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Preface 

 

This volume of Chemical Engineering Research collects the unedited research project reports 

written by 4th year undergraduates (Class of 2025) of the M.Eng. course on Chemical 

Engineering in the Department of Chemical Engineering at Imperial College London. The 

research project spans one term (Autumn) during the last year of the career. It emphasises 

independence, the ability to plan and pursue original project work for an extended period, 

produce a high-quality report, and present the work to an audience using appropriate visual 

aids. Students are also expected to produce a literature survey and to place their work in the 

context of prior art. The papers presented showcase the diversity and depth of some of the 

research streams in the department but only touch on a small number of research groups and 

interests. For a complete description of the research at the department, the reader is referred to 

the departmental website1. 

 

The papers presented are in no particular order, and a manuscript number identifies them. Some 

papers refer to appendixes and/or supplementary information which are too lengthy to include. 

These files are available directly from the supervisors (see supervisor index at the end of the 

book). Some reports are missing and being embargoed, as they contain confidential 

information. A few reports correspond to industrial internships, called LINK projects, in 

collaboration with Shell.  

The cover figure corresponds to a Voronoi neighbouring analysis of 0.01%AOT + 8%PS + 

DCM sample (taken from the work of Weng Kit Leong and Zewen Liu, manuscript 15).  

 

London, February 2025 

 

  

 
1 https://www.imperial.ac.uk/chemical-engineering 



 iv 

 

Title Index 

 

 

paper Title page 

1 
Electrodeposition of Manganese Dioxide from Lithium-ion Battery 

Leachate 
1 

2 
Sulphur doped materials as electrocatalysts for the electrochemical 

reduction of O2 
11 

3 
Optimised Multi-Vector Integration of a PTES System with Multi-Level 

Storage 
(*) 

4 Virus Mimicking LNP for Intracellular Delivery (*) 

5 
Dye Extraction Decoded: The Role of Ionic Liquid Solvents and Process 

Tuning 
19 

6 Exergy analysis on sustainable aviation fuel production from air and water 29 

7 
Exploring Optimal Parameters for Graphene Liquid-Phase Exfoliation 

Using Taylor-Coutte Device 
39 

8 Wrinkle Morphology: An Investigation into Plasma Driven Cracking 48 

9 A Hybrid Process for Adsorption-based CO2 Capture 58 

10 
High-Temperature Electrolytic Synthesis of Carbon Nanotubes from 

Molten Li2CO3 
68 

11 
Combined Effect of Water and Free Fatty Acids on Biodiesel Purity from 

Transesterification 
78 

12 
Haemodynamic Analysis in Abdominal Aortic Aneurysms using 

Computational Fluid Dynamics 
88 

13 
The Flexural Strength and Strength Development of Concrete with Carbon 

Addition 
98 



 v 

paper Title page 

14 
Pluronic F-127 Hydrogels for Delivery of Lipid Nanoparticles Containing 

mRNA 
108 

15 
Surfactant Optimized Macroporous Polystyrene for Water Treatment 

Applications 
118 

16 Transfer Learning for Continuous Biopharmaceutical Manufacturing 128 

17 
Investigation into the Impact of Impurities on the Regeneration of 

Paracetamol Crystals 
138 

18 
Comparison of Levasil CS50-28 and CS40-125 Colloidal Silicas to 

LUDOX TM-50 for the Purpose of Forming Shake-Gels 
148 

19 
Hydrodynamic modelling to optimise hydrogen production in a 

photoelectrochemical reactor 
158 

20 
Predicting the Competition of SO2 with CO2 in an MEA Capture Solvent 

using the SAFT-g Mie Equation of State 
168 

21 Tuning Fluid Models to Predict Sustainable Gasoline Substitutes Properties 178 

22 
A Computational Framework for Modelling Combined Drug Resistance 

Mechanisms in Bacterial Cells 
(*) 

23 
The Assessment of Readiness for Small-scale Carbon Capture & Storage 

Systems Applied on Diesel Fuel Power Generators in Remote Areas 
188 

24 PEG-based pH-responsive hydrogel for oral drug delivery (*) 

25 
Halide Perovskite Solar Cells for Photoelectrochemical Water-Splitting 

Devices 
(*) 

26 
Enhancing and Optimising TiO₂’s Photothermal Properties as a 

Semiconductor for Clean Water Production 
198 

27 
Applications of the Adversarial Robust Real-Time Optimization and 

Control Algorithm to Multi-Compressor Problems 
208 

28 
Speed of Sound for Normal Hydrogen at Temperatures of 198 K to 298 K 

and Pressures of 2 to 50 MPa 
216 



 vi 

paper Title page 

29 Analysis of Policies to Facilitate Heat Pump Deployment for Building 

Decarbonisation 
226 

30 
Selective Electrooxidation of Glycerol to Lactic Acid Using Platinum-

Based Multicomponent Catalysts 
236 

31 
Techno-Economic and Environmental Analysis of Liquid Direct Air 

Capture with Green and Grey Fuel Integration 
246 

32 
Life Cycle Impact Assessment on the Green Hydrogen Supply Chain: 

Patagonia – Rotterdam 
256 

33 
An experimentally validated numerical model of a hybrid spectral splitting 

concentrating photovoltaic-thermal collector 
266 

34 
Design and Comparison of Dual-Use Terminals for Cold Energy Recovery 

during Liquid Hydrogen Regasification 
276 

35 
Synthesis and testing of polymer membranes of intrinsic microporosity for 

use in water nanofiltration 
(*) 

36 

Addressing compositional constraints, data imbalance, and machine 

learning interpretability in the diagnosis of inflammatory bowel disease and 

colorectal cancer using glycans 

(*) 

37 
Characterisation of structural and kinetic properties of DETA-

functionalised polymeric resin adsorbents for direct air capture of CO2 
296 

38 
Computational Modelling of Blood Clot Lysis: The Effect of Clot 

Heterogeneity on Lytic Efficacy 
306 

39 Optimisation of Feed Conditions of Catalysed Inverse Vulcanisation with 

Rapeseed Oil and Waste Cooking Oil 
316 

40 
A Techno-Economic Analysis and Systematic Review of Hydrogen 

Storage and Transportation Technologies 
325 

41 
Protein-based RNA integrity assay-relationship between mRNA capping 

ratio and reporter fluorescence 
338 

42 DEC Production Reactor Design at Commercial Scale 348 

43 
The effect of bentonite content on the equilibrium and kinetic CO2 

adsorption properties of zeolite 13X shaped adsorbents 
357 



 vii 

paper Title page 

44 
Techno-Economic Assessment of Oxyfuel-Based Carbon Capture and 

Storage (CCS) in the Cement Industry 
367 

45 
Reinforcement Learning for Constrained Continuous Stirred-Tank Reactors 

Systems 
377 

46 
Assessing different methodologies for characterisation of carbon 

persistence in biochar 
384 

47 Energy System Modelling to Decarbonise Zambia’s Transport Sector 394 

48 Optimisation of Electrochemical Bleaching for Lignocellulosic Biomass 404 

49 Superhydrophobic Cotton and PU Sponge Modified by Silica 

Nanoparticles Coating with Octadecyltrimethoxysilane 
414 

50 
Screening the chemical space: An ML Approach to Predicting Synthesis 

Costs of Chemical Compounds 
423 

51 
Incorporating Manufacturing Uncertainty and Sustainability into Supply 

Chain Modelling for Autologous CAR-T Cell Therapy 
433 

52 An imaged-based workflow to characterise multi-scale porosity in rocks 443 

53 
Quantifying Cellular Burden Using RNA Aptamer-based Fluorescent 

Biosensors 
(*) 

54 Investigating Liquid-Side Mass Transfer in Wavy-Laminar Falling Films 453 

55 Evaluating future pathways for decarbonization in the UK’s Road Vehicles 

sector through agent-based modelling 
463 

56 
A Deep Deterministic Policy Gradient for Distributed Residential Energy 

Control 
473 

57 
Numerical Approximation of Multivariate Functions using Kolmogorov-

Arnold Representation Theorem 
483 

58 
Expanding the applicability of the SAFT-γ Mie group-contribution 

approach to model thermodynamic properties of pure acetonitrile 
493 



 viii 

paper Title page 

59 
Spontaneous Non-Planar Material Assembly via Frontal 

Photopolymerisation 
501 

60 Multi-fidelity Bayesian Optimisation for Solvent selection (*) 

61 
Optimisation of hard carbon-based cathodes for sodium-ion batteries 

through varying binder content 
511 

62 
A novel CoPx@C cocatalyst for enhanced selective visible light 

photocatalytic C-C coupling of methanol to ethylene glycol over CdS 
520 

63 Computational fluid dynamics modeling of Onyx liquid embolic system 530 

64 

Techno-Economic Analysis and Life Cycle Assessment of Sustainable 

Aviation Fuel: Comparing Direct Air Capture and Point-Source CO2 

Capture Technologies 

538 

65 
Process Flexibility Analysis of a Robotic Parallel Mini Bioreactor Platform 

for High-Throughput Bioprocess Development 
548 

66 
Optimal Control of PV-Battery Systems in Commercial Buildings Using 

Tabular Q-Learning 
558 

67 
ASPEN Integrated 1-Dimensional Non-Equilibrium Plasma Model for CO₂ 

Dissociation 
568 

68 
A Preliminary Investigation of Large Language Models (LLMs) as Process 

Operator Assistants 
577 

69 
Multi-Objective Real-Time Optimisation of Load Allocation for Gas-Oil 

Separation Facilities 
587 

70 
Optimisation of Translational Efficiency in a Pichia Pastoris Cell Free 

System 
597 

71 
Exploration of viscosity trends in ZIF-8–ionic liquid dispersions at varied 

mass loading for type III porous liquid development 
607 

72 Investigation of first-principles surrogate models for Protein crystallisation 617 

73 
Exploring the Growth and Fluorescent Protein Expression of Encapsulated 

Pichia with Varying Concentrations of Methanol 
627 



 ix 

paper Title page 

74 Effect of Agitation on Isothermal Paracetamol Crystal Regeneration 637 

 

(*) These papers have been removed by request of the authors and/or supervisors 

 

 

Author and Supervisor index at the end of the book. 

 

 

 

 



Electrodeposition of Manganese Dioxide from Lithium-ion Battery Leachate 

 

Yuan Xu, Zhenyu Xu 
Department of Chemical Engineering, Imperial College London, U.K. 

 

Abstract Nowadays, with lithium-ion batteries (LIBs) playing a crucial role in sustainable energy storage, the 

need for efficient recycling methods to address the scarcity of critical metals and mitigate environmental 

challenges is more demanding than ever. While traditional hydrometallurgy methods rely heavily on solvent 

extraction with highly toxic chemicals, techniques like electrodeposition offer a more sustainable alternative. LIBs 

contain valuable metals, including lithium (Li), nickel (Ni), manganese (Mn), and cobalt (Co), which are dissolved 

through acid leaching treatment. This research focuses on Mn as the valuable metal, with Mn-rich deposits 

prepared on both and within porous carbon paper substrate via electrodeposition in a three-electrode configuration. 

