to evaluate their performance on 

the capacity of CO2 absorption. 

 

2. Materials and methods   

2.1 Materials and Synthesis 

Materials used in this work are 2- (methylamino)ethanol (2-

MAE), choline chloride (ChCl), choline hydroxide solution 46 wt. % 

in H2O were purchased from Sigma-Aldrich. Carbon dioxide (CO2) 

was purchased from Alpha Gas Solution. All materials were used 

without further purification.  

 

2.2 Synthesis of DES 

ChOH:2-MAE was synthesised according to the literature 

(Hussin, Aroua, & Yusoff, 2021). An equimolar mixture of 45 wt% 

ChOH in methanol and 2-MAE was mixed in a round bottom flask 

with heating and stirring at 353.15 K for 30 minutes. Then, the 

solvent removal takes place in a rotary evaporator for 2 hours 

under reduced pressure. The sample was then dried in a vacuum 

oven overnight with 70 mbar pressure to remove excess moisture 

and the acquired DES was obtained and kept in tightly sealed 

bottles.  

 

2.3 Sample preparation 

2M DES aqueous mixtures were prepared by weighing each 

compound using a calibrated single pan digital balance (HR-

250AZ, A&D Japan) with an accuracy of 0.1 mg. To reduce 

moisture absorption from the environment, all mixes were 

maintained in tightly sealed bottles. 

 

2.4 DES and aqueous solutions characterisation 

The DES and its 2M aqueous solutions were characterised by 

measuring their physicochemical properties before and after CO2 

absorption (density and viscosity). The density measurements 

were conducted using Anton Paar DMA 4200 M, at 30 °C and 

ambient pressure. Viscosity was measured using a BROOKFIELD 

viscometer at 30, 40 and 50 °C and ambient pressure. The systems 

were further characterised using FTIR to identify the functional 

groups and the DES formation.  

 

2.5 CO2 solubility measurements 

The performance evaluation of DESs in absorbing CO2 was 

accomplished by the method described by (Kassim et al., 2016). 

The experimental setup for measuring CO2 uptake is illustrated in 

Figure 1. The schematic diagram mainly consists of an air vent 

tube, a welded stirrer assembly, an inlet gas tube, and a 

thermocouple. The experiment is initiated by flushing CO2 

through the system to purge the air out of the gas reservoir. Once 

the reservoir is purified, it is filled with pure CO2 from the gas tank 

after that CO2 is heated and pressurized into the required 

experimental conditions. The thermostated high-pressurized 

reactor is filled with a known volume of fresh solutions or DES (20 

mL). 

 

Figure 1. Schematic diagram of the experimental set-up for 

measuring the CO2 solubility: A. Gas (CO2) cylinder, B. Gas (CO2) 

reservoir, C. Motor, D. High-pressure reactor vessel (equilibrium 

cell), E. Heater, F. Reactor controller, G. PC graphical user 

interface, V1. Control valve, V2. Needle valve, V3. Pressure relief 

valve. 

 

3. Results and discussion 

3.1 Characterisation of DES and its aqueous solution 

3.1.1 Density 

 The densities of the synthesised systems were measured at 

30 °C under ambient pressure.  The uncertainties in the density 

data were within a range of ± 0.00001 g.cm-3. Previous work data 

for other synthesised DESs were used for comparison with the 

values of this work, as shown in Figure 2. The density 

experimental data showed that the density decreased when HBD 

(amine or water) was added to the salt (ChOH or ChCl). 

Additionally, the density decreased as the molar ratio of HBD 

increased, as shown in the literature-reported data for the MTPB: 

GLY DES system (Shahbaz, Bagh, & Mjalli, 2013). This might be due 

to the increase in the repulsion forces between the salt and HBD, 

which leads to an increase in the volume of the solution as the 

HBD increases (Pishro, Murshid, Mjalli, & Naser, 2020). 

Comparing the densities of the studied system before and after 

carbonation, as shown in Figure 2, the density increased in all the 

synthesised systems after absorption, where the increase was 
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significant, up to approximately 11 % in the solvent that involved 

both chemical and physical absorption (ChOH: 2-MAE). However, 

the density increases in (ChOH (2M) and ChCl (2M)) were 

insignificant which was found to be less than around 2.0 %. This 

could be due to the chemical absorption influencing the packing 

or chemical structure of the DES; therefore, because the density 

depends on the packing or chemical structure of the DES, this can 

also be applied to explain the increase in density after absorption. 

In the case of the ChOH: 2-MAE system, the density data are 

comparable with other reported DESs (Murshid, Mjalli, Naser, Al-

Zakwani, & Hayyan, 2019). 

 

B: Before absorption; A: After absorption; 

Figure 2:  Density of the studied systems. 

3.1.2 Viscosity 

Viscosity is an essential solvent property for designing the 

equipment used in any absorption process. Therefore, the 

viscosity of 2-MAE-based DES and its aqueous solutions were 

measured before and after CO2 absorption at three different 

temperatures and ambient pressures. The experimental results 

are listed in Table 1 and illustrated in Figure 3. Some other 

viscosities of reported DESs are used for comparison with the data 

of this work, and the viscosities of ChCl: DEA and TBAB: AP are 

estimated using the experimental models (Murshid et al., 2019; 

Nowosielski, Jamrógiewicz, Łuczak, Śmiechowski, & Warmińska, 

2020). 

Based on the reported and experimental results, the DES 

viscosity depends on the molar ratio, temperature, and type of 

salts and HBD used. The data showed an exponential decrease in 

the viscosities of all DESs and aqueous solutions as the 

temperature increased. This viscosity behaviour is due to the 

higher temperatures, which increase the kinetic energy of the 

molecules and ions and weaken the attractive forces between 

them, allowing the molecules to move easily, thereby decreasing 

the viscosity. Additionally, based on the reported binary DESs, the 

viscosity decreased as the molar ratio increased, as can be seen in 

the case of TBAB: AP DES, where the viscosity decreased by 

almost 40 % at 30 °C when the molar ratio increased from 1:4 to 

1:8.  

The viscosity of the solvents used in this study decreased after 

CO2 absorption. The viscosities of ChOH: 2-MAE, ChOH, and ChCl 

decreased at 30 °C by approximately 32, 29, and 13 %, 

respectively. However, different analogous relations were 

observed where they reported an increase in the viscosity after 

absorption for binary and ternary ethanolamine-based DESs 

(Sarmad, Shokat, & Nikjoo, 2020). For example, the viscosity of 

ChCl: EA (1:7) increased at 25 °C by almost 16 times that before 

absorption. Moreover, comparing the studied DES viscosity with 

other reported DESs, ChOH:2-MAE (1:1) B has the second highest 

value after ChCl: DEA (1:4) B with a value of 290.5 cP at 30 °C while 

the lowest reported is  ChCl: EA (1:7) B with a value of 32.480 cP at 

30 °C. lastly, even though pure amine (2-MAE) has slightly better 

CO2 absorption performance compared to ChOH: 2-MAE (1:1), 2-

MAE is found to be highly viscous after absorption experiment 

and can not be measured with the available viscosity equipment 

in the lab.  

Table 1: Viscosity of synthesised and reported DESs as a function 

of temperature. 

Sample Name Abbr. 
Reference 

 

ChOH:2-MAE (1:1)  DES 1 B This work 

ChOH:2-MAE (1:1) DES 1 A This work 

ChOH-2M  Soln 1 B This work 

ChOH-2M  Soln 1 A This work 

ChCl-2M  Soln 2 B This work 

ChCl-2M  Soln 2 A This work 

ChOH-Pure  Soln 3 B This work 

2-MAE-Pure  Soln 4 B This work 

ChCl: EA (1:7)  DES 15 B (S. Sarmad, Xie, Mikkola, 
& Ji, 2017) TBAB: EA (1:6)  DES 16 B 

ChCl: DEA (1:4)  DES 17 B (Murshid et al., 2019) 

TBAB: AP (1:4)  DES 18 B 
(Nowosielski et al., 2020) 

TBAB: AP (1:8)  DES 19 B 

B: Before absorption; A: After absorption; EA: Ethanolamine; AP: 

3-amino-1-propano; TBAB: Tetrabutylammonium bromide; DEA: 

Diethanolamine.  

3.2 CO2 solubility of DES and aqueous solutions  

The solubility of CO2 in the studied systems, of DES, pure 2-

MAE, and 2M aqueous solutions of choline hydroxide, choline 

chloride, and DES, were determined at 30 °C under the pressure 

range of 50.0 – 150.0 psi. Figure 4 illustrates all the measured 

experimental data for all studied systems in mol CO2/mol solvent.  

The solubility of CO2 in DESs appears to be influenced by various 

factors, including pressure, the characteristics of the hydrogen 

bond donor (HBD), the alkyl chain length in both HBD and 

hydrogen bond acceptor (HBA), the properties of salts, the 

strength of hydrogen bonding within the solutions, the molar 

ratio, and the molecular weight of the components (S. Sarmad et 

al., 2017). 
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Figure 3:  Viscosity of the studied systems and reported DESs as a function of temperature. 

 

 

Figure 4: CO2 solubility in terms of αCO2 as a function of pressure at T = 30 °C. 

 

Table 2: Composition and molar ratio of studied DES and other reported DESs. 

DES No.  HBA HBD 
Molar ratio (HBA: 

HBD) 
Temperature 

°C 
Reference 

DES 1 ChOH 2-MAE 1:1 30 This work 

DES 2 ATPPB1 DEG1 1:4 30 

(Ghaedi et al., 2017) 
DES 3 ATPPB DEG 1:10 30 

DES 4 ATPPB TEG1 1:4 30 

DES 5 ATPPB TEG 1:10 30 

DES 6 ChCl EA 1:7 25 
(Sarmad et al., 2020) 

DES 7 ChCl EA: MDEA1 1:7:5 25 

DES 8 TBPB1 PhOH1 1:4 40 
(Wang et al., 2019) 

DES 9 ATPPB PhOH 1:4 40 

ATPPB: Allyltriphenyl phosphonium bromide; EA: Ethanolamine; MDEA: Methyldiethanolamine; DEG: Diethylene glycol; TEG: Triethylene 

glycol; TBPB: Tetrabutylphosphonium bromide; PhOH: phenol. 
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The described findings demonstrate that the tested system's 

capability for CO2 absorption maintains consistency at the 

observed temperature. As seen in the two figures, there is a linear 

trend between pressure increases and the solubility of CO2  in all 

solvents. This trend shows that physical absorption is the 

prominent route by which CO2 is absorbed by the solvents. The 

absorption of pure 2-MAE, amine-based DES, and its aqueous 

solution, on the other hand, is mediated by a mix of chemical and 

physical processes. Therefore, based on the measured 

experimental data of the systems studied, the performance order 

is ChOH: 2-MAE (2M) > ChOH (2M) > 2-MAE > ChOH: 2-MAE > ChCl 

(2M).  It is worthwhile to compare the solubility of CO2 between 

the studied DES (ChOH:2-MAE) and reported DESs. The 

absorption capacities of various DESs were studied based on 

different HBA and HBD. Table 2 and Figure 5 list and illustrate CO2 

solubility in mole fraction (XCO2) as a function of pressure. Hence, 

based on the tabulated data, the data reported corresponds with 

the literature finding where all DESs demonstrated an increase in 

the CO2 absorption capacity as the pressure is increased. 

Additionally, it can be concluded that the studied DES (ChOH:2-

MAE) has good performance compared with other reported DESs 

and it can be considered as a promising DES. 

 

3.3 FTIR 

Figure 6 (a) and (b) illustrate the FTIR spectra for 2M Choline 

chloride and 2M choline hydroxide solution before and after CO2 

absorption. The major peaks are tabulated and listed in Table 3. 

For both 2M Choline chloride and 2M choline hydroxide solutions, 

the broad absorption peak at 3302 cm-1 is characteristic of the O–

H stretching vibration of choline hydroxide. The peak at 1481 cm-

1 is due to the C–H bending vibration of alkanes. The peaks at 1296 

and 1088 cm-1 were attributed to the C–N and C–O stretching 

vibrations, respectively. As shown in Figure 6 (a), no significant 

difference was observed in the spectra of the choline chloride 

solution before and after CO2 absorption. In contrast, the 

spectrum for 2M choline hydroxide shows a peak at 1351 cm-1, 

which is characterised by HCO3
− formed during the CO2 

absorption process.  Figure 6 (c) shows the FTIR spectra of pure 2-

MEA before and after CO2 absorption. Major peaks are tabulated 

and assigned in Table 3. The spectra show the presence of 

carbonate peaks that reflect the formation of the carbamate salt 

of 2-MAE after absorption of CO2 at 1378, 1296, and 1259 cm-1. 

Figure 6 (d) illustrates the FTIR spectra for pure ChOH:2-MAE; 

before and after CO2 absorption. Major peaks are tabulated and 

assigned in Table 3. The spectra showed peaks that were found in 

the respective singular components; however, some peaks may 

overlap. Owing to the large number of absorbing species in the 

infrared spectra, it is difficult to accurately assign all absorption 

bands. Some bands were close to each other, very broad, and/or 

strongly overlapping. 

 

4. Conclusion 

In this study, we successfully synthesised a 2 

(methylamino)ethanol (2-MAE)-based deep eutectic solvent 

(DES) and a corresponding 2M aqueous solution. Our evaluation 

focused on the CO2 absorption capacity at 30 °C and pressures 

reaching 150 psi. Furthermore, we conducted comprehensive 

characterisations of both the prepared solutions and the DES, 

encompassing measurements of their physicochemical 

properties, density, viscosity, and FTIR analysis. The results 

revealed a linear correlation between the CO2 absorption capacity 

and increasing pressure across all the solvents tested. Notably, 

compared to other reported DESs, ChOH:2-MAE exhibited a 

promising performance. Pre- and post-absorption measurements 

of the physicochemical properties of the studied systems were 

conducted, in addition to comparisons with other reported DESs. 

FTIR analysis of the studied systems after absorption indicated the 

formation of carbamate. This research highlights the promising 

performance of the studied DES compared with the conventional 

amine (2-MAE) solvent and other reported DESs. 
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Figure 5: CO2 solubility in mole fraction (XCO2) as a function of pressure in synthesized and reported DESs at T = 30 °C, 25 °C, and 40 °C. 
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Figure 6: FTIR spectra of DES and 2M aqueous solutions; a: ChCl (2M); b: ChOH (2M); c: pure 2-MAE; c: ChOH:2-MAE (DES) 

 

Table 3: IR peak assignment for the studied systems. 