The electrochemical performance of the electrode materials was evaluated using software galvanostatic charge-

discharge (GCD) and cyclic voltammetry (CV), while characterization techniques such as scanning electron 

microscopy with energy dispersive X-ray spectroscopy (SEM-EDS) were implemented to confirm successful 

deposition and provide insights into surface chemistry. The objective of this research was to test the capability for 

direct application of the electrodeposited material, thereby demonstrating the potential of electrodeposition as a 

viable method for future battery recycling. Under optimized conditions of 0.1 M NMC-111 solution at pH 5 and 

an applied potential of 1.0 V vs Ag/AgCl, combined with acid pre-treatment of the carbon paper to enhance the 

surface morphology, the resulting C/MnO2 electrode achieved a high specific capacitance of approximately 300 

F/g and demonstrated stable performance over 100 charge-discharge cycles. These findings underline the 

effectiveness of electrodeposition for producing high-performance electrode materials and highlight its potential 

as a sustainable and scalable approach to LIB recycling. 

Key words: Electrodeposition, supercapacitor, MnO2, lithium-ion batteries 

Introduction: 

Nowadays, lithium-ion batteries (LIBs) have 
become integral to modern energy solutions, owing 
to their high energy density [1], high coulombic 
efficiencies, great cyclability and ideal working 
thermal range. In particular, LIBs are the state-of-art 
for applications in electric vehicles (EVs) and 
renewable energy storage systems. According to 
International Energy Agency’s (IEA) data [2], world 
LIB demand increased by about 65% in 2022 
compared to 2021, especially in China, battery 
demand for vehicles grew over 70%, while electric 
car sales increased by 80%. It is anticipated that by 
2030, renewables will contribute up to 80% of new 
power generation, with LIB playing a crucial role in 
sustainable energy storage. 

Currently, there are five commercially 
available LIBs cathode chemistries, which is LCO 
(LiCoO2), LMO (LiMn2O4), LFP (LiFePO4), NCA 
(LiNiCoAlO2) and NMC (LiNiMnCoO2) listed in 
chronological order of their commercialisation [3]. 
Among the five types of LIBs, NMC batteries are 
the most widely used, owing to their high volumetric 
energy density and stable cyclability [4][5]. 

However, the widespread use of LIBs has 
brought challenges including the scarcity of critical 
raw materials such as lithium (Li), nickel (Ni), 
manganese (Mn) and cobalt (Co), as well as the 
environmental impact of mining and battery waste.  

Previous research had indicated that LIB 
related waste will exceed 11 million tonnes from 
2017 to 2030 [6]. Therefore, recycling spent LIBs, 
particularly NMC cathodes, offers a sustainable  

 

 

 

solution for addressing these issues while reducing 
the requirement of critical metals. The current 
existing recycling approaches are mainly 
pyrometallurgy and hydrometallurgy method. Both 
pyrometallurgy and hydrometallurgy approaches 
require a series of pre-treatments, including 
discharging and disassembling the battery, 
shredding it into the so-called black mass, which 
contains the active cathode and anode material [7]. 
In the pyrometallurgy route, the black mass is 
directly exposed to high temperatures above 1000 ℃, resulting in the formation of a lithium-rich slag 
and an alloy composed of elements such as Ni and 
Co. Pyrometallurgy has the advantages of burning 
off the hazardous compounds (electrolyte), being a 
mature process and scalable for industrial 
applications [8]. However, large input of energy is 
required, and large quality of toxic gases will be 
produced, resulting in extensive scrubbing afterward 
to prevent them from polluting the environment [9]. 
In traditional hydrometallurgy methods, the black 
mass undergoes a leaching process, where it is 
treated with acids to dissolve the valuable metals, 
such as Co, Mn and Ni. Those Metals are then be 
separated via one of the three processes: 
precipitation, solvent extraction or selective 
adsorption [10]. Among those three processes, 
solvent extraction is most widely used. This method 
offers advantages such as higher recovery purity of 
active materials and lower energy consumption [11]. 
However, the utilization of highly toxic organic 
solvents [12] and low selectivity of separating 
metals with similar chemical properties limit its 
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application. The electrodeposition method utilises 
electric current to oxidise/reduce dissolved metal 
cations, enabling the formation of a coherent 
metal/metal oxide coating on an electrode [13]. 
Ideally by controlling the operation potential, 
electrodeposition can extract any target chemicals 
from the leaching solutions, by allowing them to be 
deposited on a suitable substrate. Recently, Liu et al. 
demonstrated that with optimised conditions, 
electrodeposition could achieve MnO2 of 99.52 % 
purity at the anode and a Ni-Co alloy of 99.80 % 
purity at the cathode, both of which are market ready 
[14]. This indicates that research needs to be put in 
to discover the full potential of electrodeposition. 

Supercapacitors are electrochemical energy 
storage devices which store energy either via static 
adsorption or redox reaction. They exhibit unique 
features of high-power density, fast 
charging/discharging rates, long lifespan and safe 
operation [14]. Among various electrode materials, 
manganese dioxide (MnO2) is a promising 
supercapacitor electrode material due to its ultra-
high theoretical capacitance (1370 F/g) [16]. 
Notably, the potential use of MnO2 obtained by 
electrodeposition as a high-performance 
supercapacitor material highlights the strengths of 
the process, offering a sustainable and scalable 
method for material recovery. Zhang et al. 
demonstrated that electrodeposited MnO2 exhibits 
high specific capacitance (469 F/g at 1 A/g) and 
excellent cycling stability, with a retention rate of 
83.9% after 2500 cycles [17]. According to Kang et 
al., a MnO2/nanoporous gold/MnO2 sandwich 

electrode can achieve high specific capacitance of 
841 F/g at the scan rate of 5 mV/s [18]. This study 
focuses on the recovery of MnO2 from a simulated 
leachate of waste LIBs, using a system designed to 
model NMC 111 composition, containing 0.1 M of 
NiSO4, MnSO4, and CoSO4 along with 0.25 M 
Na2SO4, via electrodeposition. By optimizing 
electrodeposition conditions, including adjusting the 
solution pH and pre-treating the carbon paper 
substrate, the aim is to enhance the quality and 
electrochemical performance of MnO2 for 
supercapacitor applications. This work contributes 
to sustainable recycling practices while showcasing 
the potential of MnO2 as a high-performance energy 
storage material, paving the way for advancements 
in green energy solutions. 

Background: 

The previous work by Puru Goel (2023/2024 
MSc student) and Dr. Xiaochu Wei (PDRA) focused 
on understanding the electrodeposition process and 
investigating the effects of pH and applied electrode 
potential on the purity of electrodeposited MnO2 
[19]. Their findings, supported by the Pourbaix 
diagrams of Ni, Co, and Mn (Figures 1a–1c), 
revealed the potential for undesired oxidation 
products apart from MnO2 to form during the 
process. The relationship between SHE and 
Ag/AgCl can be expressed by the following 
equation: 𝐸𝑆𝐻𝐸/𝑉 = 𝐸𝐴𝑔 𝐴𝑔𝐶𝑙⁄ + 0.205 (1) 

Within the range of pH from 3~7, the 

Figure 1. (a), (b), (c) Pourbaix Diagram of nickel-water, cobalt-water and manganese-water solutions. (d) Cyclic 
voltammetry Diagram for solution made by NiSO4, MnSO4 and CoSO4, all fixed at 0.01 M, using 0.25 M Li2SO4 as 
electrolyte [19]. 
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formation of undesirable oxidation products, such as 
nickel oxide hydroxide (NiOOH) and cobalt (II, III) 
oxide (Co3O4), were expected. These impurities are 
detrimental to the electrode material quality and 
negatively impact its electrochemical performance. 
Therefore, pH 3–6 was identified as the optimal 
range for the electrodeposition process. 

The CV scan of the NMC-111 solution (Figure 
1d) illustrated the electrochemical activity during 
electrodeposition. To produce high-purity MnO2 and 
limit side reactions involving Ni and Co, the applied 
potential should remain below ± 1.3 V versus 
Ag/AgCl. These parameters provide a foundation 
for optimizing the electrodeposition process and 
improving the performance of MnO2-carbon paper 
electrode materials. 

Methodology  

Materials 

Sodium sulfate anhydrous (99%), nickel (II) 
sulfate hexahydrate (98%), cobalt (II) sulfate 
heptahydrate (98%), manganese (II) sulfate 
monohydrate (99%), sodium hydroxide (97%), 
nitric acid (68%) and 2×3 cm carbon paper. 

Electrodeposition 

 
 

 

The electrodeposition test was conducted in a 
100 mL beaker, which contained 75 mL of NMC-
111 solution with a three-electrode setup as shown 
in Figure 2. The working electrode is pre-heated 
carbon paper that has been heated to 300 °C for 24 
hours and cut into 2D rectangular shape. The 
electronic connection to the carbon paper was done 
using an adhesive copper tape, and the connection 
part was sealed with waterproof tape to ensure the 
copper did not react with the solution, which would 
cause localised corrosion. The main purpose of the 
heat treatment is to remove impurities from the 

carbon paper and to change its surface structure by 
creating more pores to increase the surface area, 
which is critical in improving the performance of the 
electrodeposition process [20]. The exact deposition 
area cannot be determined directly due to the porous 
morphology of the carbon paper, so the geometric 
surface area of the carbon paper (3 cm2) was used 
instead. Ag/AgCl was used as the reference 
electrode, and all applied potentials mentioned in the 
later sections are referenced against Ag/AgCl. 
Platinum was used as the counter electrode. The Pt 
electrode needs to be polished with abrasive silicon 
carbide before every experiment to remove all the 
impurities on its surface. It subsequently needs to be 
bathed in 1M sulfuric acid for 12 hours to remove 
any impurities from its surface. The stirring of the 
solution during electrodeposition was set to 200 
RPM for maintaining the pH uniformity in the 
solution and improving mass transport. 

The potentiostat was used to provide different 
potential for every test, which was controlled by 
using the software NOVA. The cut-off charge was 
set at 20 C. The mass of MnO2 deposited was 
estimated by using Equation 2, where Q is the total 
charge supplied, F is the Faraday’s constant which 
is 96485 C/mol and assuming all consumed charge 
were used for Mn2+/MnO2 transition: 𝑚𝑀𝑛𝑂2 = 𝑄2 × 𝐹 × 𝑀𝑀𝑛𝑂2  (2) 

Galvanostatic charge-discharge 

The setup for the galvanostatic charge-
discharge (GCD) tests was the same as the 
configuration used in the electrodeposition 
experiments, ensuring consistency in experimental 
methodology. The working electrode was carbon 
paper with coated electrodeposited MnO2. To 
remove any impurities, the electrodeposited carbon 
paper was immersed into the deionized (DI) water 
for 12 hours, followed by 8 hours oven-dried process 
at 80℃ before the GCD testing. 1M sodium sulfate 
(Na2SO4) was selected as the electrolyte to facilitate 
ion transport during the GCD testing process. 

The potentiostat was switched to supply current 
this time. The cut-off potential was set at 0.8V which 
is the typical value for electrochemical analysis [21]. 