Assignment  
ChCl (2M) ChOH (2M) 2-MAE ChOH:2-MAE 

Peak Frequency Peak Frequency Peak Frequency Peak Frequency 

-OH, -NH 
stretching 

50.5 3334 54.8 3278 64.0 3234 81.0 3227 

-NH bending 76.2 1637 78.2 1631 84.3 1626 91.8 1621 

-CH2-OH bending 87.8 1479 87.5 1477 81.0 1470 71.1 1477 

-C-N- bending 94.5 1085 - - - - - - 

-C-O- bending 97.1 1051 - - - - - - 

Carbonates band  - - 
78.9, 
86.7 

1356, 
1304 

- - - - 

Carbamates band - - - - 39.1 1378 49.8 1378 

-CH2-, -CH3 

stretching 
- - - - 

84.7, 
84.6 

2896, 
2847 

80.0,8
0.1 

2917, 
2860 

stretching of 
NCOO− 

- - - - 
55.3, 
54.0 

1296, 
1259 

57.4,5
8.1 

1287, 
1256 

-NH-CO2 - - - - 83.0 1153 - - 
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2nd Euro-Asia Conference on CO2 Capture and Utilization (EACCO2CU2022) 

PRELIMINARY STUDY ON PERFORMANCE OF Zn-DOPED ZEOLITE IN LOW-TEMPERATURE 
CO2 ADSORPTION 
Ang Gaun Yu1a, Zhi Hua Lee2ab*, Chee Yung Pang3a and Gulnaziya Issabayeva4ab 
 
Abstract: Zeolite has been identified as a potential low-temperature CO₂ adsorbent with the highest adsorption capacity among 
adsorbents in its category. However, its adsorption capacity remains relatively low, limiting its industrial application for CO₂ adsorption. 
Additionally, there is a need to increase the optimal adsorption temperature of this porous material to effectively adsorb CO₂ emitted 
from flue gas, which has an average temperature of 100 - 125°C. To address these challenges, a preliminary study on Zn-doped zeolite 
has been conducted. This study aims to investigate the ability of Zn-doped zeolite to enhance CO₂ adsorption capacity and its effect on 
the optimal temperature for CO₂ adsorption. Zinc-doped zeolite was synthesized by doping zinc oxide into natural zeolite using a zinc 
ion exchange method at different doping concentrations (0.2 M & 1.0 M). Undoped natural zeolite was studied as a benchmark. Their 
CO₂ adsorption performance was tested using TGA at 30°C, 50°C, and 100°C. The effects of temperature and doping concentration on 
adsorption capacity were investigated. The adsorbent samples were characterized using X-ray Diffraction (XRD) and Scanning Electron 
Microscopy (SEM) with Energy Dispersive X-ray (EDX) analysis. It was found that increasing the temperature from 30°C to 50°C increased 
the CO₂ adsorption capacity, but the capacity decreased when the temperature was further increased to 100°C. Furthermore, increasing 
the doping concentration tended to enhance the CO₂ adsorption capacity. The highest adsorption capacity of 0.0281 g CO₂/g sorbent 
was observed in zinc-doped zeolite with a 1.0 M doping concentration at 50°C. The improvement was mainly attributed to the zinc oxide 
doped on the zeolite, which provided a functional group that formed chemical bonds with CO₂. This study also found that the 
adsorption rate of CO₂ was predominantly influenced by temperature, while the effect of doping concentration was less significant. All 
testing and characterization results suggested that the zinc-ion exchange method improved the CO₂ adsorption capacity of zeolite. 
 
Keywords: Zeolite, CO2 adsorption, adsorption capacity, low temperature. 

 

1. Introduction 

Global warming has become a serious global threat, 

primarily caused by the greenhouse effect, where greenhouse 

gases accumulate in the atmosphere, increasing the Earth’s 

average surface temperature (Klugmann-Radziemska, 2022). 

Approximately 400 million tons of carbon dioxide (CO₂) are 

emitted annually from human activities, making it the primary 

greenhouse gas (Sharma et al., 2022). To address global 

warming, CO₂ capture has emerged as a direct approach to 

mitigate its adverse effects on ecosystems and human societies. 

Zeolite has been identified as a potential CO₂ adsorbent due 

to its low cost, mild regeneration conditions, and stability during 

the adsorption process (Rajakrishnamoorthy et al., 2023). It 

possesses excellent properties, including a very high BET surface 

area, thermal stability (Pham et al., 2016), and a tunable 

structure (Jha & Singh, 2016) suitable for various applications. 

Notably, zeolite has the highest adsorption capacity among low-

temperature range CO₂ adsorbents, such as activated carbon. 

Research has shown that zeolite achieves its highest adsorption 

capacity at 25°C, suggesting its suitability for low-temperature 

CO₂ capture (Chen et al., 2023). 

However, its adsorption capacity remains relatively low 

compared to high-temperature range adsorbents like calcium 

oxide, limiting its industrial application for CO₂ adsorption. This 

porous material needs to increase the optimal adsorption 

temperature for adsorbing CO₂ emitted from flue gas, which 

averages 100 - 125°C. Given the tunable properties of zeolite, 

this study investigates zeolite doped with zinc oxide. Zinc was 

selected as the metal-based dopant due to its low cost, non-

toxicity, high stability, and wide availability (Munawar et al., 

2020). Additionally, zinc-doped zeolitic imidazolate framework-

67 (ZIF-67) has shown enhanced water stability (Qian et al., 

2018), an important characteristic for CO₂ adsorbents used in 

flue gas containing water vapor. Zn-doped CHA-type zeolite has 

demonstrated better kinetics and absorbability for low-

concentration (400 ppm) CO₂ adsorption compared to 13X-

zeolites (Fu et al., 2022). 

In this paper, a preliminary study was conducted on Zn-

doped zeolite for pure CO₂ adsorption. Undoped zeolite was 
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used as a benchmark. The study aims to investigate the ability of 

Zn-doped zeolite to enhance CO₂ adsorption capacity and its 

effect on the optimal temperature for CO₂ adsorption. Natural 

zeolite was used, and the scope includes examining the effects 

of temperature and Zn-doping concentration on the CO₂ 

adsorption capacity of the adsorbents. 

 

2. Materials and methods  

Natural zeolite in granular form and zinc hydroxide were 

supplied by R & M Chemicals and Bendosen, respectively. These 

chemicals were used without further purification or treatment. 

Zinc hydroxide solutions at different concentrations (0.2 M and 

1.0 M) were prepared by dissolving zinc hydroxide in distilled 

water. 

2.1 Sample Preparation  

In total, 5 g of zeolite was mixed with 100 ml of 0.2 M zinc 

hydroxide solution. The mixture was stirred and heated at 70°C 

for 2 hours to increase the diffusion rate of the zinc ion into the 

zeolite structure for ion exchange. The mixture was then filtered 

to separate the treated zeolite in solid form from the solution, 

followed by continuous rinsing with distilled water. The wet 

treated zeolite was dried in an oven at 80°C overnight. After 

drying, the zeolite was calcined in a furnace at 270°C for 4 hours. 

The synthesis procedure was repeated using a 1.0 M zinc 

hydroxide solution. This study treated natural zeolite with zinc 

hydroxide at two different concentrations: 0.2 M and 1.0 M. 

2.2 CO2 Adsorption Performance 

To examine the adsorption performance of the natural and 

zinc-doped zeolite, CO₂ adsorption experiments were conducted 

using a thermogravimetric analyzer (TGA, Perkin Elmer 

Simultaneous Thermal Analyzer 8000). TGA combines a 

microbalance and a furnace chamber, allowing the weight 

change of a sample placed in the furnace chamber to be 

recorded with changes in temperature and time under a specific 

gas flow. In this study, the adsorbent sample was held at a 

preset adsorption temperature under the flow of pure CO₂. The 

weight change of the adsorbent samples was recorded until 

stabilization. The experimental testing flow diagram is illustrated 

in Figure 1. 

Approximately 20 mg ± 0.5 mg of the sample was loaded into 

the TGA. The sample was heated from ambient temperature to 

500°C at 10°C/min under a 30 mL/min flow of pure NO₂ and held 

for 10 minutes as a pre-treatment to remove any water vapor 

and impurities. The sample was then cooled to the adsorption 

temperature at a rate of 20°C/min, and CO₂ flow was initiated 

upon reaching the desired adsorption temperature. The 

temperature was held at 100°C for 2 hours. The weight changes 

in the adsorbent during the adsorption process were recorded. 

Since zeolite-based adsorbents adsorb CO₂ without losing weight 

by forming by-products, the CO₂ adsorption capacity was 

determined by calculating the sample’s weight percentage 

increase. The unit of adsorption capacity was converted to g/g 

by dividing the initial weight percentage, as shown in Eq (1). 

 

𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (
𝑔

𝑔
) =

𝐹𝑖𝑛𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡 %−𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡 %

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡 %
 (1) 

To determine the optimum CO2 adsorption temperature, the 

sample was analysed over different temperatures at which CO2 

started to flow in at 30°C, 50°C and 100°C. 

 

 

Figure 1 Schematic diagram of thermogravimetric analyzer setup 

in CO2 adsorption performance testing. 

2.3 Characterisation 

The sample's surface morphology and element composition 

were derived using Hitachi S-3400N SEM with an accelerating 

voltage of 15 kV. The XRD pattern of the sample was recorded at 

room temperature using Shimadzu 6000. The analysis was 

conducted in the 2θ range of 20° to 80° using Cu-Kα radiation. 

The XRD pattern was interpreted to determine the presence of 

zinc oxide and its intensity. 

 

3. Results and discussion 

3.1 Effect of Adsorption Temperature 

 

Figure 2. CO2 adsorption capacities of undoped natural zeolite 

(0.0 M), doped natural zeolite treated with 0.2 M and 1.0 M of 

zinc hydroxide solution.  

The adsorption capacities of the undoped natural zeolite and 

zinc-doped natural zeolite treated with 0.2 M and 1.0 M zinc 

hydroxide solutions are depicted in Figure 2. All adsorbent 

samples exhibited a similar trend: adsorption capacities 

increased with the initial rise in adsorption temperature, then 

decreased when the temperature was further increased to 
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100°C. Additionally, the increment in the adsorption capacity of 

untreated natural zeolite from 30°C to 50°C was not significant. 

Theoretically, zeolite is a physical adsorbent that adsorbs 

CO₂ through van der Waals forces. Physical adsorbents have 

higher adsorption capacities at lower temperatures because 

higher temperatures weaken van der Waals forces (Zhang et al., 

2023). This can be observed in the adsorption curve of natural 

zeolite in Figure 2. It has the highest adsorption capacity at low 

temperatures, with a slight increase at 50°C, but its adsorption 

capacity decreased to around 0.0065 g/g when the temperature 

was raised to 100°C. 

However, doping natural zeolite with zinc oxide introduces 

chemical adsorption (chemisorption) as a contributing factor to 

CO₂ adsorption (Kusumastuti et al., 2019). Chemisorption 

requires slightly higher temperatures to gain enough activation 

energy for zinc oxide to form chemical bonds with CO₂ (Hagen, 

2015). This explains why the increments in adsorption capacity 

from 30°C to 50°C for zinc-doped zeolite, as observed in Figure 2, 

are more significant and higher than those of natural zeolite. 

When the temperature further increased to 100°C, the van der 

Waals forces and the chemical interaction between zeolite and 

CO₂ weakened, decreasing adsorption capacity (Kusumastuti et 

al., 2019). 

Since the activation energy for physisorption is low, the 

increase in the adsorption capacity of undoped natural zeolite 

from 30°C to 50°C is not significant. This minor increment can be 

attributed to the temperature difference not being large enough 

to substantially weaken the van der Waals forces. 

3.2 Effect of Doping Concentration 

 

Figure 3. Comparison graph of adsorption capacity and doping 

concentration of the zeolite-based adsorbent samples. 

Besides the effect of temperature, the CO₂ adsorption 

capacity is also influenced by the doping concentration. Figure 3 

illustrates the relationship between adsorption capacity and 

doping concentration for the zeolite-based adsorbent samples. 

According to Figure 3, the CO₂ adsorption capacity increases 

with doping concentration. This is because a higher doping 

concentration results in more zinc ions binding to the zeolite as 

extra-framework cations, which increases the amount of zinc 

oxide formed during calcination (Huong & Lee, 2017). Zinc oxide 

then forms chemical bonds with CO₂ (Gankanda et al., 2016), 

leading to an increased adsorption capacity as more CO₂ is 

adsorbed. 

Additionally, Figure 3 shows that the increase in adsorption 

capacity for zinc-doped zeolite at 50°C was relatively low 

compared to 30°C and 100°C after the doping concentration of 

0.2 M. As previously mentioned, CO₂ adsorption on zinc-doped 

zeolite is a combination of physisorption and chemisorption. At 

50°C, both physisorption and chemisorption contribute 

significantly to CO₂ adsorption. When the doping concentration 

increases, the amount of zinc oxide doped onto the zeolite also 

increases, which can be confirmed by XRD and SEM results. 

However, when the amount of zinc oxide reaches a certain level, 

excess zinc oxide can lead to pore blockage, creating diffusion 

resistance and preventing CO₂ from being adsorbed (Bezerra et 

al., 2014). This results in a plateau in CO₂ adsorption capacity, as 

the contribution from physisorption ceases. Therefore, further 

increases in doping concentration at 50°C only yield minor 

improvements in CO₂ adsorption capacity. 

This phenomenon was observed only at 50°C because it is 

the optimum temperature for CO₂ adsorption on zinc-doped 

zeolite. At this temperature, zinc-doped zeolite exhibited a 

higher CO₂ adsorption capacity compared to other 

temperatures, so the increase in adsorption capacity from 0.2 M 

to 1.0 M was not as significant as at other temperatures. 

 

3.3 Characterisation 

3.3.1 X-ray Diffraction (XRD) 

 

Figure 4. XRD diffractogram of zeolite-based adsorbent samples 

studied and pure ZnO. 

The results of XRD are represented by the XRD diffraction 

patterns shown in Figure 4. The peaks observed in the zinc-

doped zeolite (0.2 M and 1.0 M) XRD patterns are almost 

identical to the peaks found in the raw zinc oxide XRD pattern 
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(RRUFF Project, 2018). The major characteristic peaks attributed 

to zinc oxide appear at 2θ values of 31.8°, 34.5°, 36.3°, 47.6°, 

56.6°, 62.9°, 66.4°, 68.0°, and 69.1°. This indicates that zinc oxide 

was successfully doped onto the zeolite structure through zinc 

ion exchange. 

Additionally, comparing the patterns of 0.2 M and 1.0 M 

zinc-doped zeolite reveals that the peak intensity of 1.0 M zinc-

doped zeolite is higher than that of 0.2 M zinc-doped zeolite. 

This is because a higher doping concentration leads to more zinc 

oxide formation, resulting in higher peak intensity. 

Consequently, the higher peak intensity in 1.0 M zinc-doped 

zeolite indicates a greater amount of zinc oxide, which provides 

more functional groups for CO₂ adsorption, thereby resulting in 

higher CO₂ adsorption capacity (Gankanda et al., 2016). 

Figure 5. SEM Image of (a) Natural Zeolite, (b) 0.2 M Zinc-doped 

Zeolite and (c) 1.0 M Zinc-doped Zeolite 

Figure 5 exhibits the SEM images of natural zeolite and zinc-

doped zeolite. Natural zeolite displays a needle-like morphology 

with agglomerates, explaining its low adsorption capacity due to 

the limited number of pores and low pore size. In contrast, zinc-

doped zeolite shows a granular morphology with numerous 

clusters. Additionally, many small granules are visibly distributed 

over the surface of the structure, suggesting that zinc oxide 

particles have been successfully doped onto the zeolite. 

3.3.4 Energy Dispersive X-ray (EDX) 

The EDX results, detailing the elemental composition of O, 

Al, Si, K, and Zn for all samples, are shown in Table 1. These 

results confirm the successful doping of zinc oxide into the raw 

zeolite through zinc ion exchange, evidenced by the atomic 

percentage of zinc (Zn). While natural zeolite contains no zinc, 

zinc-doped zeolite with 0.2 M and 1.0 M doping concentrations 

contain 3.74 at% and 8.46 at%, respectively. 

Additionally, the atomic percentage of silicon (Si) decreased 

following zinc doping, indicating that the doping process 

primarily involved the exchange of silicon ions with zinc ions. 

Silicon ions at the center of the zeolite structure are not exposed 

to CO₂ molecules and thus do not contribute to CO₂ adsorption 

(Huong & Lee, 2017). By exchanging Si ions with Zn ions, the zinc 

ions present within the zeolite facilitate zinc oxide formation on 

the surface during calcination, providing functional groups for 

chemical bonding with CO₂ (Gankanda et al., 2016). 

Consequently, the CO₂ adsorption capacity of zinc-doped zeolite 

is higher compared to natural zeolite. 

 
Table 1. EDX analysis of the adsorbent samples 

 Element, at% 

Adsorbent 
Samples 

O Al Si K Zn 
Si/Al 
ratio 

Natural 
zeolite 

61.18 4.43 32.94 0.95 0 7.4 

0.2 M Zinc-
doped 
zeolite 

57.45 6.68 30.71 1.42 3.74 4.6 

1.0 M Zinc-
doped 
zeolite 

55.99 4.97 29.71 0.86 8.46 6.0 

By comparing their Si/Al ratio, natural zeolite has the highest 

ratio of 7.4. A high Si/Al ratio is preferable, since the higher the 

ratio, the higher thermal stability and hydrophobicity (Jha & 

Singh, 2016). Natural zeolite is more resistant to thermal 

degradation and moisture than zinc-doped zeolite. 

 

4. Conclusion 

Zinc-doped zeolite was successfully synthesized, tested, and 

characterized as a CO₂ adsorbent. The CO₂ adsorption capacity 

of zinc-doped zeolite increased as the temperature rose from 

30°C to 50°C but decreased when the temperature further 

increased to 100°C. Compared to natural zeolite, there was a 

significant improvement in CO₂ adsorption capacity for zinc-

doped zeolite. The highest adsorption capacity of 0.0281 g CO₂/g 

sorbent was observed in zinc-doped zeolite with 1 M doping 

concentration at 50°C. This capacity was approximately 1.6 times 

higher than natural zeolite and 1.04 times higher than 0.2 M 

zinc-doped zeolite, indicating that higher doping concentrations 

lead to increased adsorption capacity. The improvement in CO₂ 

3.3.2 Scanning Electron Microscopy (SEM) 

 

https://doi.org/10.22452/mjs.vol43sp1.6


 

37 
 

Special Issue Malaysian Journal of Science 

DOI: https://doi.org/10.22452/mjs.vol43sp1.6  

Malaysian Journal of Science 43 (Special Issue 1): 33-37 (July 2024) 

 

 

 

adsorption capacity was primarily due to the additional chemical 

interactions after doping zeolite with zinc oxide. The optimum 

temperature and doping concentration for the highest 

adsorption capacity were 50°C and 1.0 M, respectively. 

Additionally, the adsorption kinetics of zeolite were studied. 

It was found that the adsorption rate of natural zeolite 

decreased as the temperature increased due to its physisorption 

nature. Conversely, the adsorption rate of zinc-doped zeolite 

increased as the temperature rose from 30°C to 50°C but 

decreased when the temperature reached 100°C. This behavior 

is attributed to the combination of physisorption and 

chemisorption in CO₂ adsorption. The difference in adsorption 

rate between 0.2 M and 1.0 M doping concentrations was 

insignificant, indicating that the adsorption rate was influenced 

by temperature but not significantly affected by doping 

concentration. In conclusion, although the improvement in CO₂ 

adsorption capacity through zinc ion exchange is still insufficient 

for industrial application, this novel approach shows promise 

and can be utilized for further research. 
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MORINGA OLEIFERA (MO) SEED SHELL BASED ADSORBENT FOR POTENTIAL CO2 
CAPTURE: A CHARACTERIZATION STUDY 
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Abstract: This study characterizes activated carbon synthesized from Moringa oleifera (MO) seed husk with a greener activating agent, 
namely sodium carbonate, (Na2CO3) compared to traditional activating agent, potassium hydroxide (KOH). Synthesized in a conventional 
tube furnace with nitrogen supply, the resulting activated carbon after cooling and washing, were characterized for Brunauer-Emmett-
Teller (BET), Fourier-Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD) and Scanning Electron Microscope (SEM) analyses 
and compared with that produced with KOH activation. Although fewer and larger mesoporous activated carbon with smaller BET surface 
area (18.4659 m²/g) were formed with Na2CO3 activation), compared to that of KOH activation (235.6034 m²/g), this study highlights the 
ability and potential of the greener activating agent (Na2CO3) to utilize biomass waste and successfully produce activated carbon with 
minimum environmental hazards. The synthesized adsorbent can be explored for CO2 capture applications in future studies. 
 
Keywords: Adsorbent synthesis, Moringa oleifera (MO), greener activating agent. 

 

1. INTRODUCTION  

The growing concerns regarding greenhouse gas emissions on 

a global scale has prompted significant research and development 

efforts towards mitigating the effects through greener 

approaches. One prominent greenhouse gas is carbon dioxide 

(CO2), which is largely generated through the combustion of fossil 

fuels. To combat the increasing CO2 levels in the atmosphere, the 

development of effective and sustainable carbon capture 

technologies has become vital. Furthermore, as finite natural 

resources like fossil fuels diminish, and the combustion of coke 

generates CO2 emissions, there is a demand for improved 

approaches to handle and utilize stockpiled coke. Converting 

biomass waste into activated carbon presents a resolution to 

address both waste management concerns and the necessity for 

CO2 capture (Serafin et al., 2021). Activated carbon, with its 

exceptional adsorption properties, has emerged as a possible 

promising material for CO2 capture (Abuelnoor et al., 2021; 

Varma, 2019). Its high surface area and pore structure provide 

ample opportunities for gas molecules, including CO2, to be 

adsorbed, thereby, reducing their concentration in the 

atmosphere.  

However, the conventional production methods of activated 

carbon often involve energy-intensive processes and the use of 

non-renewable resources, limiting their environmental viability. 

Hence, in this paper, a sustainable approach towards preparing a 

green activated carbon is proposed, focusing not only on the 

activation agent but also on the precursor material. Moringa 

oleifera (MO), a fast-growing tree found in tropical and 

subtropical regions, produces seeds, the husks of which are 

typically discarded as biomass waste. The use of MO seed husk as 

a raw material offers several environmental benefits (Yamaguchi 

et al., 2021). By repurposing this agricultural waste, the pressure 

on landfills and the need for conventional raw materials such as 

wood or coal, can be minimized. Additionally, MO seed husk (as 

shown in Figure 1) contains natural cellulose and lignin, which can 

serve as precursors for the carbonization process, ensuring the 

formation of a porous structure in the resulting activated carbon 

(González-García, 2018). 

 

Figure 1. Dried MO seeds and separated husk. 

However, the current strategies for producing activated 

carbons involve use of corrosive and hazardous chemical 

activating agents, typically potassium hydroxide (KOH) (Sevilla et 

al., 2021) and phosphoric acid (H3PO4) (Raji et al., 2023), limiting 

environmental safety in industrial applications. Hence, this study 

explores utilizing this sustainable precursor material with sodium 

carbonate (Na2CO3) as the green activation agent, which is a 

sodium based activating agent in terms of health hazard (Sevilla 

et al., 2021). The combination of a renewable precursor and an 
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eco-friendly activation aligns with the principles of sustainable 

development, fostering a circular economy approach while 

contributing towards the mitigation of climate change. 

The objective of this study is to explore the potential of MO 

seed husk as a raw material for activated carbon synthesis, 

investigating its carbonization and activation characteristics with 

a Na2CO3. The results of this study will contribute to the ongoing 

efforts to develop environmentally friendly carbon capture 

technologies, incorporating sustainable raw materials into the 

production process. By utilizing MO seed husk, not only biomass 

waste can be reduced but also the sustainable utilization and 

transformation of biomass waste to wealth is promoted. This 

research has the potential to provide valuable insights into the 

feasibility of utilizing MO seed husk to produce activated carbon. 

 

2. Method 

Sun dried MO seeds were separated from their husks as 

shown in Figure 1. Next, the seed husk was grinded to powder 

form using a regular grinder. Following the approach of (Nedjai et 

al., 2021; Santos et al., 2020), MO seed powder was converted to 

activated carbon by chemical activation and thermal activation at 

500 °C with a nitrogen flow of 0.2 L per minute in a lab scale 

furnace reactor. The pyrolysis time was 60 minutes (after the 

reactor reached the pyrolysis temperature) with a constant 

heating rate of 10 °C per minute. The reactor was heated with a 

custom heating mantle, and the temperature was checked with a 

type K thermocouple located inside the reactor. Before the 

pyrolysis process, chemical activation was performed on the 

ground MO seed shell powder (MOSSP), using KOH and Na2CO3 as 

activating agents with 1:1 impregnation ratio. The resulting 

chemically activated products are shown in Figure 2. The obtained 

carbon was dried in an oven at 105°C overnight. The mixture was 

then heated to the thermal activation temperature of 500°C for 1 

hour. The activated carbon produced after thermal activation is 

presented in Figure 3. After cooling, the resulting products 

underwent a thorough rinsing process using a 0.1 M HCl solution 

and warm distilled water until the pH reached 7.0. This rinsing 

procedure was employed to eliminate any residual activating 

agents and other inorganic substances that may have formed 

during the process. During the washing phase, the activated 

carbon was separated using Whatman filter paper. Subsequently, 

the obtained carbon was subjected to drying at 105°C until it 

achieved complete dryness, after which it was securely stored in 

tightly sealed centrifuge bottles for subsequent analysis. They 

were analyzed for Brunauer-Emmett-Teller (BET), Fourier-

Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD) 

and Scanning Electron Microscope (SEM) analyses. 

 

3. Results and discussion 

This section discusses the resulting activated carbon 

properties in terms of SEM, FTIR, XRD and BET analyses.  

3.1 SEM Analysis 

The MO seed shell powder (MOSSP) was viewed under SEM, 

as shown in Figure 4 at x2000 magnification. Although most 

surfaces showed flat sheet type surfaces, some porous surfaces 

were observed as well. Having few porous structures before any 

chemical or thermal activation suggests potential inherent 

adsorptive ability of the seed husk powder. The SEM image 

depicts the morphology of the MOSSP in its natural form without 

any activation. Similar observation was made by Khalfaoui et al. 

(2022). 

 

Figure 4. SEM images of raw MO seed shell powder at 
magnification x2000. 

However, after chemical and thermal activation, more distinct 

porous structures were observed for both KOH and Na2CO3 based 

activation, as seen in Figures 5 and 6. MOSSP activated with 

Na2CO3 showed a pattern of mesopores inside circular fibrous 

structures (lignin), more prominently observed in x2000 

magnification. This structure can potentially provide a good 

surface area for CO2 adsorption, through the pores in the network 

of circular structures.  By modifying the precursor surface, Nguyen 

et al. (2016) was able to produce mesoporous carbon with high 

CO2 uptake with the largest mesoporous areas of the adsorbent.  
 

Figure 2. Summary of chemical activation process. 

 
Figure 3. Thermal activation in furnace. 
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With KOH activation, no fibrous structures were noted in the 

activated carbon, which is an indicator that KOH activation is 

strong enough to create smaller pores with higher density, while 

disintegrating all lignin from the MOSSP. The mild activating 

intensity of Na2CO3 resulted in the incomplete disintegration of 

the fibrous structures and hence, were still visible after activation 

at x1000 magnification (shown in Figure 5). The pores were 

further zoomed in with x2000 magnification in Figure 6. Notably, 

KOH activation produced smaller porous structures compared to 

Na2CO3 activation. KOH was able to produce smaller mesopores 

with higher BET surface area and pore volume in MOSSP 

compared to Na2CO3. The difference in mesopore development 

between KOH and Na2CO3 as activating agents for producing 

activated carbon can be attributed to their distinct activation 

mechanisms and chemical properties. KOH, being a strong 

activating agent, tends to promote more extensive and aggressive 

gasification and pore formation during activation (Sevilla et al., 

2021). Its high reactivity leads to the creation of a larger number 

of mesopores within the activated carbon structure. In contrast, 

Na2CO3, while still effective, exhibits a more moderate activation 

strength, resulting in the formation of fewer but larger 

mesopores. 

 

3.2 XRD Analysis 

            X-ray diffraction (XRD) is vital for characterizing the 

prepared activated carbons, to identify their crystalline phases, 

detect impurities, and indirectly provide insights into pore 

structure that influences its adsorption capacity. It can spot 

defects in the material, quantify crystalline phases, reveal 

structural parameters, and guide process optimization and 

material development for various applications. Figure 7 depicts 

the X-ray diffractogram of MOSSP before (green) and after 

activation with KOH (red) and Na2CO3 (blue) activation. The broad 

peak (2θ) at 23° depicts the amorphous structure of the MOSSP 

and produced activated carbon (Prakash et al., 2020), which 

slightly shifted to 25° after conversion to activated carbon using 

both KOH and Na2CO3 activating agents. The peak shift observed 

in the XRD pattern of MOSSP after chemical and thermal 

activation are reflective of the changes occurring in the material's 

structure and composition. These changes are responsible for the 

development of a porous and highly adsorptive activated carbon 

material, making it suitable for various applications such as water 

treatment and CO2 adsorption. Besides peak shift, there was an 

elevation of peak intensities after activated carbon production. 

Activation created a vast network of micro and mesopores within 

the activated carbon material. These pores provide additional 

scattering centres for X-rays, contributing to the increased 

intensity of the XRD peaks. The abundance of pores enhanced the 

diffraction efficiency of the activated carbon sample. However, a 

sharp peak at 27° for KOH activated carbon and 68.5° for Na2CO3 

denotes the presence of possible impurities in the final activated 

carbon.  

Figure 7. XRD graphs of MOSSP (green), MO activated carbon with 

KOH (red) and Na2CO3 (blue). 

The sharp peaks in the XRD diffractogram of activated carbon 

can happen due to the presence of well-ordered crystalline 

regions within the material. During the activation process, certain 

conditions or precursor materials may lead to the development of 

these crystalline carbon regions. This occurs through processes 

like graphitization, where carbon atoms are arranged in repeating 

graphene layers, forming small crystallites (Zhang et al., 2022). 

Additionally, the presence of impurities or inorganic materials 

introduced during the activation process can also contribute to 

the appearance of sharp diffraction peaks. Overall, the sharp 

peaks were indicative of the structural complexity of the activated 

carbon, with crystalline regions providing additional adsorption 

sites and impurities potentially influencing its adsorption 

behaviour. Understanding the reasons for the sharp peaks helps 

in characterizing and optimizing activated carbon for various 

applications. 

3.3 FTIR Analysis 

FTIR analysis was conducted to characterize the prepared 

activated carbons by detecting surface functional groups and 

chemical bonds, evaluating composition and purity, and 

investigating the impact of surface modifications. Figure 8 shows 

the FTIR spectra of MOSSP alongside of KOH and Na2CO3-AC 

activated carbons. Overall, the MOSSP spectrum exhibited more 

 

Figure 5. SEM image of MO seed shell synthesized with Na2CO3 
(left) and KOH (right) activation at x1000 magnification. 

 

Figure 6. SEM image of MO seed shell synthesized with Na2CO3 
(left) and KOH (right) activation at x2000 magnification. 
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absorption peaks compared to the KOH-AC and Na2CO3-AC 

spectra. Upon activation, several peaks present in the MOSSP 

disappeared in the activated carbon spectra, indicating structural 

changes resulting from the activation process. This was due to the 

elimination of heat-sensitive functional groups at high 

temperatures and volatiles (Nedjai et al., 2021). 

 

 

Figure 8. Fourier Transform Infra-Red Spectra for MO shell and 

KOH and Na2CO3 activated carbons. 