The specific capacitance of the 
electrodeposited carbon paper was calculated by 
using Equation 3: 𝐶𝑠𝑝 = 𝑖 ∆𝑡∆𝑉 (3) 

where i is the current density, which is capped at 1 
A/g throughout the experiment, ∆   is the 
discharging time and ∆V is the potential difference. 

Pre-treatment of carbon paper 

The acidic and basic treatments are capable of 
changing the surface morphology of carbon paper. 
Both acid and basic treatments will modify the 
surface of carbon paper, resulting in more pores and 

Figure 2. Electrodeposition and GCD test 
experimental lay-out. 
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increased surface area. 
In the acid treatment process, the pre-heated 

carbon paper was immersed in 65% nitric acid for 
2.5 hours to allow sufficient time for the acid to react 
with the carbon paper, leading to partial corrosion 
that increases surface porosity and creates more 
active sites for electrodeposition. Following acid 
treatment, the carbon paper was completely rinsed 
and soaked in DI water to remove residual acid. 
Finally, the carbon paper was dried in the oven for 8 
hours, preparing for further experiments. 

Similarly, the basic treatment followed the 
exact same procedures of the acid treatment, with 
the only difference being submerging the carbon 
paper in 2.5M sodium hydroxide solution instead of 
65% nitric acid. 

Results and Discussion 

The result presented signifies the importance of 
optimised electrodeposition conditions for MnO2 
recovery. By systematically exploring the effects of 
pH, potential and substrate pre-treatment, we 
demonstrate the conditions under which optimal 
material properties and stable supercapacitor 
performance can be obtained. 

Varying pH and potential: 

 
 

 

Figure 3 demonstrates the current trend during 
the electrodeposition process at different potentials. 
As expected, the current generally increases with 
potential. The 0.9V sample exhibited the lowest 
current throughout the process, consistently below 
10 mA throughout the process. This observation is 
supported by the Pourbaix diagram of Mn (Figure 
1c), which indicates that 0.9V vs Ag/AgCl is barely 
sufficient for Mn2+/MnO2 transition. In combination, 
these observations suggest slow reaction kinetics 
and an insufficient amount of MnO2 formation. The 
currents of the 1.0V and 1.1V samples were 
relatively close, as these potentials were sufficient to 
enable Mn2+ oxidation to MnO2 while minimizing 
undesired side reactions, as shown in Figure 1. In 
contrast, the 1.2V sample illustrates a significantly 

higher current, suggesting the occurrence of 
undesired side reactions, such as MnO2 oxidation to 
MnO4

-, as this potential is sufficient to activate the 
reaction. These side reactions possibly reduced the 
purity and performance of the deposited material. 
Consequently, 1.0V and 1.1V were identified as the 
optimal potentials, balancing efficient MnO2 
deposition with minimal side reactions, thereby 
ensuring stable and high-quality electrode materials 
for supercapacitor applications. 

 
 

 

 

 

Figure 4 illustrates the specific capacitance of 
the electrodeposited samples at different potentials 
over 50 charge-discharge cycles. All samples 
exhibited supercapacitor properties with relatively 
stable capacitance, indicating good cyclability. The 
0.9V sample shows the lowest specific capacitance, 
consistent with the earlier observations of lowest 
electrodeposition current, verified insufficient 
MnO2 formation during electrodeposition. In 
contrast, the 1.0V and 1.1V samples achieve 
significantly higher specific capacitance, proved 
that these potentials are optimal for MnO2 
deposition with minimal side reactions. The specific 
capacitance of the 1.2V sample is about 275 F/g, 
while higher than 0.9V (180 F/g), is notably lower 
than those of 1.0V and 1.1V, likely due to side 
reactions at this higher potential which suppress 
MnO2 formation.  

Among four tested samples, the 1.0V sample 
exhibited the highest specific capacitance, reaching 
approximately 400 F/g, which is competitive 
compared to values reported in the literature [22]. 
This result highlights 1.0V as the optimised potential 
for achieving high-performance supercapacitor 
materials. Furthermore, the stable capacitance 
observed across all samples over 50 cycles 
underlined the promising cyclability of the 
electrodeposited MnO2, solidifying its potential as a 
candidate for energy storage applications. 

Figure 3. Electrodeposition current profiles at pH 
5 under different applied potentials on carbon paper. 

Figure 4. Specific capacitance of electro-deposited 
carbon paper under different applied potentials over 50 
cycles of charge-discharge. 
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Table 1 summarised the mass percentages of 
the key metal elements on the electrodeposited 
carbon paper. Mn is the dominant species under both 
1.0V and 1.1V conditions, accounting for over 80 % 
of the total metal deposited in both samples. 
However, the 1.1V sample showed significantly 
higher percentages of Ni and Co at 5.99 % and 11.51 % 
respectively, compared to 0.48% and 5.82% in the 
1.0V sample. This observation indicates that the 
higher applied potential promotes side reactions 
involving Ni and Co. Therefore, the lower specific 
capacitance of the 1.1V sample is due to its lower 
Mn composition, and higher levels of undesired 
products. 

Figure 5 displays SEM images of the blank (no 
electrodeposition), 1.0V, and 1.1V electrodeposited 
samples. The blank sample exhibits a smooth and 
uniform carbon fibre surface, while the 1.0V and 
1.1V samples show visible cracks and deposits on 
the surface, indicating electrodeposition had altered 
the surface morphology of the carbon paper. 
Although the 1.1V sample exhibited more 
pronounced deposits, previous EDS analysis reveals 
it contains higher proportions of impurities (Ni and 
Co) and lower Mn content compared to the 1.0V 
sample, meaning the deposits observed are more 
associated with these impurities rather than the 
desired MnO2. In summary, the SEM-EDS data 
supports the conclusion that 1.0V is the optimal 
potential for achieving high-purity MnO2 deposition 
and superior supercapacitor performance. 
 

 

 

 

 
  

 

 

After determining the optimal potential for 
electrodeposition, the effect of pH on the 
electrodeposition process and the resultant 
supercapacitor performance was evaluated. As 
shown in Figure 6, the electrodeposition currents for 
the pH 5 and pH 3 samples at 1.0V were similar, 
with negligible differences in the time required to 
reach the target charge. This indicated that 
monitoring the current profile alone during 
electrodeposition is insufficient to predict the 
performance of the resultant electrode materials as 
supercapacitors. Therefore, further electrochemical 
analysis, such as charge-discharge behaviour of the 
electrodeposited carbon paper, is necessary to 
comprehensively assess the influence of pH on the 
material’s performance. 

 

Figure 5. SEM images of carbon paper at x700 magnification: (a) Blank (no electrodeposition) (b) Electrodeposited 
at 1.0V (c) Electrodeposited at 1.1V.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

Table 1. SEM-EDS analysis of composition of electro-deposited metals on carbon paper at different potentials. 

Figure 6. Electrodeposition current profile of the 
carbon paper under 1.0V applied potential at different 
pH. 
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As shown in Figure 7, the GCD curves at the 
10th cycle were selected for both pH 5 1.0V and pH 
3 1.0V samples. This selection is based on the 
specific capacitance data demonstrated in Figure 4, 
which indicated that approximately 10 cycles were 
required for the capacitive behaviour of the 
electrodeposited carbon paper to stabilize. The GCD 
curves of both samples display isosceles triangular 
shapes, indicating excellent reversibility, 
characteristics of capacitive behaviour [17]. The 
substantially longer charge-discharge duration 
observed for the pH 5 1.0V sample indicates a 
notably higher charge storage capacity compared to 
the pH 3 1.0V sample. This superior performance 
under slightly acidic conditions (pH 5) signifies the 
necessity of enhanced electrodeposition process, 
which likely promotes the formation of MnO2 with 
improved electrochemical properties.

 
 

 

 

To conclude, the supercapacitor performance of 
the electrodeposited samples under pH 3 1.0V and 
pH 5 1.0V conditions was compared, as shown in 
Figure 8. The results clearly demonstrated that the 
condition of pH 5, yielded a significantly higher 
specific capacitance compared to what obtained 
from the pH 3 environment. This indicates that pH 5 
environment is more favourable for the formation of 
MnO2 during the electrodeposition process, likely 
due to the suppression of undesired side reactions 

and the enhanced quality of the deposited material. 
Although the pH 3 sample exhibited stable 

cyclability over 50 charge-discharge cycles, its 40 % 
lower specific capacitance compared to the pH 5 
sample limits its applicability in further analysis. 
The findings reinforced the importance of 
optimizing pH conditions to achieve enhanced 
material properties and electrochemical 
performance, enabling the practical application of 
MnO2- carbon paper electrodes in supercapacitors. 
 

Acidic/Basic pre-treatment 

From the tests above, the performance under 
the conditions of pH 5 and 1.0 V was determined to 
be optimal. Therefore, the subsequent experiments 
were conducted under these optimized conditions to 
investigate the effects of different pre-treatment 
methods. The objective is to find the pre-treatment 
that yields electrode materials with the best 
supercapacitor performance. 

Additionally, the area of the carbon paper 
substrate and the cut-off charge were halved to 10 C, 
compared to the previous tests on pH and potential. 
This adjustment was made to minimize side 
reactions mentioned in background and to ensure 
that the working electrode and counter electrode 
areas are comparable, which is crucial for obtaining 
reliable and consistent electrochemical testing 
results. However, the halved charge was expected to 
drastically reduce the total amount of deposited 
metal, including MnO2, which would likely result in 
a lower specific capacitance.  

 
 

 

 

Figure 9 demonstrates the electrodeposition 
current profiles of the blank (no pre-treatment) 
carbon paper sample and acid/basic pre-treated 
carbon paper samples. From the figure, it’s evident 
that both acidic- and basic- treated samples 
exhibited significantly higher current compared to 
the untreated sample throughout the deposition 
process. This suggests that the pre-treatment process 
enhances electrodeposition kinetics. A possible 
explanation for this phenomenon is that acidic and 
basic treatments modify the surface properties of the 

Figure 7. GCD curves compare the charge-discharge 
performance of the electro-deposited carbon paper under 
1.0V at pH3 and pH5 (10th Cycle). 

Figure 8. Specific capacitance of electro-
deposited carbon paper under different pH over 50 
cycles of charge-discharge. 

Figure 9. Electrodeposition current profile of the 
carbon paper under different pre-treatments, where 
Blank means no pre-treatment. 
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carbon paper. The pre-treatment likely increases 
surface roughness, thereby introducing more active 
sites for MnO2 nucleation and growth during the 
electrodeposition. These additional active sites 
facilitate improved charge transfer, leading to higher 
current measured. In contrast, blank carbon paper is 
likely to have fewer active sites and a smoother 
surface. This results in lower reaction kinetics and 
reduces current throughout the process. Although 
the deposited mass of MnO2 is constrained by the 
charge limit at 10 C, quality and distribution of the 
MnO2 layer formed could vary. Acidic and basic pre-
treatment could promote the formation of a more 
uniform and adherent MnO2 layer, which is crucial 
for the electrochemical performance of the material 
as a supercapacitor. These improvements may 
ultimately enhance the capacitance and stability of 
the electrode. 

 
 

 

 

As shown in Figure 11, all three 
electrodeposited carbon paper exhibited stable 
performance, with the acidic-treated sample 
achieving the highest specific capacitance (~300 
F/g), followed by the basic-treated and blank 
samples. The enhanced performance of both acidic- 
and basic-treated samples than the blank one is 
attributed to increased porosity, resulting from the 
chemical interaction between the treatment solutions 
and the carbon paper substrate. This interaction 
creates more pores and voids in the carbon paper, 
providing additional active sites for MnO2 
deposition and enhancing interaction with the 
electrolyte during the GCD testing. This higher 
porosity also explains the approximately 20-cycle 
stabilization period observed for both the acidic- and 
basic-treated samples, as the abundance of active 
sites and pore space required more time for 
electrochemical behaviours to stabilise. Due to its 
stronger corrosive effect, acidic treatment generates 
greater porosity than basic treatment, which 
translates into improved capacitive performance. 
Additionally, acidic treatment introduces more 
oxygen-containing functional groups (e.g. carbonyl 
groups) onto the carbon paper surface, enhancing 
surface polarity and hydrophilicity. These properties 
in combination contribute to the improved 
electrochemical performance and energy storage 
capacity of the acid-treated carbon paper. [23] 

Figure 10. SEM images electrodeposited carbon paper under different pre-treatments: (a) Acidic treatment (b) Basic 
treatment. 

Figure 11. Specific capacitance of electro-
deposited carbon paper with different pre-
treatments over 100 cycles of charge-discharge. 

Table 2. SEM-EDS analysis of composition of electro-deposited metals on carbon paper with different pre-
treatment methods. 
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Figure 12 compares the CV profiles of the three 
samples at a scan rate of 10 mV/s. It’s evident that 
the three samples all displayed quasi-rectangular 
shape curves, which is a typical feature of capacitive 
behaviours, confirming the abilities of the electro-
deposited carbon paper as supercapacitor materials 
[18]. The difference in current density can be 
attributed to surface modifications introduced by 
acidic and basic treatment, which is consistent with 
the hypothesis that pre-treatment improves 
material’s electrochemical performance. Among the 
three samples, the acidic-treated sample has the 
highest current density, followed by the basic and 
the blank sample. The improved current density for 
acidic treatment indicates higher charge storage 
capacity, which correlates with GCD data where 
acidic treatment carbon paper had the most specific 
capacitance. 

The SEM-EDS results shown in Table 2 
confirm that the acidic pre-treatment of carbon paper 
is the optimal pre-treatment method for 
electrodeposition. Specifically, the acidic pre-
treated carbon paper achieved the highest Mn 
deposition, with manganese making up 90.08% of 
the total deposited metal content. In contrast, the 
basic pre-treatment resulted in significantly lower 
Mn deposition of 77.50% and higher proportions of 
undesired metals: Ni and Co. Furthermore, the SEM 
images in Figure 10a-10b revealed no visible 
morphological differences apart from the more 
visible deposits on the basic-treated sample, which 
are consistent with earlier findings on the presence 
of higher impurity levels (e.g., Ni and Co), Similar 
to the comparison between 1.0V and 1.1V sample, 
this confirms the visible deposits are more related to 
impurities rather than desired MnO2. This highlights 
the limitations of SEM in distinguishing structural 
or chemical differences. 

These findings underline the importance of 
substrate pre-treatment in optimizing the 
electrodeposition process to maximize MnO2 purity 
and enhance the electrochemical performance of the 
resulting materials. 

Conclusion and Outlook 

This study demonstrates that the optimal 
conditions for electrodeposition to achieve stable 
and high-performance supercapacitor electrodes 
involve pH 5 and a deposition potential of 1.0 V 
versus Ag/AgCl. Additionally, pre-treating the 
carbon paper substrate with acid significantly 
enhances the quality of the deposited material. 
Under these conditions, the resultant electrode 
material exhibited a high specific capacitance of 
approximately 300 F/g and maintained stable 
performance over 100 charge-discharge cycles. 
Characterization techniques such as SEM and EDS 
confirmed the uniformity and purity of the deposited 
MnO2 layer, emphasizing the importance of 
deposition conditions in controlling material 
properties. The observed high capacitance and 
stability demonstrate the potential of MnO2 
recovered from NMC 111 solutions for use in 
supercapacitors. 

However, it is important to acknowledge that 
SEM-EDS alone cannot fully explain the surface 
chemistry and structural details of the 
electrodeposited material. EDS, although effective 
for elemental composition determination, cannot 
provide detailed information about chemical 
bonding or functional groups. Future works should 
utilize advanced characterization techniques such as 
Brunauer-Emmett-Teller (BET) analysis to assess 
the specific surface area, X-ray photoelectron 
spectroscopy (XPS) to investigate surface chemistry, 
and electrochemical impedance test (EIS) to 
evaluate charge transfer properties. These 
techniques will provide deeper insights into the 
interface chemistry and electrochemical behavior of 
the electrodeposited materials, setting the stage for 
their further advancements in energy storage 
applications. 
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Figure 12. Cyclic Voltammograms of electro-
deposited carbon papers with different pre-treatments 
at a scan rate of 10 mV/s. 
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Abstract  

Sulfur-doped carbons oxygen reduction electrocatalysts with different sulphur contents have been synthesized by 

high temperature pyrolysis of a sulfur-containing cross-linked precursor in the presence of MgCl2.6H2O. The 

cross-linked reactant was synthesised by pyrolysis at high temperature of a cross-linked precursor consisting of 

hexaketocyclohexane octahydrate and elemental sulphur (Hexasulfur). And the carbon materials were 

characterized by X-ray diffraction (XRD) and N2 physisorption. The electrocatalytic activity for the oxygen 

reduction reaction (ORR) was then assessed in a rotating ring disk electrode (RRDE) setup via cyclic voltammetry 

(CV) in alkaline electrolyte and compare to a reference material by Mg-meidiated pyrolysis of 

hexaketocyclohexane. Notably, the reference material, which is presumed to contain oxygen functional groups, 

exhibited the highest performance (with a kinetic mass activity of  -1.27 Ag-1). However, this synthesis approach 

leads the way to synthesize sulfur coordinated metallic single sites that mimic the active sites of enzymes such as 

nitrogenase 22. 

 

1. Introduction 

The electrocatalytic oxygen reduction reaction 

(OOR) is a significant process in sustainable 

electrochemical energy conversion technologies 

including fuel cells and metal air batteries, where O2 

is reduced to either H2O2  via the transfer of 2 

protons or H2O via the transfer of 4 protons 1,2,3 .  

However, the application of those techniques still 

significantly hampered by several factors including 

the high cost, unsatisfactory long-term durability 

related to the utilisation of highly active but costly 

Pt based electrocatalysis4,5. Under such conditions, 

great efforts have been made in recent decades to 

investigate the low-cost and abundant non-noble 

metal based electrocatalyst that could decrease the 

use of Pt-based electrocatalyst6. Earliest 

investigations concentrated on improving the ORR 

performance by reducing the particle size of Pt while 

lowering the cost. However, the inefficiency of the 

Pt nanoparticles for its tendency to detach from the 

carbon support and aggregate to large nanoparticles 

resulting in poor durability for a long term7,8,9.  

Therefore, the demand  for highly efficient, 

inexpensive, stable non-metal based electrocatalyst 

is increased and has gain significant attention in 

material science research10.  

Carbon-based materials have been extensively 

studied due to their high specific surface area and the 

electronic conductivity, and the presence of pores 

and channels that create an efficient solid–liquid–

gas phase region11. It offers tuneability through 

doping with heteroatoms, which induces charge 

redistribution and generates active sites, while 

enabling the coordination of metals to the lone 

electron pairs of the heteroatoms12. This structure 

enhances effective mass transfer of O₂ and 

electrolyte, thereby could further improving the 

performance of the oxygen reduction reaction (ORR) 

process11. Studies showed that the catalytic 

performance of the carbon-based material is affected 

by two primary factors, the intrinsic activity of a 

single active site and the density of active sites11. 

The method of introducing heteroatom into carbon 

materials was to improve the intrinsic activity since 

doping induced atom density could increase the rate 

of O2 adsorption and better facilitating ORR. N-

doping, has been widely investigated as an efficient 

approach to enhance the activity of carbon for ORR 

since N creates a positive charge on the 

neighbouring carbon atoms (C+) due to nitrogen's 

higher electronegativity (electronegativity of 

nitrogen: 3.04) compared to carbon's 

electronegativity (electronegativity of carbon: 2.55) 

enhancing the oxygen adsorption rate and then 

decrease the bond strength of the O-O11,13,14. 

Similarly, other heteroatoms with lower 

electronegativity comparing with nitrogen such as B 

(electronegativity of boron: 2.04), and P 

(electronegativity of phosphorus: 2.19) boosting the 

O2 adsorption rate by creating the positive atoms of 

P+ and B+.11,15,16  Sulfur, however, has a similar 

electronegativity to carbon (2.58 vs 2.55 

respectively), however  spin density can  contribute 

to the catalytic efficiency therefore, sulphur-doped 
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carbon display a different catalytic mechanism to 

other heteroatom-doped carbons (i.e. N, P, B)11, 

17,18,19. 

Additionally, Introducing heteroatoms enables 

their lone electron pairs to coordinate with metallic 

atoms (such as Fe), creating active sites that are 

effective for the oxygen reduction reaction.20 This 

interaction is similar to the mechanisms found in 

natural enzymes, where metal centres coordinate 

with surrounding heteroatoms to facilitate catalytic 

processes.21 These biologically inspired active sites 

enhance the material’s ability to drive the oxygen 

reduction reaction efficiently, mimicking the 

functionality of enzymatic systems in nature22. As a 

result, carbon materials dopped with O (oxygen), N 

(nitrogen), S (sulphur), P (phosphorus), B (boron) 

have attracted widespread attention as ORR 

catalysts.  In particular, Fe single sites coordinated 

to nitrogen doped-carbon materials showed the most 

promising alternative to platinum-group-metal 

catalysts23. 

Above those heteroatoms, nitrogen by far was 

most investigated and other heteroatoms are 

relatively rare reported. Recently, S-doped based 

material was investigated for its interests for battery 

applications given that sulphur is an 

electrochemically active element capable of 

reversible reactions with lithium (Li) or sodium 

(Na)24 , Previous  studies employing diverse 

synthetic approaches have explored sulfur-doped 

carbon-based materials for enhancing ORR activity. 