 

For the MOSSP (not activated), the broad band at 3278 cm-1 is 

a characteristic of a stretching vibration of hydrogen-bonded (O-

H) hydroxyl groups. The peaks appearing at 2881 and 2828 cm-1 

are described to (C–H) symmetric stretching and (–CH2) alkyl 

groups. The bands observed at 2160 cm-1 and 2029 cm-1 were due 

to the presence of (C≡N) stretching (Prahas et al., 2008; Vunain & 

Biswick, 2019). Another peak noted at 2358 cm-1 is related to the 

(C≡N) stretching vibration. The band at around 1644 cm-1 is the 

(C=O) stretching vibration due to the bonds of esters and phenols 

(Jawad & Abdulhameed, 2020), which disappeared in KOH-AC and 

Na2CO3-AC. The peak observed at 1509 cm-1 corresponds to the 

secondary amine group. Other bands, recorded at 1422 cm-1 and 

1229 cm-1  are attributed to CH3 asymmetric bending and C-O 

stretching, respectively. A peak situated at around 1027 cm-1 

depicted the characteristics of anhydrides (C–O), which also 

disappeared completely after the chemical activation. 

For Na2CO3-AC, the FTIR spectroscopic analysis indicated the 

presence of different peaks at 3055 cm-1, 2881 cm-1, 2529 cm-1, 

1556 cm-1, 1408 cm-1 which were the characteristics of O–H 

(hydroxyls), C–H (alkyls), C≡C (alkyne), C–O–C (ester, ether and 

phenol) and CH3 asymmetric bending, respectively. On the other 

hand, the FTIR spectrum of KOH-AC depicted broad weak peaks 

around 3897–3564 cm−1 and other peaks around  3175 cm-1, 2885 

cm-1, 2574 cm-1, 1574 cm-1, 1225 cm-1, and 847 cm-1. These are the 

characteristics of O–H (hydroxyls), C–H (alkyls), C≡C (alkyne), C–

O–C (ester, ether and phenol), C-O stretching, and C-H bending, 

respectively. The main functional groups in prepared activated 

carbons were, therefore, hydroxyl groups, carbonyl groups, and 

carboxyl groups, which indicated that the functional groups have 

been successfully stepped onto the surface of the activated 

carbons and contain binding sites of various natures. 

3.4 BET Analysis 

BET analysis was carried out on the prepared activated 

carbons to quantify their surface area and pore structure, to 

provide insights into the activated carbon’s adsorption 

capabilities. Table 1 presents the results of the BET analysis for 

the three samples: KOH-AC, Na2CO3-AC, and MOSSP (no 

activation). It is evident that pore size plays a significant role in 

determining the CO2 capture ability of Na2CO3-AC. While KOH-AC 

exhibited a smaller average pore diameter (5.8482 nm) and a 

higher BET surface area, Na2CO3-AC demonstrated larger average 

pore diameter (14.8646 nm). This difference in pore size indicated 

that Na2CO3-AC was characterized by larger mesopores and 

macropores, which are advantageous for capturing CO2 

molecules. These larger pores provide sufficient space and 

accessibility for CO2 adsorption, enabling Na2CO3-AC to effectively 

capture and store CO2. Although Na2CO3-AC has a lower BET 

surface area (18.4659 m²/g) compared to KOH-AC (235.6034 

m²/g), its ability to accommodate CO2 within its larger pores can 

potentially compensate for the surface area difference. Hence, 

the pore size distribution of Na2CO3-AC may contribute to its CO2 

capture ability, showcasing the importance of pore structure in 

determining the performance of green activated carbon 

materials. 

 

 

Table 1. Summary of BET analysis results. 

Sample SBET
a DPore

b Vt
c 

KOH-AC 235.6034 m²/g 5.8482 nm 0.163380 cm³/g 

Na2CO3-AC 18.4659 m²/g 14.8646 nm 0.041413 cm³/g 

MOSSP 0.9332 m²/g  23.9764 nm  0.001688 cm³/g  

a BET surface Area 
b Adsorption average pore diameter 
c Single point adsorption total pore volume of pores 
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Mesopores, with pore sizes ranging from 2 to 50 nm, 

contribute to the effectiveness of CO2 capture in activated 

carbons. While micropores play a dominant role in providing high 

surface area and strong interaction with CO2 molecules, 

mesopores offer additional advantages. Their presence facilitates 

improved mass transfer and faster diffusion of CO2 within the 

material. By providing larger pathways, mesopores can enhance 

the accessibility of CO2 to the adsorption sites, leading to 

potentially more efficient adsorption. The reduced diffusion 

resistance within mesoporous structures enables a higher flow 

rate of CO2, resulting in enhanced kinetics of the capture process 

(Azmi & Aziz, 2019). 

 

4. Conclusion 

In the context of CO2 capture, it is important to note that pore 

size alone is not the sole determinant of the CO2 capture ability of 

Na2CO3-AC. While pore size can influence the accessibility and 

diffusion of CO2 molecules within the material, other factors such 

as surface chemistry, surface area, and pore volume also play 

crucial roles in determining the CO2 adsorption capacity. 

Therefore, it is necessary to consider a comprehensive analysis of 

all these parameters to assess the CO2 capture ability of Na2CO3-

AC accurately. The choice between these agents depends on the 

desired pore structure and specific application requirements, 

with KOH offering greater mesopore development when it is 

needed for applications like gas adsorption and catalysis. 

Additionally, mesopores can be modified or coated to increase 

surface coverage and affinity for CO2 adsorption.  

Although, KOH based activated carbon in this study seemed 

to be a more favorable adsorbent material for CO2 capture, 

employing Na2CO3 to produce the activated carbon from biomass 

waste such as MO seed husk, provided an insight on a greener 

adsorbent production strategy, that can be further explored. 
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PERFORMANCE EVALUATION OF HYDROXYAPATITE PREPARED FROM EGGSHELLS IN 
CARBON DIOXIDE ADSORPTION 
Kah Man Su1a, Kiat Moon Lee2a,b*, Farihahusnah Hussin3c, Mohamed Kheireddine Aroua4c 
 

Abstract: Eggshell waste is typically produced from daily poultry consumption and industrial applications. They are a rich source of calcium 
in the form of carbonates and oxides, recognised as excellent hydroxyapatite sources (HAp). To date, limited studies have highlighted the 
modification of HAp with impregnation. In the present study, HAp was prepared via the precipitation method, and further modification 
of HAp using monoethanolamine (MEA) and deep eutectic solvent, particularly choline chloride:urea (ChCl:U), were explored for carbon 
dioxide (CO2) capture. The morphological structures were studied using a scanning electron microscope, while properties were assessed 
using energy-dispersive X-ray spectroscopy techniques (SEM-EDX) and Brunauer-Emmett-Teller (BET). The CO2 adsorption performance 
using raw and impregnated HAp was also evaluated. By introducing the chemisorption process, the impregnated ChCl:U-HAp with 
irregular crystallite agglomerates demonstrated a higher adsorption capacity and longer breakthrough time than raw HAp and MEA-HAp. 
This study confirms the feasibility of using eggshells to produce HAp as an effective adsorbent in CO2 capture.  
 
Keywords: Hydroxyapatite, eggshell, carbon dioxide adsorption, impregnation, deep eutectic solvent 

 

 1. Introduction 

In the era of industrialisation, the combustion of fossil fuels is 

the major culprit of environmental issues like climate change and 

global warming. In compliance with the Kyoto Protocol and the 

Paris Agreement, the scientific community has proposed several 

techniques in carbon capture, utilisation and storage (CCUS) to 

combat global warming. Some CCUS techniques, such as chemical 

absorption, membrane separation and cryogenic processes, have 

been widely implemented to minimise carbon dioxide (CO2) 

emissions (Zhao et al., 2018). Chemical absorption using amines is 

commonly used in industries due to high CO2 capture efficiency. 

However, it encounters high energy consumption during 

regeneration and experiences solvent degradation problems 

(Azmi & Aziz, 2019). Therefore, adsorption using porous 

carbonaceous materials is more attractive, with the advantages 

of low-cost synthesis and high thermal and chemical stability. To 

achieve satisfaction in aspects of operational and economical, 

novel adsorbents have been produced from low-cost natural 

wastes such as tea (Rattanaphan et al., 2020), municipal solid 

waste (Karimi et al., 2020), walnut shell (Khoshraftar & Ghaemi, 

2022) and other biomass sources (P. H. Ho et al., 2021). 

 The yearly generation of about 250,000 tons of eggshells 

from daily use results in landfill disposal without further 

processing, leading to other environmental issues, such as 

disgusting smell and infection propagation risk (Mignardi et al., 

2020). Hence, reusing and converting eggshell wastes into useful 

materials for sustainable development is vital. In recent years, 

eggshell wastes have been utilised as a low-cost adsorbent due to 

their porous structure. Several researchers highlighted that 

eggshells have a high specific surface area that aids in heavy metal 

removal (Abatan et al., 2020; Latiff et al., 2022; Tizo et al., 2018). 

Considering the calcium levels in eggshells, they could serve as a 

potential source for synthesising hydroxyapatite (HAp) . HAp is an 

organic mineral with a typical Ca10(PO4)6(OH)2 lattice structure. 

Due to its calcium and phosphate content (the main mineral 

component of bones and teeth), it offers several applications, 

including bone repair and tissue regeneration (Tangboriboon et 

al., 2019). HAp is also gaining significant attention in developing 

novel adsorbents due to their favourable properties, such as high 

adsorptive, thermal and chemical stability (J.-Y. Ho et al., 2024).  

A deep eutectic solvent (DES) is a eutectic mixture with two 

or three components capable of self-dissociating to form a 

eutectic solvent of a lower melting point than their individual 

(Chia et al., 2023). DES is formed by a hydrogen-bond donor and 

a hydrogen-bond acceptor components via hydrogen bonds. DES 

is widely recognised as a green solvent as it offers several 

advantages, such as low toxicity, low volatility, low flammability, 

high solubility capacity, high thermal stability, and biodegradable 

properties (Babaei & Haghtalab, 2023; Massayev & Lee, 2022). 

Recently, many efforts have been made to develop DES for CO2 

capture. Trivedi et al. (2016) synthesised monoethanolamine 

hydrochloride-ethylenediamine DES for CO2 capture. The DES 
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could interact with CO2 gas to form carbamate. An adsorption 

capacity of 0.54 mol CO2/mol solvent was reported for the 

system.  

Nevertheless, little scientific research on CO2 adsorption using 

DES-impregnated HAp is available. Therefore, this work would 

explore eggshell-based HAp to be impregnated with DES 

(particularly choline chloride:urea, ChCl:U) as a bioadsorbent for 

CO2 capture. A comparison study was also included by 

impregnating the HAp with monoethanolamine (MEA), a common 

solvent used for CO2 capture. The results of CO2 adsorption 

performance were supported by scanning electron microscopy 

with energy dispersive X-ray spectroscopy (SEM-EDX) and 

Brunauer-Emmett-Teller (BET) analyses.  

 

2. Methodology 

2.1 Materials  

All chemicals and reagents were in analytical grade and used 

without further purification. Phosphoric acid (H3PO4, 85%) and 

urea (CH4N2O, 99%) were purchased from Anhui Fulltime. Nitric 

acid (HNO3, 69%) and ammonium hydroxide (NH4OH, 25%) were 

supplied by R&M Chemicals. Ethanolamine (C2H7NO, 99%) and 

choline chloride (C5H14ClNO, 99%) were purchased from Thermo 

Fisher Scientific; meanwhile, ethanol (C2H5OH, 95%) was from 

HMBG. 

2.2 Pretreatment of Eggshells 

All the collected eggshells were cleaned with water to remove 

impurities, followed by 30 min of boiling and removing their inner 

white membrane. The eggshells were sent into an oven (AX30, 

Carbolite, UK) for drying overnight. Dried eggshells were ground 

into fine powder using an agate mortar and passed through a 10 

mesh sieve, followed by calcination in a furnace (DAIHAN FHX-14, 

Daihan Scientific, Korea) at a temperature of 900℃ for 4 h. 

2.3 Synthesis of Hydroxyapatite (HAp) 

Pretreated eggshells were reacted with HNO3 (69%) at a 

weight ratio 10:6 under constant stirring. Titration was done by 

adding 50 ml of 0.6 M H3PO4 solution into the mixture. The pH of 

the mixture was maintained at 10 using NH4OH solution. The 

mixture was put aside for precipitation, and the resultant 

precipitate was filtered and washed using distilled water and 

ethanol. The washed sample was sent for overnight drying, 

followed by calcination at 900℃ for 1 h to form HAp powder. 

2.3 HAp impregnation with MEA and DES 

HAp was impregnated with MEA according to the procedure 

introduced by Khalil (2018). 2 g of MEA was stirred with 5 g of HAp 

for 1 h, and deionised water was added as an environmentally 

friendly medium to facilitate the impregnation process. The slurry 

was filtered and dried in the oven at 70°C for 6 h to form MEA-

HAp. Choline chloride and urea were mixed in a molar ratio of 1:2 

at 80℃ with constant mixing until homogenous. The homogenous 

solution developed is known as DES. Impregnation of HAp with 

DES was fixed at a weight ratio of 1. 5 ml ethanol was added to 

HAp and DES, followed by 2 h stirring to ensure complete 

impregnation. The mixture was kept overnight and dried at 80℃ 

for 6 h, forming DES-HAp.  

 

2.4 Characterisation Studies and Adsorption Test 

The HAp samples were sent for scanning electron microscopy 

(SEM) characterisation (Vega3, TESCAN, Czech Republic) to study 

the surface morphology of the synthesised bioadsorbents. Energy 

dispersive X-ray spectroscopy (EDX) (EDX-Oxford, TESCAN, UK) 

were incorporated to analyse the elemental composition of the 

adsorbents. The Bunauer-Emmett-Teller (BET) method was used 

to study samples' specific surface area using Micromeritics Tristar 

II Plus, USA.  

The CO2 adsorption study was conducted using a packed bed 

column to determine the adsorbent's performance in CO2 

capture. Breakthrough curve and maximum CO2 adsorption 

capacity were determined. Initially, 30 g of the bioadsorbent was 

transferred into the packed bed column. The column was purged 

with N2 gas for 10 min at room temperature and atmospheric 

pressure to create an inert environment. The adsorption study 

was conducted by introducing a mixture of N2 and CO2 gases into 

the packed bed column, in which the CO2 composition was 

maintained at 15% under a constant flow rate of 200 ml/min using 

a digital mass flow controller. A CO2 analyser (Alpha Omega series 

9610) was connected to the column outlet to analyse the CO2 

concentration. The results were collected and recorded using a 

data logger system (GRAPHTEC GL820).  

 

3. Results and discussion 

3.1 SEM Characterisation 

SEM was used to identify the surface morphology of HAp 

samples. Figure 1 shows the SEM images of raw HAp, MEA-HAp 

and DES-HAp under the magnification of 3000×. Raw HAp shows 

smooth flakes of porous surface (Figure 1(a)). The observed 

morphology could be effective in CO2 adsorption. Unigul and Nigiz 

(2020a) reported that activated carbon exhibited a smooth and 

porous structure that demonstrated a higher CO2 adsorption than 

other samples. Therefore, the similarity of HAp morphology to 

that of activated carbon could suggest the effectiveness of the 

HAp in CO2 adsorption. Impregnation was introduced to modify 

the surface properties of the HAp for enhanced CO2 adsorption 

capacity. With impregnation, an irregular cloud-like shape and 

more visible pores were observed in MEA-HAp (Figure 1(b)), and 

irregular clouds with distinct pores were observed in DES-HAp 

(Figure 1(c)). The distinct pores could provide more active sites for 

CO2 adsorption, as Makoś and his co-authors (2020) suggested.  

3.2 EDX Characterisation 

EDX analysis was performed to identify the elemental 

composition of the HAp samples. Table 1 summarises the 

elemental composition of carbon (C), oxygen (O), calcium (Ca), 

phosphorus (P), nitrogen (N) and chlorine (Cl) in each sample. 