For instance, sulfur-doped carbon spheres have been 

synthesized through an in-situ doping strategy 

combined with a solvothermal method, using 

sucrose as the carbon source and benzyl disulfide as 

the sulfur source.25 While variations in sulfur 

content were found to influence performance, the 

overall enhancement in ORR activity remains 

moderate, and the material does not perform 

particularly well. 25,26  

Although there is growing interest in 

heteroatom-doped carbon-based materials for 

catalytic applications, the potential of sulfur-doped 

carbon materials to enhance oxygen reduction 

reaction (ORR) performance remains largely 

underexplored. Besides, to date, the catalytic 

activity of sulfur-doped carbons remains relatively 

low, and the coordination of single active sites 

within fully sulfur-doped carbons has yet to be 

demonstrated 27. Therefore, In this study, we present 

a sulfur doping method for synthesizing sulfur-

doped carbon based catalyst materials for ORR 

reaction by using MgCl₂ to induce porosity, enabling 

efficient exposure of active sites and thereby 

achieving enhanced catalytic activity in facilitating 

the ORR process. 

 

 

 

2. Background 

Previous studies have extensively explored the 

development of sulfur-doped carbon-based 

electrocatalysts for the oxygen reduction reaction 

(ORR). These efforts utilized various sulfur sources, 

such as thiourea and L-glutathione, and 

demonstrated that the sulfur content in the final 

material is influenced by the sulfur precursor used. 

For example, Pajewska-Szmyt et al. showed that 

higher sulfur content in the precursor leads to 

increased sulfur incorporation into the doping 

material 28,29. Similarly, approaches utilizing sucrose 

and benzyl disulfide as reagents have shown some 

promise but still fall short in catalytic efficiency, 

highlighting the need for further improvements11. 

Building on this foundation, we drew inspiration 

from the field of nitrogen-doped carbon materials, 

where synthesis methods have been developed and 

evaluated to maximize efficiency. Barrio et al30, 

synthesised an eutectic cross-linked precursor 

employing hexaketocyclohexane, as carbon 

backbones and urea as nitrogen source, which was 

subsequently pyrolized at high temperature in the 

presence of lewis acid metal salts such as ZnCl2 or 

MgCl2. Additionally, Fechler et al30 , screened 

different organic building blocks such as 1,2-

benzoquinone or 2,5-dihydroxy,1,4-benzoquinone, 

Scheme 1: Reaction scheme of making sulfur based carbon materials. 
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and observed that hexaketocyclohexane, owing to 

the formation of a deep eutectic liquid mixture, 

yielded the carbon material with the highest nitrogen 

content, reaching 28 wt%, demonstrating its 

potential as precursor for functional nitrogen-doped 

materials.30 Inspired by the success of nitrogen-

doped systems, we combined this approach with the 

utilization of elemental hexasulfur, which has been 

proven to allow the complete inclusion of sulfur 

moieties in polymers via nucleophilic, or 

electrophilic catalysis29-31. In our work, 

hexaketocyclohexane was selected as the carbon 

backbone, and hexasulfur was employed as the 

sulfur source (Scheme 1) and a cross-linked polymer 

was synthesized by solid-state reaction at mild 

temperatures (120 °). The cross-linked precursor 

was then pyrolyzed at 900°C in the presence of 

MgCl₂·6H₂O, a well-known porogen that enhances 

porosity by creating high surface area and tubular 

channels in the resulting materials 31. 

 

 

 

3. Methods 

 

Material synthesis 

Suphur-doped carbon materials were synthesized by 

pyrolysis at high temperature of a cross-linked 

precursor consisting of hexaketocyclohexane 

octahydrate (HSH, 97% Sigma Aldrich) and 

elemental sulphur (Hexasulfur). The mass of the 

HSH (963 mg, 3 mmol) were mixed with (96.18 mg, 

3 mmol), (480 mg, 15 mmol), (48.1 mg, 1.5 mmol), 

(288.54 mg, 9 mmol) of elemental sulphur with a 

pestle and a mortar respectively until the 

homogeneous powder was obtained. The powder 

mixture was placed in a vial, and a homogeneous 

dark black cross-linked complex was obtained by 

heating the vial (HSH-S) at 120 °C in a silicone bath, 

the crosslinked precursors were labelled as HSXY, 

where X and Y correspond to the molar ratio 

between HSH and S used.  

The cross-linked complex then was ground to fine 

powder, with magnesium chloride hexahydrate (99% 

Sigma Aldrich) in a weight ratio of 1:8, and 

pyrolyzed in a ceramic crucible (filled 1/3 rd with 

material) at 900 °C for one hour under N2 

atmosphere (300 mL min-1) with 5 °C min-1 heating 

rate. A reference material without sulphur was 

prepared by pyrolyzing HSH in the same conditions 

as a reference. The materials were grounded to fine 

powder and washed with 2M HCl (prepared by 

dilution of fuming 37% HCl, Merck) and was left 

overnight to further remove the MgCl2 and MgO 

species. The powder was filtrated and washed with 

distilled water, dried at 80 °C under vacuum and 

labelled as HSXY900. 

XRD patters were recorded with a powder X-ray 

diffractometer (PANanalytical X’PERT PRO).  The 

BET surface area of HS13900 and HS15900 was 

determined from the adsorption isotherm in the 

relative pressure range of <0.03, with the optimal 

region for linear fitting identified using the 

Rouquerol method in 3 Flex software (version 

5.02.2). The pore size distribution was calculated 

from the adsorption isotherm using the 

heterogeneous surface 2D-NLFDT method in 

SAIEUS software (version 3.06) 32. XRD patterns 

were recorded with a powder X-ray diffractometer 

(PANanalytical X’PERT PRO). 

 

 

Electrochemical measurements 

 

Different ratio of the samples (4 mg) were prepared 

and dispersed in the mixture of isopropynal 

respectively (480 ul, ≥99.5% Honeywell, Fisher 

Scientific), Nafion (40 μL,5 wt%), and deionized 

water (480 μL), and was sonicated for 30 minutes at 

30 °C,  Electrochemical oxygen reduction tests were 

conducted using an AUTOLAB PGSTAT302N in a 

1 M KOH (Suprapur, Merck) electrolyte saturated 

with either N₂ (≥99.99998% BIP Plus, Air Products) 

or O₂ (≥99.9998% Ultrapure Plus, Air Products). 

The experiments were performed in a 

compartmentalized glass cell with a three-electrode 

setup, employing a saturated Ag/AgCl (3 M KCl) 

electrode as the reference and a glassy carbon rod as 

the counter electrode. iR correction was applied after 

electrochemical measurements by determining the 

solution's Ohmic resistance (R = 23 Ω) from the 

intercept of the imaginary impedance axis in the 

Nyquist plot. This was done without fitting the data 

to an equivalent circuit, using electrochemical 

impedance spectroscopy in the frequency range of 

10⁻⁵ to 10 Hz at open circuit potential. A 5 mm 

glassy carbon RRDE (Metrohm) was polished with 

a micropolish cloth and 0.05 μm alumina suspension 

(Buehler). The  sample were drop-casted on to a 
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freshly polished RRDE; The resulting catalyst 

sample was dried at 500 rpm for 5 min under a 

hairdryer. Cyclic voltammograms were recorded 

after purging the electrolyte for at least 10 minutes. 

Measurements were conducted at a scan rate of 50 

mV s⁻¹ at 0 rpm for N₂-saturated conditions) and at 

10 mV s⁻¹ at 1600 rpm for both O₂- and N₂-saturated 

conditions. Pseudo capacitance was corrected by 

subtracting the N₂-saturated measurements at 1600 

rpm from the O₂-saturated results. For the best-

performing material, this correction was observed in 

the cathodic scans of the cyclic voltammograms 

under O₂-saturated conditions at 1600 rpm 32. 

 

 

Results and Discussion 

 

In this work, we select hexasulfur as nucleophile, 

attacking and reducing C=O bond forming linkage 

between Sulfur and Carbon, hexaketocyclohexane 

(HSH) serve as carbon building block for S doped 

material. X-ray diffraction (XRD) analysis was 

performed on the HS precursors as well as on the 

products after pyrolysis (Figure 1), After pyrolysis 

at 900°C, the materials exhibited a highly morphous 

structure, attributed to the enhanced surface area in 

the presence of porogen (MgCl2) 29.  

 

Figure 1 a) displays similar XRD patterns for the 

sample of  HS15 and HS13 , showing a striking 

resemblance to the XRD pattern of hexasulfur. 

This similarity suggests that, at these specific 

precursor ratios, the sulfur remains largely unaltered 

during the reaction, maintaining its characteristic 

crystallographic structure. These results imply that 

the ratio of HKH to sulfur may influence the overall 

material morphology, but the sulfur component 

remains predominantly in its native form in both 

mixtures. Moving forward, solid state nuclear 

magnetic resonance could be used to find the nature 

of the carbon species and confirmed unambiguously 

whether a C-S bond has been established. 

 

Furthermore, the XRD patterns obtained after 

pyrolysis (Figure 1 b) revealed the absence of any 

distinct peaks corresponding to nanoparticles. This 

suggests that the pyrolysis process did not result in 

the formation of crystalline nanoparticles in the 

material. Instead, the patterns exhibited broad, 

diffuse features typical of amorphous or disordered 

structures, further indicating that the material 

remains predominantly amorphous at the pyrolysis 

temperatures employed. The lack of sharp, well-

defined diffraction peaks, which are typically 

associated with crystalline phases, supports the 

conclusion that the sulfur and carbon components do 

not undergo crystallization into nanoparticle forms 

under the conditions tested. 

 

The mass activity at 0.8 V and 0.85 V for each 

sample  were calculated (Table 1)  and the kinetic 

current density (jkin) at 0.80 and 0.85 VRHE was 

determined from the geometric disk current density 

(jd) and geometric diffusion- limited current density 

(jlim) at 0.3 VRHE using Koutecký– Levich 

(Equation (1))  

																				"!"# =
"$ ∗ "%"&

"%"& − "$
												('()*+,-.	/) 
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Then the following the kinetic mass activity at 0.80 

and 0.85 VRHE could be found:  

 

											1!"# =
"!"#

2-*3,.4	5*+
									('()*+,-.	6) 

 

where mkin was the kinetic mass activity at 0.80 or 

0.85 VRHE and Loading cat was the catalyst loading 

on the RRDE (mg catalyst cm−2).  

 

 

Table 1: The kinetic mass activity for each reagent 

ratio was calculated at current densities of 0.8 and 

0.85 A·cm⁻². 

Sample/Ratio Mass activity 

at 0.8 

Mass activity 

at 0.85 

HS11900 0.181 0.0115 

HS15900 0.0242 0.129 

HS21900 0.617 0.073 

HSH 1.271 0.123 

 

 
 

Figure 2: The RRDE results for sample of HS11900 

HS21900, and the reference sample  HSH900 without 

S atom doping, Capacitance-corrected cathodic scan 

of the cyclic voltammogram recorded in 0.1 M KOH 

(Suprapur) at a rotation rate of 1600 rpm and a scan 

rate of 10 mV s⁻¹. The data were obtained by 

subtracting the N₂-saturated cyclic voltammetry 

results (1600 rpm) from the O₂-saturated 

measurements. All experiments were conducted at 

room temperature. The trends and mass activity 

from Figure 2 and Table 1 indicates that the HKH 

sample demonstrates the highest kinetic efficiency, 

followed by HS21900, and lastly HS11900.  

 

 

Interestingly, the reference sample having higher 

efficiency than other specific ratios suggests that 

under suboptimal ratios, the reaction efficiency is 

significantly hindered, potentially due to the lack of 

active site density or unfavourable reaction 

dynamics. To further investigate the factors 

affecting the observed phenomenon and the 

difference of the catalytic performance of different 

materials in different reagent ratio, BET studies was 

conducted for samples with ratios of HS11900 and 

HS15900 to investigate their porosity and surface 

chemistry (Figure 3).  

 

In both materials (HS11900 and HS15900), a bimodal 

pore size distribution was observed. The smallest 

pore size is centred around 0.6–1 nm, suggesting the 

presence of appropriately sized micropores and 

large micropores also exists (1-5 nm). The BET 

results, shown in Table 2, indicates that the surface 

area for HS11900 is higher than that of the HS15900. 

This explains the lower kinetic efficiency of the 

HS15900  compared to the HS11900, which in turn 

has a higher material surface area.  
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Table 1: The specific surface area of the materials 

prepared with different ratio of the reagent 

 

Sample/Ratio Specific surface area 

(7' 8()) 

HS11900 1415 +/- 4 

HS15900 1017 +/- 2 

 

Conclusion and outlook 

 

In summary, in this study, we have prepared sulfur-

doped carbon electrocatalysts with varying sulfur 

contents were synthesized via high-temperature 

pyrolysis of a sulfur-containing cross-linked 

precursor in the presence of MgCl₂·6H₂O. Notably, 

the RRDE results revealed that the reference 

material without sulfur doping exhibited the highest 

mass activity and efficiency in facilitating the ORR 

reaction. This superior performance could 

potentially be attributed to the presence of oxygen 

atoms in the cyclohexanehexane-derived material. 33  

 

Future research could concentrate on: 

1. Analysis of the ORR selectivity in sulfur 

doped carbons employing a rotating ring 

disk electrode setup.  

2.  Examining the impact of different 

pyrolysis temperatures on the material's 

electronic conductivity and performance. 

3. The integration of iron to examine whether 

it can further increase catalytic activity by 

creating metallic single sites in the 

material.  

4. The utilization of advanced 

characterization techniques such as TEM 

and Raman spectroscopy could be future 

conducted to provide valuable insights into 

the material's microstructure, while XPS 

analysis could help determine the chemical 

states of carbon and sulfur, offering a 

deeper understanding of the material's 

composition and catalytic properties. 
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Abstract 

Swift developments in the global textile industry have led to a wasteful culture of generating abundant textile waste 

with severe environment consequences. DyeRecycle bridges the sustainability gap and facilitates closed-loop processes 

for both fabrics and dyes with the use of ionic liquids (ILs). This study in collaboration with DyeRecycle focuses on 

using protic triethylammonium methanesulfonate (TEA-MeSO3) to extract disperse dyes from polyester fabrics and 

examines the chemistry behind the dye-IL interactions at varying acid base ratios (ABRs). Extraction performance and 

regeneration cycle efficiency were also investigated via multistage operations and by varying IL water content. Due to 

balanced extents of cationic and anionic interactions, findings show that ABR 1.00 performs the best in dye extraction. 

However, non-equimolar ABRs are ideal for fabric decolourisation because of unintentional dye repartitioning during 

the washing of samples. Severe dye degradation can be caused by high proton activity due to these factors: (i) High 

ABR; (ii) Low water content. High temperature and long extraction time have also been observed to exacerbate dye 

degradation. Modelling of the continuous process highlights limitations in the regeneration and recycling of used IL 

with the use of activated carbon due to mass transfer limitations as well as the degradation due to prolonged exposure to 

heat. Optimal continuous extraction requires tailoring IL composition, as well as a moderate water content in a counter 

current mechanism to maximise mass transfer efficiency. There should also be an optimal operating temperature range 

and well-defined residence time that balances appreciable dye extraction with minimal degradation. 

1. Introduction 

The rapid rise of the fast fashion industry has 

undoubtedly reshaped the way that clothing is 

produced and purchased. Abundant raw materials and 

strong demand have made the latest fashion trends 

increasingly accessible to the average consumer. 

However, it is precisely because of this accessibility 

that an unsustainable throwaway culture of cheap 

textiles is being promoted in our world today. Global 

textile waste is currently estimated to be 92 million 

tonnes with a future projection of 134 million tonnes 

by 2030 (Beall, 2020).  

Textile waste can be broadly classified into two 

categories: (i) Deadstock producer waste; (ii) 

Consumer discarded textiles. Deadstock fabrics are 

commonly incinerated as it is often the most cost-

effective choice for some brand owners to maintain 

their brand image or to recover some energy from the 

production process (Baraniuk, 2023). Post-consumer 

waste is no better from an environmental standpoint 

with only 1% of the total amount being recycled into 

new clothes (Beall, 2020). Evidently, there is a 

noticeable sustainability gap between the current state 

of fashion and the ideal circular textile economy.  

However, within this sustainability divide lies a USD 

500 billion economic opportunity for innovative 

companies to seize (Ellen MacArthur Foundation, 

2017). This is where DyeRecycle has strategically 

positioned itself to be a pioneer in developing a 

sustainable textile dyeing solution. In this novel 

approach, low-cost protic ionic liquids (IL) are utilised 

to extract disperse dyes from polyester-based fibres. 

Subsequently, decoloured fabric can be recycled as 

feedstock for new apparel production while the dye 

extract can be reused for dyeing fresh polyester or 

nylon fabrics. Once commercialised, DyeRecycle’s 

closed loop process aims to reintegrate both the fabric 

and dye back into the supply chain to shrink the 

industry’s sustainability gap (DyeRecycle, 2022). Key 

advantages of the DyeRecycle process include the 

elimination of fresh dye inputs, dispersion and swelling 

agents required in water-based polyester dyeing.  

The objective of this investigation is to ascertain how 

dye extraction performance is influenced by the 

variation in process conditions. Findings made will be 

used to inform DyeRecycle’s technological roadmap 

for developing its integrated decolourisation-dyeing 

chemical process. 

2. Background  

2.1 Polyester Fabrics and Disperse Dyes 

Due to its cost-effectiveness during the production 

phase, along with its properties of high durability and 

resistance to wrinkles and creases (Aizenshtein, 2006), 

polyesters have been dominating the textile 

manufacturing industry for decades. This is evident in 

2023 when it made up 57% of the 70.93 million tonnes 

of global fibre production (Textile Exchange, 2024).  

A colouring agent that was formulated specifically to 

pair with the hydrophobic properties of polyesters is 

disperse dye. Disperse dyes are very small, non-polar 

molecules that are insoluble in water and undergo 

sublimation at high temperatures (Aspland, 1992).  

A typical dyeing process on polyester fibres occurs 

under a high temperature (Patterson & Sheldon, 1959), 

where the water-insoluble dyes first undergo 

sublimation before dispersing as very fine particles into 

a liquid water carrier phase. They will then diffuse into 

the dense and tightly packed structure of synthetic 

fibres such as those of polyesters. Once dyed, the 

hydrophobicity of both components keeps the dye 

trapped within the fibre structure via Van der Waals 

forces and other weak intermolecular interactions 

(Ketema & Worku, 2020). This will lead to products 

that are highly durable and wear resistant. 
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On the molecular scale, more than 75% of disperse 

dyes are of monoazoic nature or are anthraquinonoid 

derivatives as seen in Figure 1 (Aspland, 1992). They 

are described by heavily conjugated aromatic 

compounds that allow the delocalisation of electrons 

across the entire structure (Allen, 1971). This 

delocalisation and nature of other substituent groups 

then facilitates the absorption of light at a specific 

wavelength within the visible spectrum. 

 
Figure 1: General chemical skeletal structures of (a) Monoazoic dyes 

and (b) Anthraquinone dyes. Made with ChemDraw 23.0.1. 

2.2 Ionic Liquids 

ILs can be classified as room-temperature molten salt 

compounds with a melting point below 100°C (Greaves 

& Drummond, 2007). They are also less flammable 

with a lower volatility and possess wide thermal 

stability windows with strong solvating potentials 

when compared to conventional organic solvents.  

 
Figure 2: Chemical structure of triethylammonium methanesulfonate. 

Made with ChemDraw 23.0.1. 

This study makes use of the protic IL: 

triethylammonium methanesulfonate (TEA-MeSO3), as 

shown in Figure 2. Such ILs are desirable due to their 

low synthesis costs and easy preparation methods 

involving a neutralisation reaction. However, the 

proton transfer reaction does not always continue until 

completion. This results in a hybrid system of neutral 

acid and base molecules, their charged conjugate pairs, 

as well as an extensive network of hydrogen bonds and 

dissociated protons (Greaves & Drummond, 2007).   

This combination of diverse intermolecular interactions 

such as ionic electrostatic attraction, hydrogen bonding 

and Van der Waals forces gives rise to distinctive 

dissolution properties of protic ILs brought about by 

nanoscale structuring (Schröder et al., 2000). For 

instance, organic species will preferentially localise in 

non-polar domains, whereas polar molecules will likely 

have stronger affinity towards charged regions.  

2.3 Ionic Liquid – Dye Interactions 

In this study, the complex bulk makeup of protic IL 

species will be utilised for dissolving and extracting 

disperse dyes out from polyester fabrics.   

Molecular dynamics simulations conducted by 

Goloviznina et al., (2022) has postulated that the two 

most critical intermolecular interactions that determine 

disperse dye solubility in ILs are cation-π stacking as 

shown in Figure 3 and ion dipole interactions. 

 
Figure 3: Cation-π stacking illustration. Made with ChemDraw 

23.0.1. 

Cation-π stacking is considered as the most significant 

amongst all the intermolecular interactions between IL 

and dye molecules. Moreover, there was competition 

between the anions and water for the amino group on 

the dye molecule, thus indicating that the presence of 

water induced hydrogen bonding disrupts the ion-

dipole interactions between the anion and polar 

functional groups that would drive dye solubility 

(Goloviznina et al., 2022).   

These chemical interactions likely also underpin the 

dynamics between the polyester-contained disperse dye 

and the protic TEA-MeSO3 examined in this study. By 

integrating these chemical concepts with extraction 

process conditions, this study also seeks to provide 

insight into the behaviour of disperse dye-IL systems. 

2.4 Activated Carbon Adsorption 

In the context of the DyeRecycle continuous process, 

the final step involving ionic liquid recovery will 

incorporate the use of a commercial adsorbent. 

Activated carbon is one of the most popular choices in 

industry for cleansing organic and inorganic impurities 

from aqueous solutions. This can mainly be attributed 

to its substantial adsorption capacity owing to its large 

internal surface area as well as a highly microporous 

structure (Lemus et al., 2013).  

Commercially available activated carbon has been 

demonstrated to exhibit a low adsorption capacity for 

hydrophilic ionic liquids (Lemus et al., 2013), which 

TEA-MeSO3 can be classified as. This is in conjunction 

with other studies that have used activated carbon to 

successfully purify wastewater streams containing 

disperse dyes (Mittal et al., 2022). This preferential 

adsorption towards disperse dyes therefore harmonises 

well with the final recovery stage as it streamlines the 

separation process to recycle and purify the IL for 

subsequent extractions.  