Figure 2(a) reveals that the typical elements of C, O, Ca and P were 

found in the raw HAp. The presence of C evinced the synchronised 

process. Heat supply during the calcination process initiated the 
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thermal degradation process, thereby removing the excessive 

 

 

 

Figure 1. SEM image of (A) raw HAp, (B) MEA-HAp and (C) 

DES-HAp. 

 

 

 

Figure 2. EDX spectra of (A) raw HAp, (B) MEA-HAp and (C) 

DES-HAp. 

Table 1. Elemental composition of raw HAp, MEA-HAp, 

DES-HAp 

Element 
Weight (%) 

Raw HAp MEA-HAp DES-HAp 

C 7.04 10.35 21.19 

O 58.34 44.43 36.13 

Ca 21.09 24.75 20.87 

P 13.53 12.74 11.08 

N - 5.77 9.49 

Cl - 1.96 1.23 
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volatile matter from the eggshells. Subsequently, it produced a 

stable carbon element in the raw HAp (Agbabiaka et al., 2020). 

The element P was detected due to the addition of phosphoric 

acid during the titration process in the HAp synthesis reaction 

(Ariyanto et al., 2021). Additional elements of N and Cl were 

detected in MEA-HAp and DES-HAp samples (as shown in Figures 

2(b) and 2(c))due to the impregnation solvents of MEA and 

ChCl:U, respectively. The presence of N provided more active sites 

for CO2 adsorption. The features stem from the inherent qualities 

of the N element, allowing it to bind effectively with CO2 based on 

its acidity. 

3.3 BET Characterisation 

Table 2 presents the BET surface area and pore characteristics 

of the raw HAP, MEA-HAp and DES-HAp. Raw HAp possessed a 

low specific surface area of 5.71 m2/g. The result is aligned with 

the morphology structure discussed earlier in Section 3.1. As 

shown in Table 2, the specific surface area of MEA-HAp increased 

significantly from 5.71 m2/g to 105.84 m2/g. This sharp change 

shows that MEA impregnation enhanced the formation of a 

porous structure, directly increasing the BET surface area. This 

observation was also synchronised with the morphology study in 

Section 3.1, whereby more visible pores were observed in MEA-

HAp compared to raw HAp. Nevertheless, the total surface area 

and pore volume of HAp impregnated with ChCl:U were lower 

than raw HAp. The total surface area and pore volume reduction 

in the DES-HAp sample were caused by pores blockage of HAp 

with DES solvent during the impregnation process (Ghazali et al., 

2020).  

 

Table 2. BET surface area and pore characteristics of raw HAp, 

MEA-HAp and DES-HAp 

 RAW HAp MEA-HAp DES-HAp 

BET(m2/g) 5.7058 105.8397 5.4287 

Langmuir(m2/g) 26.1995 423.8743 18.6011 

Average pore 

diameter (nm) 

0.92873 0.81247 0.71154 

 

3.4  CO2 Adsorption 

The CO2 adsorption performances were recorded at 273 K and 

1 atm, and the results were presented in Figure 3 and Table 3. All 

samples followed a similar adsorption trend. The CO2 uptake of all 

samples increased with contact time and occupied all available 

adsorption sites until a final equilibrium was obtained. However, 

each adsorbent had a different time spent to reach saturation. 

Raw HAp demonstrated an adsorption capacity of 5.14 mg/g at 

3.05 mins breakthrough time. As presented in the SEM 

morphology study in Section 3.1, raw HAp possessed a large pore 

diameter, which is advantageous for CO2
 to diffuse and adsorb 

into the adsorbent. However, the low adsorption capacity of raw 

HAp was mainly attributed to its lowest specific surface area, as 

discussed in BET analysis, which limited the amount of CO2 

adsorbed on the adsorbent.  

 
 
 

Figure 3. Adsorption breakthrough curves of raw HAp, MEA-HAp 

and DES-HAp. 

 

Table 3. Breakthrough time and adsorption capacity of raw HAp, 

MEA-HAP, DES-HAp 

 RAW HAp MEA-HAp DES-HAp 

Adsorption capacity 

(mg/g) 

5.14 10.24 15.38 

Breakthrough time 

(min) 

3.05 6.07 9.13 

 

Impregnated HAp demonstrated higher adsorption capacities 

and longer breakthrough times than raw HAp. MEA-HAp achieved 

10.24 mg/g adsorption capacity at a breakthrough time of 6.07 

mins. Its excellent absorption quality was highly related to the 

change of its surface morphology during the impregnation 

process. High surface area and good porosity after impregnation 

improved the adsorption performances of HAp, which was also 

aligned with the finding reported by (Ghosh et al., 2019). 

Furthermore, impregnation with MEA introduced the amine 

group, which promoted basic adsorption sites and CO2 adsorption 

(Das & Meikap, 2018).  

DES-HAp demonstrated the highest adsorption capacity and 

breakthrough time among all the samples investigated. It 

manifested 15.38 mg/g with a breakthrough time of 9.13 min. This 

observation was repudiated with the low surface area and pore 

diameter finding, as reported in Section 3.3. The improved CO2 

adsorption could be elucidated by introducing active basic sites 

with ChCl:U impregnation, promoting chemisorption when 

reacted with Lewis acidic CO2 (Raja Shahrom et al., 2019). The 

findings aligned with the work conducted by Zohdi and his co-

authors (2019), where chemisorption was observed through the 

formation of ammonium carbamate. Unlike raw HAp, which 

depends highly on physisorption and is mainly controlled by the 

porosity and surface area of the adsorbent, DES-HAp introduced 
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chemisorption through the introduction of basic sites of N. In 

chemisorption, CO2 was adsorbed on the adsorbent via chemical 

bonds and, therefore, independent of the pore characteristics of 

the adsorbent.  

The CO2 adsorption capacity of DES-HAp obtained in this study 

is comparable to other reported literature. For instance, Das and 

Meikap (2018) reported that activated carbon impregnated with 

MEA had an adsorption capacity of 12.8 to 18.2 for CO2 gas. In 

another work by Ariyanto and his co-authors (2021), the CO2 

adsorption capacity of DES-impregnated activated carbon was 

found in the range of 13.3 to 15.4. These suggest that the DES-

HAp produced in this work offers attractive and competitive 

performance in terms of CO2 uptake with other impregnated 

porous adsorbents.  

 

4. Conclusion  

In this study, raw HAp was successfully synthesised from 

eggshells via precipitation. Impregnation modified the porosity of 

Hap and introduced amine elements. Impregnation using MEA 

increased the BET surface area due to enhanced porosity. 

Meanwhile, impregnation using DES caused a reduction in the BET 

surface area. High porosity improved the adsorption capacity of 

MEA-HAp when compared with raw HAp. Despite the lower BET 

surface area, DES-HAp offered the highest adsorption capacity 

with the longest breakthrough time. These favourable properties 

are attributed to the presence of amine group, which promotes 

chemisorption. The findings suggested that ChCl:U-impregnated 

HAp could be a potential adsorbent for CO2 capture. The 

reusability of the adsorbent can be evaluated in future work to 

increase the economic feasibility of the process.  
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Abstract: Carbon dioxide electrochemical reduction (CO2ER) presents numerous advantages in mitigating greenhouse gas emissions by 
converting CO2 into value-added chemicals and can be integrated with renewable energy sources such as solar and wind. Nevertheless, 
establishing an electrochemically stable catalytic system that can effectively decrease the overpotential while maintaining high current 
density and faradaic efficiency is challenging. The precise mechanisms causing the reactions and the specific functions of the electrode 
with electrolytes are still not fully understood. Hence, a significant increase in attention has been paid to using ionic liquids (ILs) as 
electrolytes for CO2ER. This phenomenon is attributed to the unique capabilities of ILs to reduce overpotential, increase current density, 
and improve electrochemical stability. Therefore, this study evaluated the effect of incorporating ILs into electrolytes to comprehend the 
cation and anion influences on CO2ER reactions. Linear sweep voltammetry (LSV) and chronoamperometry (CA) were employed to 
examine the reduction peaks and current density values for different electrolytes, respectively. Consequently, a 0.1 M NBu4PF6 acetonitrile 
solution containing 1-ethyl-3-methylimidazolium tetrafluoroborate [EMIM][BF4] demonstrated a significantly lower onset potential of the 
reduction by 320 mV. A reduced CO2ER efficiency involving ILs with long alkyl chains was also observed. Meanwhile, a novel hypothesis 
concerning molecular orbitals for the CO2ER reaction mechanism was discussed. Overall, various performance variables (reduction 
stability, applied potential, and current density) of CO2ER were improved using cations with short alkyl chains, anions with high highest 
occupied molecular orbital (HOMO) levels, and appropriate solvation media. These findings can serve as selection criteria to aid in 
choosing appropriate ionic liquids for CO2 electrochemical reduction (CO2ER). 
 
Keywords: Ionic liquids, CO2 conversion, electrochemical reduction, COSMO-RS, Turbomole 

 

1. Introduction  

Considering the progress of the global economy and society, 

the growing energy demand is a pressing issue that must be 

addressed. Despite the considerable advancements in green 

renewable energy sources (such as solar and wind energy), fossil 

fuels remain the dominant primary source (accounting for more 

than 80% of energy output) (Yang et al., 2008; Tian et al., 2022). 

Generally, fossil fuels release significant carbon dioxide (CO2) into 

the atmosphere, causing its entrapment. Numerous 

environmental and climate change issues are then observed due 

to the disruption of the global carbon cycle. Higher sea levels and 

greenhouse effect intensification are two common examples 

caused by this phenomenon (Friedlingstein et al., 2014). Hence, 

the negative impacts necessitate a highly effective method for 

converting CO2 into valuable compounds to lower the 

atmospheric CO2 concentration. Several studies have addressed 

these issues by efficiently developing strategies to convert CO2 

into valuable carbon-based compounds. These approaches 

include thermal reduction (Shi et al., 2018), biotransformation 

(Karishma et al., 2024), photoelectrochemical (Bi et al., 2022), and 

electrochemical reduction (Gu et al., 2022).  

The CO2 electrochemical reduction (CO2ER) system can 

produce numerous value-added products through CO2 

conversion, including methane (CH4), ethylene (C2H4), carbon 

monoxide (CO), methanol (CH3OH), formic acid (CH₂O₂), and 

ethanol (C2H5OH). Notably, the cathode material is the primary 

catalyst in the CO2ER system. Multiple studies by Hori et al. also 

reported the effects of different metal catalysts on CO2ER, such as 

Cu, Au, In, Sn, Pb, Zn, Ag, and Pd (Y. Hori et al., 1987; Y. Hori et al., 

1994; Y. i. Hori, 2008). Consequently, Cu and its derivatives have 

been extensively researched as catalysts due to their unique 

capability to efficiently convert CO2 into several higher products, 

surpassing the production of only CO. These reactions occur at 

ambient conditions and exhibit high current efficiencies. 

Nevertheless, ILs have garnered significant interest as an 

electrolyte for CO2ER due to their distinctive characteristics, 
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including excellent thermal and chemical stability, good CO2 

solubility, and the capacity to reduce the applied potential (Carlesi 

et al., 2014).  

The cations of the ILs have been reported as the primary 

active component influencing catalytic performance and have 

garnered significant interest (Lau et al., 2016). Specifically, 

imidazolium-based ILs have demonstrated substantial potential 

and can be categorised into two divergent mechanisms. Firstly, 

the ILs and CO2 form a covalent bonding by carboxylic adduct 

formation, or that hydride is transmitted. Secondly, the ILs and 

CO2 form non-covalent interactions, such as stabilising complexes 

through alterations in the localised CO2 environment or hydrogen 

bonding (Vasilyev et al., 2020).  

A study by Aki et al. (2004) discovered that anions were crucial 

in determining the solubility of CO2. The study also denoted that 

fluoroalkyl-containing anions (such as [TFSI] and [methide]) 

presented higher solubilities than other anions. Likewise, Snuffin 

et al. (2011) reported that [EMIM][BF3Cl] with a C3 symmetric 

tetrahedral structure was more effective in electroreducing CO2 

compared to [BMIM][BF4] and [BMIM][TFSI]. This outcome 

suggested a significant correlation between anion and catalytic 

performance. Nonetheless, insufficient studies have been 

observed regarding comprehending the precise reaction 

mechanisms and the distinct functions of cations and anions in 

electrochemical reduction reactions. 

This study assessed the impact of different ILs on the CO2 

reduction peaks and current density values for two different 

CO2ER setups. The molecular orbital energy levels [highest 

occupied molecular orbital (HOMO) and lowest occupied 

molecular orbital (LUMO)] of the various cations and anions were 

determined using a TmoleX simulation software. Furthermore, 

the impacts of the structure size and the HOMO value of the anion 

on the catalytic performance of CO2 reduction were explored. 

 

2. Materials and methods  

2.1 Materials  

The [BBT][BF4], [BBT][TFSI], [BMIM][BF4], and [BMIM][GLY] in 

this study were synthesised following the methods outlined in the 

authors' previous article (Mohammed et al., 2022). Meanwhile, 

[EMIM][TFSI] (purity: ≥97.0%) and [HMIM][TFSI] (purity: ≥98.0%) 

were obtained from Sigma Aldrich without requiring any further 

purification. Figure 1 illustrates the structures of the selected ILs 

for this study. 

2.2 CO2ER setup  

The electroreduction was conducted in an H-cell, in which an 

Ag/AgCl electrode was used as the reference electrode, and a Pt 

mesh of (1 cm × 1 cm) area was employed as the anode in 0.5 M 

H2SO4 anolyte solution. A Nafion 117 membrane was also utilised 

to separate the catholyte and anolyte to prevent the re-oxidation 

of the reduction products. This membrane underwent pre-

treatment through a series of three sequential steps: (i) pre-

treatment using 3% hydrogen peroxide for 1 h at 80oC, (ii) pre-

treatment using 0.5 M sulfuric acid solution for 1 h at 80oC, and 

(iii) rinsing process using distilled water. The purpose of this 

procedure was to cleanse the membrane of organic contaminants 

and protonation of the membrane (Navarra et al., 2008). A 0.5 L 

gas bag was also attached to the catholyte side to collect the 

gaseous products. Meanwhile, various ILs were introduced as 

additives into two distinct electrolyte systems based on the 

solubility of the ILs: (i) 0.1 M NaHCO3 aqueous solution and (ii) 0.1 

M NBu4PF6 acetonitrile (ACN) solution.  

A) CO2ER in NaHCO3-aqueous based electrolytes  

Five different electrolytes were studied as the catholyte, 

namely 0.1 M NaHCO3-based electrolytes containing 0.02 M of 

four different ILs, including [BBT][BF4], [BMIM][GLY], 

I[EMIM][BF4], and [BMIM][BF4], alongside a 0.1 M NaHCO3 

solution without any IL. A copper (Cu) plate of 1 cm × 1 cm was 

used as the cathode, platinum (Pt) mesh as the anode, and 

Ag/AgCl as the reference electrode. The Cu plate was polished and 

cleaned using acetonitrile and water and then dried to eliminate 

particulate residue. Subsequently, N2 gas was purged into the 

electrolytes for 15 mins. The pH of the selected electrolytes was 

then measured using a pH meter. Lastly, the electrolytes 

underwent a 40-minute purging process with CO2, followed by an 

additional step of monitoring the pH before the CO2ER reaction.  

B) CO2ER in NBu4PF6 -based electrolytes 

The cathode utilised in this part was a silver disc electrode 

with a diameter of 2 mm. Seven different catholytes were 

prepared namely 0.1 M NBu4PF6 acetonitrile solutions containing 

0.02 M of six ILs including BBT][BF4], [BBT][TFSI], [EMIM][BF4], 

[EMIM][TFSI], [BMIM][BF4], and [HMIM][TFSI]. A 0.1 M NBu4PF6 

ACN solution without any IL was also employed as a reference. 

2.3 Evaluation of reduction peak and current density 

The CO2ER reaction was assessed using a potentiostat 

(AutoLAB, PGSTAT128N) equipped with NOVA software. This 

study then used linear sweep voltammetry (LSV) based on a scan 

rate of 0.0049 V/s to determine the CO2 reduction peak. Finally, a 

chronoamperometry (CA) method was used to conduct the 

reaction, depending on the reduction peak potential.  

 

Figure 1. ILs structures used in this study. 
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2.4 Molecular computational modelling study 

A molecular computer modelling investigation was conducted 

using TmoleX to optimise the chosen structures and determine 

the LUMO and HOMO values of these structures. The TmoleX 

programme utilised parametrisation, incorporating triple-zeta 

valence with polarisation (TZVP) based on density functional 

theory (DFT). Typically, the sigma profile and sigma potential 

present extensive uses in determining the polarity of the molecule 

(Khan et al., 2023; Khan et al., 2020; Wojeicchowski et al., 2021). 

Thus, these parameters were generated using COSMO-RS. The 

classifications of the parameters are as follows: (i) bond donor (σ 

< −0.01 e/Å2), (ii) non-polar area for (−0.01 < σ < +0.01 e/Å2), (iii) 

and hydrogen bond acceptor for (σ > +0.01 e/Å2) (Klamt, 2005; 

Klamt, Jonas, Bürger, & Lohrenz, 1998). 

 

3. Results and discussions 

3.1 CO2ER in 0.1 NaHCO3 aqueous solution 

 Initially, the impact of introducing ILs on the pH of the CO2ER 

system was evaluated. Table 1 tabulates the pH values for the 

selected electrolytes before and after purging CO2, showing the 

pH reduction due to CO2 absorption. Figure 2 illustrates the CO2 

reduction peaks for various electrolytes. These peaks were 

obtained using the LSV method to assess the correlation between 

the IL structure and the potential onset. Consequently, the 

potential onset followed a specific order beginning with the most 

favourable option: [EMIM][BF4] > [BMIM][GLY] > [reference] > 

[BMIM][BF4] > [BBT][BF4].  

A study by Whipple et al. (2010) highlighted a negative 

correlation between pH value and concentration of protons (H+) 

in the solution (lower pH = higher H+), producing a higher CO2 

protonation. Given that the hydrogen evolution reaction (HER) 

rate competing with the CO2 reduction reaction for electrons 

decreased, the production rates of the desired products were 

accelerated. On the contrary, this study presented that the 

sequence of pH values (starting from the lowest) did not align 

with the sequence of potential onsets (starting from the most 

positive) (see Table 1). Therefore, this outcome implied that no 

correlation between pH and onset reduction potential was 

observed. Meanwhile, Snuffin et al. (2011) explained that the 

catalytic reduction of CO2 using IL salts was caused by the 

interaction between CO2 and the anions of ILs, which was based 

on the Lewis acid-base mechanism. 

The CO2ER reaction for the selected electrolytes was 

performed using CA for 2 h. Table 2 lists the applied potentials for 

the selected electrolytes and their corresponding current density 

values, as shown in Figure 3. Confirming Ohm's law, a higher 

applied potential resulted in higher current density. Moreover, 

the electrolyte containing the 0.1 M NaHCO3 + 0.02 M EMIM BF4 

produced a lower applied potential and higher current density 

than the solution without IL. This finding was highly favourable for 

the CO2ER system, in which the significantly higher current 

density was attributed to the enhanced conductivity arising from 

a higher concentration of ions in the solution. Therefore, this 

enhancement provided more charge carriers to facilitate the 

electric current conduction.  

Nevertheless, a substantially lower current density at the 

same applied potential was observed for the 0.1 M NaHCO3 + 0.02 

M BMIM GLY electrolyte than the solution containing EMIM BF4. 

This outcome could be explained by the strong interaction 

between glycinate ions and CO2 through chemical absorption and 

extensive solvation, thus limiting the mobility of the ions and 

Table 1. The pH values for the selected electrolytes before 

and after purging CO2. 

Electrolyte 
pH (before 

CO2 purging) 
pH (after CO2 

purging) 

Reference (0.1 
NaHCO3)  

8.46 7.04 

0.1 NaHCO3 + 0.02M 
[EMIM][BF4] 

8.49 6.97 

0.1 NaHCO3 + 0.02M 
[BMIM][BF4] 

8.41 7.12 

0.1 NaHCO3 + 0.02M 
[BBT][BF4] 

8.49 7.11 

0.1 NaHCO3 + 0.02M 
[BMIM][GLY] 

9.02 6.78 

 

Figure 2. CO2 reduction peaks for different 0.1 M 0.1 NaHCO3 

aqueous electrolytes with and without ILs 
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Table 2. The applied potential for selected electrolytes and their 
corresponding current density 

Electrolyte 
Applied potential 

(V) 
Current density 

(mA/cm2) 

Reference (0.1 
NaHCO3) -1.42 

 
-2.9 

0.1 NaHCO3 + 0.02M 
EMIM BF4 -1.36 

 
-3.8 

0.1 NaHCO3 + 0.02M 
BMIM BF4 -1.48 

 
-4.9 

0.1 NaHCO3 + 0.02M 
BBT BF4 -1.44 

 
-4.84 

0.1 NaHCO3 + 0.02M 
BMIM GLY 

 
-1.36 

 
-2.77 
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decreasing current density (Mohammed et al., 2023). The same 

explanation could also describe the 0.1 M NaHCO3 + 0.02 M BMIM 

GLY electrolyte demonstrating the lowest pH value. Nevertheless, 

this condition could be avoided by choosing an electrolyte with 

high basicity.  

The alkyl chain length negatively impacted the transport 

parameters (conductivity and cation diffusion coefficients) (Every 

et al., 2004). Considering that the length of the alkyl chains in the 

cation increased, the packing density of the ions dropped, and the 

space between the cation and anion increased. This process 

weakened the ion-ion interactions and reduced the dissociation 

of the ions in the IL, causing a decrease in ionic conductivity. On 

the contrary, shorter alkyl chains resulted in a greater packing 

density of the ions and stronger ion-ion interactions, leading to 

improved ion dissociation and increased ionic conductivity. 

3.2 CO2 ER in 0.1 M NBu4PF6 ACN-Based solution  

Figure 4 displays the CO2 reduction peaks for different 0.1 M 

NBu4PF6 ACN-based electrolytes with and without ILs. The CO2 

reduction potential was lower in all electrolytes containing ILs 

than in the reference electrolyte. The [EMIM][BF4] electrolyte 

solution exhibited a lower overpotential of 320 mV compared to 

the reference solution. Rosen et al. (2011) observed that 

[EMIM][BF4] demonstrated a 96% faradaic efficiency on the silver 

cathode (Ag) and a significant capability to decrease the 

overpotential (approximately 200 mV higher than the equilibrium 

potential). Furthermore, the electrostatic interaction reduced 

when the alkyl chain length increased. This process reduced the 

transport characteristics, leading to more negative onset 

potential.  

Table 3 summarises the results of the CA study at the applied 

potential and the corresponding current density value for each 

electrolyte after running the experiment for 30 minutes, with the 

corresponding graph in Figure 5. The ILs were observed to 

improve the current density, even at a lower potential than the 

reference electrolyte. This outcome was attributed to the higher 

mobility of IL ions compared to the larger structure of NBu4PF6. 

 

 

 

 

 

 

 

 

 

 

Figure 3: Chronoamperometry results for 0.1 NaHCO3 aqueous electrolytes with and without ILs 

 

Figure 4: CO2 reduction peaks in different 0.1 M NBu4PF6 

acetonitrile-based electrolytes with and without ILs  
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The applied potential for the same current density at 4.4 mA/cm2 

was also slightly higher for BMIM BF4 with a longer alkyl chain 

when comparing the electrolytes containing EMIM BF4. In 

addition, the influence of the alkyl chain was more pronounced 

for BBT BF4. At a similar applied voltage, the BBT BF4 exhibited 

significantly reduced current density compared to BMIM BF4 due 

to the presence of the dibutyl chain on the triazolium ring. Thus, 

this outcome further confirmed that an increase in the alkyl chain 

length led to decreased ion mobility and increased resistance 

towards the electrode. 

Further investigation of the effects of the IL structure on the 

molecular orbitals and CO2ER was performed due to inadequate 

conclusive evidence. The frontier molecular orbital theory states 

that the interaction between a Lewis acid and a Lewis base occurs 

through the interaction of specific frontier orbitals of the acid and 

base (Fukui, 1975; Liu et al., 2020). This interaction involves the 

transfer of electrons from the HOMO level of the base to the 

LUMO level of the acid. Therefore, the impact of molecular orbital 

levels on CO2 reduction potential is highly relevant. Figure 6 

portrays the HOMO and LUMO values of [EMIM], [BMIM], [BBT], 

[BF4], [TFSI], and [GLY] calculated using TmoleX.  

A significantly higher HOMO value was observed for the [GLY] 

anion than the [BF4] anion. Even though the [GLY] anion also 

demonstrated a notably lower current density than the 

[BMIM][BF4], a more favourable onset potential was presented 

(see Figure 3). Given that CO2 was the Lewis acid and anions were 

the Lewis base, anions with higher HOMO values possessed a 

more significant positive reduction potential. A study by Gomes 

et al. (2022) also highlighted that the [TFSI] anion produced a 

decreased capability for reducing CO2 compared to [BF4]. 

Typically, the [TFSI] anion exhibits a greater HOMO value in 

comparison to [BF4]. Therefore, the anions with higher HOMO 

values improved the efficiency of CO2ER by reducing the 

overpotential. Nonetheless, a significant pH decrease was 

observed for a strong acid or base interaction between the anion 

and CO2 (such as glycinate), which produced a detrimental effect 

on reducing the current density. 

Another study by Monteiro et al. (2021) presented three main 

hypotheses on the impact of cations on the activity and selectivity 

of electrocatalytic processes at the interface. These hypotheses 

suggested that the cations modified the local electric field, buffer 

the interfacial pH, or stabilise reaction intermediates. The study 

also explained that cation acidity substantially impacted the 

CO2ER, which acidic cations promoted CO2ER at low 

overpotentials and in acidic media. Meanwhile, Lau et al. (2016) 

described that the acidic proton at the C2 position of the 

 

 
Figure 5: Chronoamperometry results for 0.1 M NBu4PF6 acetonitrile-based electrolytes with and without ILs  
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Figure 6. LUMO and HOMO values for the selected structures. 
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imidazolium ring stabilised the intermediate CO2 anion radical by 

forming hydrogen bonds, which rendered it a significant catalytic 

site. Similarly, Neyrizi et al. (2022) concluded a direct correlation 

between the performance of CO2 reduction and acidity of the 

imidazolium cation (C2-H).  

This study investigated the cation effect on CO2ER by 

examining the CO2 reduction for the same anion. Figure 2 

illustrates that for the same anion, the order of CO2 reduction for 

[BF4] (starting from the more positive onset potential) was 

[EMIM][BF4] > [BMIM][BF4] > [BBT][BF4]. In contrast, the 

sequence of cation acidity did not follow a similar trend as the CO2 

reduction overpotential, in which the order of LUMO values of the 

cations (starting from the lowest) was [BBT] < [BMIM] < [EMIM]. 

Our previous study deduced that a low LUMO value of the cation 

(acidity) enhanced the solubility of CO2 by facilitating an acid/base 

interaction between the cation and the negatively charged 

oxygen (Mohammed et al., 2023). Therefore, a long cation alkyl 

chain could present difficulties reaching the electrode surface, 

impeding its proximity with the electrons. This observation was 

attributed to the positively charged nitrogen atom of the cation 

that was relatively far from the electrode surface due to the long 

alkyl chain. 

Coulomb's law states that the electrostatic attraction or 

repulsion intensity between two-point charges is directly 

proportional to the product of their magnitudes and inversely 

proportional to the square of the distance between them. A study 

by Azra et al. (2022) supported this statement by demonstrating 

the correlation between long alkyl chains and molecular 

interaction. The study highlighted the significance of chain length 

in separating organic and aqueous phases, in which longer chain 

lengths promoted easy separation. In contrast, shorter chain 

lengths enhanced water clarity, hindering complete separation 

and resulting in lower extraction efficiency. Considering that the 

disparity in the LUMO values between the cations was not 

substantial, the long alkyl chain of a cation decreased the 

interaction between its positively charged nitrogen and the 

electrons on the electrode to a greater extent than the magnitude 

of the charge. When an electric potential was provided, the 

positively charged ions migrated towards the negatively charged 

electrode (cathode). Consequently, the long non-polar alkyl chain 

decreased or increased the mobility of the ions or resistance 

towards the electrode, respectively. 

Figure 5 demonstrates that the inclusion of ILs significantly 

improves the system. This observation was due to the inclusion of 

ILs enhancing the acid or base interaction with CO2. Additionally, 

a higher non-polar/non-polar interaction with CO2 and lower 

acid/base interaction was observed owing to the large structure 

and the long alkyl chain of NBu4PF6. Figure 7 depicts the sigma 

profile and sigma potential of the cations and anions. Similar to 

CO2, the NBu4PF6 was highly non-polar. Overall, the CO2 exhibited 

a dual nature, with both partially charged properties that allowed 

it to interact with its environment through acid/base interaction 

and non-polar characteristics (due to the linear structure of its 

bonds). Thus, the CO2ER was greatly affected by the interaction 

between CO2 and the electrolyte environment. 

Another study by Ueno et al. (2010) denoted that the 

solvation of strongly Lewis basic anions and highly Lewis acidic 

cations by solvents enabled a substantial level of salt dissociation. 

Therefore, selecting a favourable combination of ILs with a short 

alkyl chain, an anion with a high HOMO value, and a compatible 

 

Figure 7: Sigma profile (a) and sigma potential (b) of the cations and anions of ILs including CO2 

a) 

b) 
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solvent increased the current density. The performance of the 

CO2ER system was also reduced when the non-polar/non-polar 

interaction between the ILs and CO2 was dominant. Thus, cations 

with short alkyl chains and anions with high HOMO values were 

essential to improve the acid/base interaction between CO2 and 

electrolytes for optimal performance of ILs in CO2ER. Notably, 

cations with short alkyl chains lowered the resistance to charge 

resistance at the electrode. 

 

 

4. Conclusion 

In this study, The CO2 reduction peaks, and the current density 

of different electrolytes were evaluated using linear sweep 

voltammetry (LSV), and chronoamperometry (CA). HPLC and GC-

TCD were used to confirm the formation of the reaction products. 