Disperse dye adsorption on activated carbon has also 

been determined to be mainly a physisorption process 

driven by Van der Waals forces (Sahu & Singh, 2019). 

This binding mechanism has implications for the 

retrieval of dye particles as temperature increases 

would favour desorption and regeneration of the 

activated carbon adsorbent for more uses.  
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3. Methodology 

The laboratory scale investigation setup of the IL 

mediated dye extraction involves a synthesis of TEA-

MeSO3. The chemical reagents used for the synthesis 

are 99% triethylamine, 99% methanesulfonic acid, as 

well as deionised (DI) water. The detailed procedures 

of IL synthesis are described in Subsection 3.2.1. 

Dye extraction is conducted in batches in a pressure 

tube. 1.5g of fabric and 10g of IL are mixed thoroughly 

such that the fabric is entirely wetted by the IL. The 

proportion of the mix is fixed at 15% throughout the 

set-up of the investigation. This tube is then placed in a 

pre-heated oven at a specified temperature for 30 

minutes and for one hour in separate setups. After 

which, the sample is to be cooled down before further 

analysis. The temperature at which extraction takes 

place is further elaborated in Subsection 3.2.2. 

3.1 Performance Metrics 

To quantify the extent of effectiveness of the dye 

extraction process from a commercial lilac coloured 

fabric, two main metrics are examined for each 

experimental setup: (i) the extent of dye extraction that 

is retained in the IL; (ii) the extent of fabric 

decolourisation.  

3.1.1 Dye Concentration in IL 

The concentration of coloured compounds in liquid 

samples can be determined with spectrophotometric 

analysis. This experimental procedure is described by 

the Beer-Lambert’s Law (Swinehart, 1962) which 

correlates the absorbance of light to a sample’s 

concentration. 𝐴 = 𝜀𝑏𝑐 

Equation 1: Beer-Lambert’s Law 𝐴 is the absorbance; 𝜀 is the molar absorptivity; 𝑏 is the 

path length of light; 𝑐 is the concentration. 

Utilising the relationship outlined in Equation 1, a 

calibration curve is constructed to determine the values 

for the molar absorptivity and characteristic 

wavelength for the disperse dye of interest. This is 

done by correlating known concentrations of the 

disperse dye in the IL solution to their maximum 

absorbances using a UV-Vis Shimadzu 

spectrophotometer.  The proportionality constant: 𝜀𝑏 , 

corresponds to the gradient of the linear relationship 

between the two quantities. 

For calibration purposes, disperse dye powder is 

obtained by means of IL extraction. After the process 

of dye extraction at 150°C for one hour, the coloured 

IL is diluted and centrifuged to separate the dyes out 

from the liquid phase. Powdered dye was obtained after 

overnight drying.  

The powdered dye was dissolved and diluted down 

using the IL into multiple samples: – 50, 100, 200, 300, 

400, and 500 ppm by mass. The absorbance values for 

each of these calibration samples are then taken from 

the common characteristic peak wavelength of the dye. 

Lastly, by plotting the absorbance data against dye 

concentration, a linear polynomial (that of Beer-

Lambert’s Law) is fitted across the calibration data to 
determine the proportionality constant – 𝜀𝑏. 
For experimental samples, the absorbance values for 

the liquid IL samples will be measured via the UV-Vis 

Shimadzu spectrophotometer across the visible light 

wavelength range. The corresponding absorbance value 

of the characteristic wavelength could be back 

correlated to the dye concentration using Equation 1. 

However, due to the limitations of the equipment 

accuracy at high dye concentrations, samples could be 

diluted down when necessary to ensure that all 

absorbance measurements are within the range of 

calibration.  

3.1.2 Colour Intensity of Fabric (K/S Value) 

The extent of fabric decolourisation can be defined as 

the change in its colour intensity. In the textile industry, 

a commonly used metric is the K/S value. K/S is a 

dimensionless number which corresponds to the colour 

strength of a solid sample. The determination of the 

K/S value could be obtained using the Kubelka-Munk 

function (Bajpai, 2018), shown in Equation 2, which 

expresses the quantity as a function of the reflectance 

value, which can be measured via UV-Vis spectroscopy. 𝐾𝑆 = (1 − 𝑅𝑚𝑖𝑛)22𝑅𝑚𝑖𝑛  

Equation 2: Kubelka-Munk Function 𝐾 is the absorption coefficient; 𝑆 is the back-scattering 

coefficient; 𝑅𝑚𝑖𝑛 is the lowest reflectance value of the 

sample at the characteristic wavelength. 

In experiments, all fabric samples are retrieved from 

the pressure tubes after separation from the coloured IL 

liquid. The fabrics are then washed with DI water at a 

1:5 mass ratio for a total of six times to remove any 

traces of IL that are retained on the fabric. The solid 

fabric samples are then dried overnight to evaporate 

any remaining liquid before conducting spectroscopy 

measurements. 

To measure the reflectance value of the solid fabric 

samples, the UV-Vis spectrophotometer is configured 

for solid sample reflectance measurements, where the 

samples will be benchmarked against powdered barium 

sulfate as a baseline. The reflectance values for the 

samples are measured across the visible light spectrum, 

where the lowest reflectance value at the characteristic 

wavelength will be taken to calculate the corresponding 

K/S value of the samples using Equation 2. 

3.2 Variables 

In a process of dye extraction using IL, there exists a 

range of variables to be studied for the optimisation of 

the performance of dye uptake and recovery. This 

variability arises from the molecular dynamics between 

the disperse dye and IL molecules. 
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This study focuses on analysing the trends and effects 

of changing parameters on IL extraction performance. 

The aim is to provide insights into the behaviour of the 

system under varying conditions, contributing to a 

better understanding of the underlying mechanisms 

behind the disperse dye and IL molecules. 

3.2.1 Acid Base Ratio (ABR) of the IL 

A common parameter monitored during the IL 

synthesis process is the Acid Base Ratio (ABR) 

(Nakasu et al., 2020). The ABR is determined by the 

relative amount of acid and amine of the IL which then 

leads to a variability of the composition of charged ions 

and their corresponding intermolecular interactions.  

TEA-MeSO3 stock solutions are prepared at a range of 

different ABRs to investigate the effects of changing IL 

compositions against extraction performance. All 

synthesised ILs are also mixed with DI water such that 

the water contents are fixed at 20% by mass. The 

amount of each reagent to be used for the synthesis for 

these stock solutions are specified in Table S1. 

For the synthesis, the amine and DI water are first 

mixed, in accordance with the amount that is detailed 

in Table S1 in a round-bottom flask. After this, a set 

amount of acid is added dropwise into the flask using a 

funnel into a constantly stirred flask. As the 

neutralisation between TEA and MeSO3H is highly 

exothermic (Burrell et al., 2010), the neutralisation 

reaction is carried out at a very slow rate and conducted 

overnight in an ice bath. This is to ensure a controlled 

environment to prevent thermal runaway.  

Upon completion of IL synthesis, each stock solution’s 
water content and ABR are checked with a Volumetric 

Karl Fischer Titrator and NMR analysis (with D2O as 

solvent) respectively. 

Due to the inherent error present with NMR analysis 

(McLeod & Comisarow, 1989), the stock solutions are 

doubled checked with their apparent acidity via pH 

measurements when diluted down with DI water to a 1% 

by mass solution.  

3.2.2 Temperature of Dye Extraction 

The extraction process will have to be carried out under 

a high temperature for the dissolution of dye to take 

place. To study the extraction kinetics and maximise 

the recovery of dye from the fabric, this investigation 

aims to study the trade-off between these competing 

metrics at different temperatures. 

This is done by conducting the extraction experiments 

at three different temperatures – low (130°C); moderate 

(150°C); and high (170°C). The varying operating 

temperatures serve as an additional dimension to the 

varying ABR of the IL, allowing in depth analysis on 

the impact due to the change in operating temperature 

on the extraction performance at different IL ABRs. 

This is to understand the dynamics of varying 

temperatures for ILs of differing ABRs and how this 

may affect the interactions with dye molecules. 

3.2.3 Time 

The industrial dye extraction will likely be a 

continuous process. To simulate the dynamics of this in 

the lab, multistage batch extractions will be conducted. 

This is based on the concept of discretisation of time to 

represent the continuous process using batch 

equipment (Hu, 2021). This involves the fixed fabric 

load repeatedly undergoing extraction, with the 

addition of fresh IL for each discrete time step. 

For the purpose of this investigation, each time step 

will be of 30 minutes, at an oven temperature of 150°C. 

1.5g of fabric is used throughout the investigation, with 

the 10g of IL used in the initial time step. After every 

extraction stage, the IL is squeezed out as much as 

possible from the pressure tubes and weighed to 

account for the residual IL that is trapped within the 

fabric. This mass will be the amount of fresh IL to be 

topped up into the pressure tube to ensure the fixed 15% 

fabric loading for each extraction stage. 

Since the same fabric will be used throughout the 

investigation, the only performance metric that is 

monitored across the range of time steps will be the 

dye concentration in the IL at each extraction stage.  

3.2.4 Regeneration Cycle 

With regards to the IL regeneration and recycling 

process, the efficiency of which the IL has been 

‘cleaned’ at each regeneration cycle by activated 

carbon is to be studied. To emulate the cycle of IL use, 

a set of investigations with operating variables akin to 

that of multistage extraction has been duplicated and 

modified to account for the use of activated carbon 

adsorption. This is done by using activated carbon to 

regenerate used IL at the end of each extraction stage. 

It will then be reused for a subsequent extraction. 

For this investigation set-up, 60g of IL (ABR 1.00) is 

to be used to extract 9g of fabric in a pressure tube, 

adhering to the fixed fabric loading of 15%. The 

increase in the amount used is to ensure that the 

samples collected from each regeneration stage is 

sufficient as a substantial amount of IL will be retained 

within the fabric and activated carbon.  

After each extraction stage, the IL is to be squeezed out, 

sampled, and weighed. It will be then mixed with 

activated carbon, amounting to 10% of the IL mass. 

This mixture is then centrifuged to separate the cleaned 

IL and activated carbon granules. The cleaned IL is to 

be analysed with UV-Vis spectroscopy and added back 

to the pressure tube for the subsequent stage of 

extraction. A small amount of fresh IL will be added to 

replenish any that has been lost. This maintains 60g of 

IL in the pressure tube at all stages. 

3.2.5 Water Content of the IL 

Another parameter to be investigated is the water 

content of the IL solution, which corresponds to the 

concentration of ionic species in the solution that is 

available to solvate the dye molecules. The extraction 
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efficiency of IL solutions at varying water contents is 

to be investigated to examine their effects on the 

intermolecular interactions in the system. 

Three IL stock solutions of 100g each are synthesised 

with the procedures akin to that of Subsection 3.2.1. 

These solutions will all be of ABR 1.00; but with 

varying water contents (10%, 20% and 30% by mass) 

that constitute the make-up of the stock solutions. The 

exact amounts to be used for each reagent are as shown 

in Table S2. 