The addition of 1-ethyl-3-methylimidazolium tetrafluoroborate 

[EMIM][BF4] to the 0.1 M NBu4PF6 acetonitrile solution 

demonstrates that the reduction's onset potential significantly 

decreased by 320 mV. It can be concluded that to have effective 

ionic liquid as electrolyte for CO2ER reaction, in order to have low 

overpotential and high current density, the acid/base interaction 

with IL and CO2 is desirable , and for that  ILs with small alkyl chain, 

low LUMO values of cations and high HOMO values as anions are 

recommended while considering the suitable organic solvent. 
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INVESTIGATION OF CARBON DIOXIDE ABSORPTION CAPACITY AND DISSOLUTION RATE 
WITH AMINO ACID SALT SOLUTIONS: SODIUM AND POTASSIUM GLYCINATE 
İrem Koçyiğit Çapoğlu1a, Duygu Uysal2b* and Özkan Murat Doğan3c 
 

Abstract: Global warming is a major world problem and causes climate change. The primary cause of global warming is carbon dioxide 
(CO2) emissions. Ongoing studies are being conducted to mitigate the effects of this problem. Anthropogenic CO2 emissions occur by 
burning fossil fuels to generate power and heat. To combat this problem, CO2 must be captured from point emission sources or directly 
from air. The conventional method to remove CO2 at the point emission sources is post-combustion systems. In these systems, absorption 
process is generally used to diminish CO2 emission and capturing at the source. Current researches aim to find an efficient and alternative 
solution to absorption. In this work, sodium glycinate (NaGly) and potassium glycinate (KGly), which are amino acid salt solutions, were 
investigated for CO2 absorption. Amino acid salt solutions have shown similar absorption kinetics and capacities to amine-based solutions 
due to same functional group. These solutions are usually more stable to oxidative degradation and have low volatilities, higher surface 
tensions and the viscosities are very close to waters. Experiments were performed using a stirred cell system at ambient temperature 
(20°C) and atmospheric pressure (91 kPa), in Ankara, Türkiye. In experiments, sodium glycinate and potassium glycinate concentration 
was ranged between 0.1 and 1.5 M. The experiments were also repeated with sodium hydroxide and potassium hydroxide in the same 
concentration range for comparison. In addition, the amino acid salt solutions examined in this study were compared with alkaline 
solutions and glycine in terms of total CO2 absorption capacity and CO2 dissolution rate. As a result of the experiments, the potassium 
glycinate solutions gave approximately 1.4 times better results than the sodium glycinate solutions at the highest concentration. Also, 
functional groups were determined by FTIR analysis of pure and CO2-loaded potassium glycinate solution.  
 
Keywords: carbon dioxide, absorption, amino acid, sodium glycinate, potassium glycinate. 

 

1. Introduction 

Carbon dioxide (CO2) emissions rapidly increase worldwide, 

most of which stem from anthropogenic activities. The latest 

atmospheric CO2 concentration reached 421 ppm in May 2023 

and this trend unfortunately continuously increasing (NASA, 

2023). According to the Intergovernmental Panel on Climate 

Change (IPCC), CO2 emissions must reach net zero by 2050 with 

no or limited temperature rise (IPCC, 2022). Using fossil fuels in 

combustion processes with increasing energy demand is directly 

associated with excessive CO2 concentrations in the atmosphere. 

Humanity's main energy source is still fossil fuels, and CO2 must 

be captured from the atmosphere or point emission sources (such 

as power plants) to reduce emissions (Yuan et al., 2022; Keith et 

al., 2018). Carbon dioxide capture and storage (CCS) or carbon 

dioxide capture and utilization (CCU) technologies are considered 

to have significant potential for decarbonization (Zhang & 

Huisingh, 2017). To capture CO2 there are three systems 

recommended mainly: pre-combustion, post-combustion, and 

oxy-fuel combustion. (Buckingham et al., 2022; Ahmed et al., 

2020). The gas streams' pressure, CO2 concentration, and fuel 

type (e.g., coal or natural gas) are considerable factors in choosing 

the capture system (Olajire, 2010). 

 In post-combustion capture systems, CO2 is captured from 

flue gases produced because of the combustion of fuels with high 

carbon sources such as fossil fuels and biomass. Post-combustion 

systems use a liquid solution to capture the small fraction of CO2 

(typically 3–15% by volume) present in a flue gas stream (IPCC, 

2005). Post-combustion carbon capture has important potential 

because it can be retrofitted to existing units in the power sector. 

Currently, conventional pulverized coal (PC) power plants or 

natural gas combined cycle (NGCC) power plants use post-

combustion capture systems that employ an organic solution such 

as monoethanolamine (MEA) (Figueroa et al., 2008).  

There are many methods for capturing CO2. Common 

methods for CO2 capture are absorption, adsorption, separation 

with a membrane, cryogenic separation, etc. (Wu et al., 2020). 

Among all these systems and methods, the most used system is 

the post-combustion/absorption mechanism because of reliable 

technology, large operation capacity, and longtime industrial 

process experience (Wang et al., 2011; Ochedi et al., 2021). CO2 

absorption with the solution can occur in two ways: physical or 

chemical absorption. There are several CO2 capture solutions 

available including, alkanolamine solutions (Murrieta-Guevara et 
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al., 1988; Puxty et al., 2009; Bernhardsen & Knuutila, 2017), ionic 

liquids (ILs) (Babamohammadi et al., 2015), liquid ammonia 

(Wang et al., 2018), polyethylene glycol (Li et al., 2012), methanol 

(Gatti et al., 2014), potassium carbonate (Ghosh et al., 2009), and 

others. Alkanolamine solutions such as monoethanolamine 

(MEA), diethanolamine (DEA), and methyl diethanolamine 

(MDEA) are mostly used as an absorbent in commercial 

applications (Aghel et al., 2021). However, these solutions have 

several drawbacks related to limited cyclic carbon dioxide loading 

capacity, degradation by oxygen, high equipment corrosion and 

the operating cost is fairly high due to the high energy 

requirement for regeneration of the solution (Ahn et al., 2010; 

Luis, 2016). Therefore, studies on CO2 absorption have focused on 

finding efficient, environmentally friendly energy-saving 

alternative solutions that may eliminate the disadvantages of the 

current systems.  

Recently, it has been seen that amino acid salts have shown 

significant potential in CO2 absorption. The latest research shows 

that amino acid salts could be replaced with alkanolamine 

solutions due to their molecular structure similarity (Kumar et al., 

2003; Harris et al., 2009). Amino acid salts are formed by 

equimolar mixing an alkaline solution with amino acids such as 

glycine and sarcosine (Lee et al., 2007). Amino acid salt solutions 

have certain advantages over amines such as higher surface 

tension, low volatility, low toxicity, high biodegradation potential, 

resistance to oxidative degradation, and better absorption 

capacity (Guo et al., 2013; Majchrowicz et al., 2014; Hu et al., 

2018). Because of these substantial properties, amino acid salt 

solutions have been used commercially as the promoters in 

carbonate solutions in the Giammarco-Vetrocoke process (Thee 

et al., 2013), selective acid gas removal from industrial gas 

streams in the Alkacid process by BASF (Vaidya et al., 2010), as 

precipitating solutions in the DECAB process (Fernandez & 

Goetheer, 2011), and in post-combustion CO2 capture in the 

Siemens POSTCAP process (Majchrowicz et al., 2014). 

The absorption of monoethanolamine (MEA) and amino acid 

salt solutions with carbon dioxide is chemical absorption. Similar 

to primary and secondary amines, since it has the same functional 

groups (amine groups), CO2 is expected to react with the amino 

acid salt solution via the zwitterionic mechanism (Kumar et al., 

2003; Lee et al., 2007). The zwitterion mechanism was first 

introduced by Caplow (1968) and later explained by Danckwerts 

(1979). The general reactions occurring during amine-CO2 

absorption can be summarized as carbamate formation, 

bicarbonate formation, and carbonic acid formation. 

In amine-CO2 absorption, first the free electrons in the 

nitrogen atom attack the carbon atom in the CO2 and form the 

zwitterion. The zwitterion formation reaction is shown by Eq. (1) 

(Caplow, 1968; Kumar et al., 2003; Lee et al., 2007). 

𝐶𝑂2 + 𝑅𝑁𝐻2

𝑘2
⇄
𝑘−1

𝑅𝑁𝐻2
+𝐶𝑂𝑂−   (1) 

Considering MEA, the R expression can be expressed as: 𝑅 =

𝐻𝑂𝐶𝐻2𝐶𝐻2 −. Subsequently, it gives the zwitterion proton to a 

free base, forming carbamate (carbamic acid). The proton 

transfer to the free base B is shown by Eq. (2).  In this reaction, 

the proton transfer reaction can be considered irreversible as the 

equilibrium predominates on the right side of the reaction 

(Majchrowicz et al., 2014). 

𝑅𝑁𝐻2
+𝐶𝑂𝑂− + 𝐵 

𝑘𝐵
→ 𝑅𝑁𝐻𝐶𝑂𝑂− + 𝐵𝐻+  (2)  

The base referred to herein as B may be any of the amine, 

water, or hydroxyl (OH-) groups. The contribution of these groups 

during proton transfer is shown by Eq. (3), Eq. (4), and Eq. (5) (Lee 

et al., 2007) 

𝑅𝑁𝐻2
+𝐶𝑂𝑂− + 𝐻2𝑂 → 𝑅𝑁𝐻𝐶𝑂𝑂

− + 𝑅𝑁𝐻3
+  (3) 

𝑅𝑁𝐻2
+𝐶𝑂𝑂− + 𝑅𝑁𝐻2 → 𝑅𝑁𝐻𝐶𝑂𝑂

− + 𝐻3𝑂
−  (4) 

𝑅𝑁𝐻2
+𝐶𝑂𝑂− + 𝑂𝐻− → 𝑅𝑁𝐻𝐶𝑂𝑂− + 𝐻2𝑂  (5) 

During the formation of zwitterion, the reaction of carbon 

dioxide with hydroxyl ions in the water also occurs 

simultaneously, albeit in small amounts, and bicarbonate ions are 

formed. The reactions are shown by Eq. (6) and Eq. (7). 

𝐻2𝑂 ⇄ 𝐻
+ + 𝑂𝐻−    (6) 

𝐶𝑂2 + 𝑂𝐻
− ⇄ 𝐻𝐶𝑂3

−    (7) 

The carbonic acid formation reaction is quite slow and 

negligible (Lee et al., 2007). The reaction is shown by Eq. (8). 

𝐶𝑂2 + 𝐻2𝑂 ⇄ 𝐻𝐶𝑂3
− +𝐻+   (8) 

The reaction rate of the quasi-steady state between CO2 and 

amino acids for the zwitterionic mechanism (considering all 

possible free bases-∑𝑘𝑏  [𝐵]) can be described as follow: 

𝑟𝐶𝑂2,𝑎𝑏𝑠 =
𝑘2 [𝐶𝑂2][𝐴𝑚]

1+
𝑘−1
𝑘𝑏 [𝐵]

  
 [𝐶𝑂2][𝑅𝑁𝐻]
1

𝑘2 
+ 
𝑘−1
𝑘2 
  

1

∑𝑘𝑏 [𝐵]

= 𝑘𝑎𝑝𝑝 [𝐶𝑂2] (9) 

Here, 𝑘𝑎𝑝𝑝 is called the apparent rate constant. If the 

deprotonation of the zwitterion is much faster than the reverse 

rate of the first reaction (
𝑘−1

∑𝑘𝑏 [𝐵]
≪ 1), the rate of absorption of 

carbon dioxide is reduced to a simple second-order reaction rate 

expression. In this case, the reaction rate equation is shown as in 

Eq. (10). 

𝑟𝐶𝑂2,𝑎𝑏𝑠 = 𝑘2 [𝐶𝑂2][𝑅𝑁𝐻] = 𝑘𝑎𝑝𝑝 [𝐶𝑂2]     (10) 

While the above expression is accepted as valid for simple 

amine groups such as MEA, the reaction expression is shown as in 

Eq. (11) since (
𝑘−1

∑𝑘𝑏 [𝐵]
≫ 1) for large volume amine groups. 

𝑟𝐶𝑂2,𝑎𝑏𝑠 = 𝑘2 [𝐶𝑂2][𝑅𝑁𝐻] (1 +
∑𝑘𝑏 [𝐵]

𝑘−1
) ≅

𝑘2 [𝐶𝑂2][𝑅𝑁𝐻] (
∑𝑘𝑏 [𝐵]

𝑘−1
) = 𝑘𝑎𝑝𝑝 [𝐶𝑂2]   (11) 

Considering the reaction of CO2 directly with hydroxyl ions in 

water, the total rate constant and reaction rate expression can be 

written as Eq. (12) and Eq. (13). 

𝑘𝑜𝑣 = 𝑘𝑎𝑝𝑝 + 𝑘𝑂𝐻−[𝑂𝐻
−]   (12) 

𝑟𝐶𝑂2,𝑎𝑏𝑠 = 𝑘𝑜𝑣 [𝐶𝑂2]    (13) 

This work focuses on the determination of the total CO2 

absorption capacity and dissolution rate of the amino acid salt 

solutions potassium glycinate (KGly) and sodium glycinate (NaGly) 

and their comparison with alkaline solutions sodium hydroxide 
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(NaOH) and potassium hydroxide (KOH). All experiments were 

carried out in a stirred cell at ambient temperature (20°C) and 

atmospheric pressure (91 kPa). pH measurements of the solutions 

were made before and after CO2 absorption. The solution 

concentration varied between 0.1 to 1.5 M. In addition, amino 

acid functional groups were determined by FTIR analysis of 

potassium glycinate solution. FTIR analysis was applied to both 

pure potassium glycinate solution and CO2-loaded potassium 

glycinate solution, and the results are presented in this study. 

 

2. Materials and methods 

2.1 Materials 

The CO2 gas cylinder (>99.99%) was supplied from Samtaş A.Ş. 

Glycine were purchased from Carlo Erba and, sodium hydroxide 

(NaOH) and potassium hyrdroxide (KOH) pellets were purchased 

from Merck. Aqueous sodium glycinate and potassium glycinate 

solutions were prepared by neutralizing glycine dissolved in 

distilled water, with equimolar sodium hydroxide and potassium 

hydroxide, respectively. The measurements of weight were 

employed using an analytical balance with an ±0.1 mg accuracy. 

During the experiments, the absorption solution was stirred with 

a VELP SCIENTIFICA ARE model magnetic stirrer. The pressure 

drop in the system was measured with HK Instruments DPT-R8 

model pressure transmitter and recorded on the computer with 

the ORDEL UDL100 model data logger. In all experiments, pH 

measurements were made with a WTW pH 3110 model pH meter. 

2.2 Experimental Set-Up 

Experiments were carried out in stirred cell reactor. Stirred 

cell reactor is a known equipment for employed reaction and 

mass transfer studies in gas-liquid systems (Kucka et al., 2003; 

Ying & Eimer 2013). Stirred cell reactor experiment principle is 

based on the gas in the gas chamber being absorbed into the 

liquid in time. By observing the pressure drop in the gas chamber 

along with the amount of gas absorbed into the liquid, it is 

possible to calculate how much gas is absorbed. The schematic 

experimental set-up is shown in Fig. (1).  

The stirred cell reactor system consists of two parts, a 0.5 L 

gas chamber and a 0.4 L liquid reservoir. The reactor part is made 

of pyrex glass. The gas chamber has valves to which the gas inlet 

and outlet are connected. A CO2 gas cylinder is attached to the 

gas chamber. Before the gas was fed to the system, it was passed 

through the humidifier to keep the temperature constant at the 

gas-liquid interface. Absorption liquid is placed in the liquid 

reservoir. Two parts of the system are connected by a metal 

clamp to seal the system.  

2.3 Experimental Procedure 

In the experiments, firstly, pure CO2 gas flow is fed to the 

reactor from the gas inlet, and the air inside the system was 

swept. Afterward, all valves are closed simultaneously, and CO2 

gas is trapped in the gas chamber. Then, trapped CO2 gas in the 

system is absorbed into the absorption solution. As CO2 is 

absorbed by the solution, the pressure inside the gas chamber 

decreased until the constant value is reached. Meanwhile, the 

absorption solution is stirred with a magnetic stirrer regarding no 

vibration/vortex forms at the interface.  

Through this stirring, mass transfer resistances that may occur 

on the liquid surface and in the areas close to the surface are 

prevented by providing homogeneity in the liquid. Also, the 

solution temperature is instantaneously controlled by a 

thermocouple with ± 0.2 K accuracies. In the experiments, the 

pressure drop occurring in the gas chamber is instantly recorded 

every second on the computer with a data logger using a 

differential pressure transmitter. While the pressure drop values 

occurring in the stirred cell reactor were increased at the 

beginning over time, they were fixed after a while. Then, the total 

CO2 absorption capacity and dissolution rate were calculated 

using the recorded values.  

In the experiments glycine, sodium hydroxide, potassium 

hydroxide, sodium glycinate, and potassium glycinate were used 

as absorbents with a molar range of 0.1-1.5 M. All experiments 

were conducted at an ambient temperature of 20°C and an 

atmospheric pressure of 91 kPa, in Ankara, Türkiye. In all 

experiments, pH measurements of solutions were made with a pH 

meter before and after the experiment. 

 

Figure 1. The stirred cell reactor system. 
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2.4 Determination of the Total CO2 Absorption Capacity 

The total CO2 absorption capacity calculations are made with 

the ideal gas equation shown in Eq. (14) (Smith et al., 2022).  

𝑃𝑉𝑔 = 𝑍𝑛𝑅𝑇     (14) 

In this equation, P is the gas pressure [Pa] in the stirred cell 

reactor gas chamber; Vg is the gas volume [m3], Z is the 

compressibility factor [0.995], n is the mole of carbon dioxide gas 

[mol], R is the gas constant [8.314 Pa-m3-mol-1-K-1], T is the 

temperature [K].  

The pressure determination in the gas chamber of the stirred 

cell reactor is calculated with the difference between the 

atmospheric pressure and the pressure drop measured from the 

transmitter which is shown in Eq. (15). 

𝑃 = 𝑃𝑎𝑡𝑚 − ∆𝑃     (15) 

The pressure drop values in the gas chamber were recorded 

on the computer via the pressure transmitter and then these data 

were plotted against the time. An example of the graph of the 

pressure drop versus time in stirred cell reactor is shown in Figure 

2 (a). The ordinate of the graph represents the pressure drop 

difference (∆P) measured from the transmitter in Pa units, and 

the abscissa represents the time in seconds. 

According to the pressure drop values fixed at the end of the 

experiment, the mole of CO2 gas remaining in the gas chamber 

was calculated with the ideal gas equation (Eq. (14)). Then, by 

taking the difference between gas moles in the initial and final 

state, the amount of CO2 absorbed into the unit volume of 

absorption liquid also was calculated (Genç Çelikçi, 2020). 

2.5 Determination of the Dissolution Rate  

The dissolution rate experimental procedure is the same as 

the total CO2 absorption capacity experiments but theoretically 

different. Eq. (16) is obtained by taking and arranging the 

differential of the ideal gas equation represented by Eq. (14) 

(Uysal, 2016). 

𝑑𝑛 =
𝑉𝑔

𝑍𝑅𝑇
𝑑𝑃      (16) 

Since the experiments are performed as a function of time, 

the variation of the expression obtained by Equation 16 with time 

is shown in Eq. (17) (Uysal, 2016). 

 𝑤 =
𝑑𝑛

𝑑𝑡
=

𝑉𝑔

𝑧𝑅𝑇

𝑑𝑃

𝑑𝑡
     (17) 

Here w is the dissolution rate [mol-s-1] of CO2 in absorption 

solutions. The part on the right side of the equation expresses the 

change in moles of CO2 due to the absorption of CO2 in the gas 

chamber into the absorption solutions over time. 

The internal pressure in the gas chamber was calculated with 

Eq. (15) and the plot is shown in Figure 2 (b). In order to determine 

the pressure change (dP/dt) over time, the slope of the first part 

of the graph, in which it proceeds linearly, was calculated. 

The absorption takes place in the liquid reservoir volume (VL), 

and the dissolution rate of CO2 in the solution can be shown by 

Eq. (18) (Uysal, 2016). 

𝑟 =
𝑤

𝑉𝐿
= −

1

𝑉𝐿

𝑉𝑔

𝑧𝑅𝑇

𝑑𝑃

𝑑𝑡
    (18) 

In Eq. (18), r is the rate of the absorption process relative to 

the total solution volume from the unit [mol-m-3-s-1], the slope 

read from the graph from the unit of dP/dt [Pa-s-1] on the right 

side of the equation, VL, solution volume [m3], Vg, gas volume 

[m3], T is the gas constant in [K], temperature, R [8.314 Pa-m3-

mol-1-K-1]. 

 

3. Results and discussion 

3.1. Total CO2 Absorption Capacity and Dissolution Rate  

As a result of all experiments, the dissolution rate (w), the rate 

of the absorption process relative to the total liquid volume (r), 

and the total CO2 absorption capacity were calculated at 20°C and 

91 kPa. All experiments were repeated three times and since the 

values are close to each other, the average values were 

determined for each solution. The results of the 0.1-1.5 M alkaline 

solutions (KOH, NaOH) and amino acids (KGly, NaGly) solutions 

experiment results are shown in Table 1. It was determined that 

the dissolution rate (w), the rate of the absorption process 

 

Figure 2. (a) Increase in pressure drop (∆P) in the gas chamber of the stirred cell reactor with time; (b) The change in the internal pressure 

(P) in the gas chamber of the stirred cell reactor with time. 
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relative to the total liquid volume (r), and the total CO2 absorption 

capacity increase as the solution concentration increases.  

The dissolution rate (w), the rate of the absorption process 

relative to the total liquid volume (r), and the total CO2 absorption 

capacity are shown graphically in Fig (3), Fig (4), and Fig (5), 

respectively.  

When the results are compared, alkaline solutions (NaOH and 

KOH) give better results than amino acid salt solutions (KGly and 

NaGly), as expected. Because alkaline solutions have high pH so 

carbonate and bicarbonate formation rates faster than amino 

acid salt solutions. Also, glycine solution gives the lowest result. 

Under ambient conditions, potassium glycinate gives slightly 

better results than sodium glycinate. According to increasing 

concentration, dissolution rate and total CO2 absorption capacity 

Table 1.  Experimental Results of Total CO2 Absorption Capacity and Dissolution Rate for Each Solution. 

Solution Molarity (M) w* (mol/s) r** (mol/m3-s) 
Total CO2 absorption 

capacity (g/L) 

KOH 

0.1 
0.5 
1 

1.5 

2.32 x10-6 

1.06x10-5 

2.14x10-5 

2.95x10-5 

0.006 
0.026 
0.054 
0.064 

0.030 
0.140 
0.371 
0.558 

NaOH 

0.1 
0.5 
1 

1.5 

2.98x10-6 

1.09x10-5 

2.05x10-5 

3.26x10-5 

0.007 
0.028 
0.048 
0.081 

0.071 
0.132 
0.222 
0.420 

KGly 

0.1 
0.5 
1 

1.5 

2.14x10-6 

5.84x10-6 

6.64x10-6 

1.19x10-5 

0.005 
0.015 
0.017 
0.030 

0.019 
0.087 
0.117 
0.183 

NaGly 

0.1 
0.5 
1 

1.5 

2.37x10-6 

4.81x10-6 

6.80x10-6 

1.26x10-5 

0.006 
0.012 
0.017 
0.031 

0.020 
0.062 
0.080 
0.132 

Gly 0.1-1.5 (8.02-8.30)x10-7 0.0021-0.0022 0.006 

w*: Dissolution rate 
r**: The rate of the absorption process relative to the total liquid volume 

 

 

Figure 3. The dissolution rate of CO2 in absorption solutions 

for comparison of each solution 

 

Figure 4. Rate of the absorption process relative to the total 

liquid volume for comparison of each solution. 

 

Figure 5.  Total CO2 absorption capacity for comparison of 

each solution. 
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trend increase for each solution. Potassium glycinate has given 
Table 2.  Experimental results for total CO2 absorption capacity of KGly and NaGly 

Solution Concentration T (K) Apparatus 

Total CO2 

absorption 

capacity (mol 

CO2/mol solution) 

References 

NaGly 10-30 wt% 303-323 
Vapor-Liquid 

Equilibrium Cell 
0.17-1.07 Song et. al (2006) 

NaGly 1-30 wt% 298, 313 High Pressure Cell 0.5-1.6 Harris et. al (2009) 

KGly 0.1-3 M 293-351 Stirred Reactor 0.1-1.4  Portugal et. al (2009) 

KGly 0.1, 1, 3 M 308.15 N/A 0.456-2.62 Mohsin et. al (2018) 

NaGly 0.1-1.5 M 293 Stirred Cell Reactor 0.09-0.20 This work 

KGly 0.1-1.5 M 293 Stirred Cell Reactor 0.13-0.19 This work 

 

Table 3.  pH Measurements of Solutions Before and After CO2 Loading. 

Solution Molarity (M) 
pH 

(Before CO2-loading) 

pH 

(After CO2-loading) 

KOH 

0.1 12.50 12.45 

0.5 13.17 13.01 

1 13.39 13.29 

1.5 13.48 13.23 

    

 

NaOH 

0.1 12.95 12.56 

0.5 13.00 12.94 

1 13.05 12.90 

1.5 13.25 13.07 

    

KGly 

0.1 10.11 9.89 

0.5 10.25 10.12 

1 10.47 10.31 

1.5 10.60 10.47 

    

NaGly 

0.1 10.22 10.05 

0.5 10.54 10.49 

1 10.63 10.44 

1.5 10.77 10.32 

    

Gly 

0.1 

0.5 

1 

1.5 

6.23 

6.28 

6.33 

6.35 

5.90 

5.92 

5.95 

5.98 

 

https://doi.org/10.22452/mjs.vol43sp1.10


 

64 
 

Special Issue Malaysian Journal of Science 

DOI: https://doi.org/10.22452/mjs.vol43sp1.10  

Malaysian Journal of Science 43 (Special Issue 1): 58-66 (July 2024) 

approximately 1.4 times better results than sodium glycinate in 

terms of total CO2 absorption capacity at the highest 

concentration.  

According to Table 2, it can be said that sodium glycinate and 

potassium glycinate have different results under different 

experimental conditions. In this work, it was found that the 

experimental results of this work under atmospheric working 

conditions are lower than in the literature results. Studies can be 

carried out under higher pressure conditions and lower 

temperature conditions. Thus, higher absorption capacities can 

be achieved. 

Table 3 shows the pH graph of the amino acid salt solutions 

potassium glycinate, sodium glycinate, and the alkaline solutions 

potassium hydroxide, sodium hydroxide before and after CO2 

loading. At high concentrations, the pH is also high due to the 

alkaline solution concentration. The high solution pH increases 

the reaction rate of CO2 with OH-. This causes an increase in the 

absorption rate of CO2. At higher concentrations where the pH is 

high, the total CO2 absorption capacity and dissolution rate 

experimental results are also better. 

 

3.2. FTIR Results for Potassium Glycinate Solution  

Potassium glycinate and sodium glycinate solutions have 

nearly similar results however, potassium glycinate gave slightly 

better results in terms of total CO2 absorption capacity and 

dissolution rate. This comparison aroused the interest of the 

authors to observe the interaction between the amino acid salt 

solution and CO2, and FTIR analysis was performed on pure and 

CO2-loaded potassium glycinate solution for comparison. 

Functional groups of potassium glycinate were identified using 

Fourier Transform Infrared (FTIR) spectrometer (PerkinElmer) in 

METU Central Laboratory. FTIR spectra of potassium glycinate 

solution before and after CO2 absorption were recorded at 

wavenumber ranging from 4000 to 400 cm-1 and results is shown 

in Fig. 6.  

Fig. 6 shows that interactions occur between CO2 and 

potassium glycinate due to the formation of new peaks as a result 

of CO2-loaded. Table 4 indicates the characteristic peaks detected 

in the FTIR spectra of 0.5 M potassium glycinate solution before 

and after CO2 absorption. While pure potassium glycinate FTIR 

spectrum is available in the literature, no data could be found for 

the CO2-loaded potassium glycinate solution. Pure potassium 

glycinate FTIR spectra were also compared with Mohsin et al. 

(2018) and their results is also shown in Table 4. 

As can be seen in Table 4, the potassium glycinate spectrum 

was similar with the spectra reported by Mohsin et al. (2018). The 

OH characteristic peak was observed at approximately 3271 cm-1, 

due to water molecules in KGly structure. The NH and COO- peaks 

were observed 2135 and 1636 cm-1, respectively. The last peaks 

 

Figure 6.  FTIR Spectra of KGly before and after CO2 absorption. 

 

0

20

40

60

80

100

120

40080012001600200024002800320036004000

T
ra

ns
m

it
ta

nc
e 

(a
.u

.)

Wavenumber (cm-1)

KGly (saf)

KGly (CO2 absorplamış)

KGly (pure)

KGly (CO2-loaded)OH/NH NH

COO-
C-OH

NH COO-

C-OH/ N-C=O(O) 

C-N

NH

Table 4.  The Characteristics Peaks of Potassium Glycinate 

Before and After CO2 Absorption. 

Functional 
Groups 

Wavenumber 
(cm-1) 

This work 
Pure KGly 

Wavenumber 
(cm-1) 

This work 
CO2-loaded 

KGly 

Wavenumber 
(cm-1) 

Mohsin et al. 
(2018) 

Pure KGly 

OH/NH 3271 3270 3332 

NH 2135 2126 2210 

COO- 1636 1635 1630 

NH 1559 - 1562 

COO- 1405 1410 1404 

C-OH - 1362 - 

C-OH/ N-
C=O(O) 

(carbamate) 
- 1332 - 

C-N 1316 - 1320 

NH 904 893 894 
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C-N and NH were observed at 1316 and 904 cm-1 and these peaks 

show the presence of amine in KGly structure. When the results 

of CO2-loaded solution are examined, it can be seen that new peak 

intensities occur at 1332 and 1362 cm-1 wavenumbers. In the 

literature, the presence of C-OH functional groups in the range of 

1400-1300 cm-1 and the presence of N-C=O(O) carbamate groups 

at 1322 cm-1 are mentioned (Jacson et al., 2009). The peaks here 

are thought to occur as a result of carbonate (𝐶𝑂3
2−) and 

bicarbonate ions (𝐻𝐶𝑂3
−) formed as a result of the reaction of 

potassium glycinate solution with CO2. Also in the literature, Falk 

& Miller (1992) reported peak intensities of 1385 cm-1 for 𝐶𝑂3
2− 

and 1360 cm-1 for 𝐻𝐶𝑂3
−. According to the reaction mechanism 

between CO2 and amino acid solution, carbamate and carbonate 

ions at similar peak intensities in the literature were determined 

by FTIR analysis in this study.  

 

4. Conclusion 

In this work, potassium and sodium glycinate solutions used 

as amino acid salt solutions were compared with alkaline 

solutions potassium and sodium hydroxide. The total CO2 

absorption capacity and dissolution rate of the solutions were 

investigated experimentally. According to the results, alkaline 

solutions gave the best results due to their high pH, while 

potassium glycinate gave approximately 1.4 times better results 

than sodium glycinate. In addition, characteristic functional 

groups were determined for both pure and CO2-loaded solutions 

in FTIR analysis of potassium glycinate. According to the 

potassium glycinate-CO2 reaction mechanism, it has been shown 

that carbamate and C-OH bonds are formed in the CO2-loaded 

solution. When the study is evaluated, the use of amino acid salt 

solutions in CO2 capture systems can reduce the use of toxic and 

hazardous solutions such as sodium hydroxide and potassium 

hydroxide, and also have the potential as promising solutions for 

CO2 absorption. In the future, a detailed study of adding additives 

to amino acid salt solutions which will increase absorption 

performance, will be investigated. 
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