Using the stock solutions for varying water content, 

experimental set-ups for dye extraction are to be 

repeated, at varying temperatures of 130°C, 150°C and 

170°C. For all these cases, procedures are to follow 

that of Subsection 3.1.1, where the dye concentration in 

the IL is quantified using UV-Vis spectroscopy. 

4. Results and Discussions 

4.1 Dye Concentration Calibration 

Following the procedures outlined in Subsection 3.1.1, 

the data obtained for a range of pre-determined dye 

concentrations is measured against their respective 

absorbance values, shown in Figure S3. A best fit line, 

with a zero intercept is constructed to determine the 

gradient that will correspond to the constant of 

proportionality in accordance with the Beer-Lambert’s 
Law. Results show that the gradient, hence the constant 

of proportionality (𝜀𝑏) is 0.00080462ppm-1.  

4.2 ABR Influence 

4.2.1 Dye Degradation Trends 

 

 
Figure 4: Dye extract UV-Vis absorbance spectra at 130°C 

Figure 4 shows the dye extract absorbance spectra 

across a range of ABRs at 130°C. However, it can be 

seen that each profile gradually becomes distorted by a 

secondary inflection point around 475nm as the ABR 

increases. Similar UV-Vis disperse dye profiles in 

literature with altering absorption spectra can be 

characterised by dye degradation (Abdel-Monem, 

2016). 

In some samples such as ABR 1.00 at 170°C, there was 

even the emergence of a secondary local maximum. 

Such maxima in the absorption spectra indicate that the 

degradation products from the dyes are capable of 

absorbing UV-Vis light and are likely affecting the 

actual absorption of undamaged dye in the sample. As 

such, the formation of these products cannot be ruled 

out from other samples that exhibit an inflection point. 

Increasing the ABR also gives a more pronounced 

inflection point which could mean that degradation 

becomes more significant at higher ABRs. Moreover, 

our measured pH values confirm that higher ABR ILs 

are indeed more acidic and contain more free protons 

that can then give rise to degraded dye by-products. 

4.2.2 Dye Extraction Trends 

 
Figure 5: Dye extract concentrations with varying ABRs and 

temperatures. 

Figure 5 outlines the effect of ABR on the 

concentration of the obtained dye extract. Looking 

within the temperature range of 130°C - 150°C, it is 

apparent that ABR 1.00 is the ideal choice for maximal 

dye extraction.  This reflects the interplay between the 

triethylammonium cation and the sulfonate anion when 

it comes to dye solubility. The cation may be necessary 

for cation-π stacking interactions with the dye’s 
aromatic groups while the anion will likely engage in 

ion-dipole interactions with any polar groups present in 

the structure. An equimolar amount of TEA and MeSO3 

(ABR 1.00) ensures that there will be a balance 

between these two intermolecular interactions and thus 

results in the most substantial amount of dye extraction 

from the polyester fabric.  

In non-equimolar IL solutions, there is likely a lower 

degree of ionicity due to there being an excess of either 

acid or amine. This means that there will be less 

extensive ionic interactions that promote dye solubility. 

Dissolution of the dye from the polyester fabric 

therefore will likely be a challenge and this may be the 

reason that results in less concentrated dye extracts 

when the ABR is not equal to 1.00. 

4.2.3 Fabric Decolourisation Trends 

Another metric to analyse the influence of ABR on dye 

extraction is the extent of fabric decolourisation. This 
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can be defined as the reduction in a fabric’s K/S value 
when compared to a control sample. 

 
Figure 6: Extent of fabric decolourisation with reference to dry 

fabric control. 

Figure 6 above indicates that the colour intensity of the 

fabric decreased the least when ABR 1.00 was used for 

extraction. At first glance, this reflectance drop trend 

seems to contradict the explanations that justified ABR 

1.00 as the ideal candidate for dye extraction. 

Intuitively, a more concentrated dye extract should also 

be paired with a less intensely coloured fabric, but this 

is not the case.  

A viable explanation for this phenomenon could be the 

partitioning of the dye back onto the fabric during the 

washing stage. The reflectance data seems to suggest 

that ABR 1.00 TEA-MeSO3 interacts the most strongly 

with water and thus allows the Van der Waals forces 

between dye and fabric to override the dye-IL 

interactions in the presence of excess water. The ion 

dipole interactions between water and IL are not as 

significant at other ABRs due to an excess of free acids 

or bases. This entails that the dye will not be able to 

partition as effectively onto the fabric and will be 

flushed out along with the IL into the waste solution. 

Furthermore, there was visual evidence that confirms 

this explanation. Dye was being flushed out along with 

the IL during the washing stage as shown in Figure S4 

in the supplementary section. This indicates that any 

flushed dye must have been dissolved in IL because its 

hydrophobicity would prevent it from interacting with 

water. As such, it can be interpreted that the outcome of 

the competition between the Van der Waals forces of 

the fabric and the hydrophilicity of IL determines the 

degree of dye partitioning back onto the fabric.  

A study conducted by Minnick et al. (2016) that 

focused on cellulose solubility in ionic liquids when 

protic antisolvents were added helps support this 

explanation. Cellulose dissolution in ILs is driven by 

ionic interactions (Wang et al., 2012), which draws a 

parallel to the IL-dye systems explored in this study. 

Minnick et al. (2016) found that while protic 

antisolvents disrupt the IL-cellulose interactions and 

cause its precipitation, less polar antisolvents like 

alcohols cause a smaller decrease in cellulose solubility. 

This implies that more unfavourable IL-antisolvent 

interactions correspond to less recovery of the solute as 

is the case shown by the reflectance data. 

In an operational context, DyeRecycle will have to 

consider the relationship and trade-off between dye 

extract concentration and fabric decolourisation. ABR 

1.00 would theoretically yield the most concentrated 

dye extract but at the expense of fabric decolourisation.  

A possible workaround would be to conduct these 

functions separately where one process unit would be 

optimised for extraction and another for fabric 

decolourisation. Operating with the highest ABR at 

1.02 will enable the greatest extent of fabric 

decolourisation if dye degradation is not a concern. 

However, if dye degradation is an issue, then the choice 

would be to pick the lowest ABR at 0.98. Nevertheless, 

washing the fabric with DI water to remove any amine 

will be difficult as tertiary amines like TEA have low 

miscibility with water (Jessop et al., 2011). 

4.3 Temperature Influence  

4.3.1 Minimal Extraction Temperature 

There is a lower temperature limit that must be 

surpassed for any appreciable dye extraction to occur. 

 
Figure 7: Comparison between successful and failed extraction runs 

While dye extraction was successful for all ABRs at 

150°C as seen in Figure 7, no visible absorption 

spectrum could be obtained when extraction was 

conducted at 25°C. The process of extraction would 

inherently encompass the dissolution of dyes out of the 

polyester fabric and into the bulk IL. This implies that 

IL-dye interactions are already intrinsically stronger 

than the Van der Waals forces that bind the dyes to the 

fabric. Temperature therefore can be deduced as 

exerting an influence on the physical nature of the 

polyester which then leads to the chemical interactions 

that mediate the transfer of dye from fabric to IL. 

This is due to the free volume theory that underpins the 

diffusion characteristics of disperse dyes within 

polyester. Temperatures above its glass transition point 

mediate a morphological change in its overall structure. 

Individual chain segments will undergo reconfiguration 

and induce the formation of empty space where dye 
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molecules are able to diffuse into during commercial 

dyeing (Burkinshaw, 2023). 

The IL therefore will not be able to gain access to these 

dye molecules until the temperature exceeds the glass 

transition point where the polyester’s morphological 

change can occur. Below this temperature, no dye 

dissolution can take place and thus no extraction can 

happen as can be seen from the 25°C control. 

4.3.2 General Temperature Trend 

The trend of increasing temperature on the 

concentration of dye extract is obvious from Figure 5 

in Subsection 4.2.2. From 130°C to 150°C, there is 

more significant dye extraction across all ABRs tested. 

The extraction time variable is trivial in this case as 

more time logically caters for more dye molecules that 

can be transferred from fabric to solution. 

This temperature trend could be explained by the free 

volume of polyester increasing when the temperature 

rises (White & Lipson, 2016). Larger porosity within 

the polyester’s macromolecules makes the entrapped 

disperse dye molecules more accessible for the IL. This 

should then facilitate the dissolution and diffusion of 

dye molecules out into the IL solution. 

The data point of particular interest in Figure 5 is the 

ABR 1.00 sample (T = 170°C, 𝜏 = 60mins). This data 

point surprisingly falls below the sample that was 

obtained with an extraction time 𝜏 = 30mins at the 

same temperature. The reason for this outlier can be 

seen in Figure 8 below which shows a marked increase 

in degradation in the 60min sample.  This suggests that 

degradation is so significant that the decomposition 

products are disrupting the absorbance spectrum of 

undamaged dye in the sample. 

 
Figure 8: Absorption spectra of 170°C samples show that 

degradation becomes more significant with higher heat stress. 

In the context of DyeRecycle’s process, the IL’s 
temperature should be maintained minimally above the 

glass transition point of polyester. This temperature 

should also ideally be as high as possible to ensure 

ample extraction of disperse dyes from the polyester 

but safely below an established degradation threshold 

to preserve the commercial feasibility of the dye extract.  

 

4.4 Multistage Extraction – Elapsed Time 

 
Figure 9: Dye concentration profile per extraction stage. 

Figure 9 shows the change in performance of the dye 

extraction process with discretised stages by 

representing a span of continuous operating time. It is 

clear that the performance of extraction drops over time, 

demonstrating that there is a limitation to the extraction 

extent of dye from the fabric using a continuous supply 

of fresh IL. This is due to the depletion of accessible 

dye molecules within the fabric pores over an extended 

period of time which echoes the findings of Radei et al. 

(2018). In the process of continuous extraction, any 

accessible dye molecules to be extracted by the IL will 

gradually drop, leaving behind dye molecules that are 

more tightly bound within the pores of the fabric. This 

imposes an increasing mass transfer limitation on the 

fabric side. 

 
Figure 10: Absorption spectra of multiple extraction stages. 

From Figure 10, it is observed that the extent of dye 

degradation eventually becomes more significant at 

later stages. This can be explained by the occurrence of 

thermal decomposition of the functional groups of dye 

molecules as explored by Kim & Lee (2023). However, 

this observation adds to the insights of dye molecule 

behaviour by showing the effects of prolonged heating. 

That is, even at a temperature that is below that of the 

threshold as discussed in Subsection 4.3.2, sustained 

heating can accumulate and provide sufficient energy 

to overcome the bond energy of the functional groups 
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in dye molecules. This causes changes to the chemical 

structures and leads to degraded dyes retained in the IL. 

Building on from these findings, it is logical to 

consider a counter-current operational design in a 

continuous set-up to optimise dye extraction efficiency. 

In such a setup, the IL is to be introduced via 

continuous flow in a contactor, while the fabric is to be 

delivered from the opposite direction – possibly via a 

conveyor mechanism. This configuration ensures that 

the IL comes into contact with fabric with an optimal 

residence time that would maintain a substantial 

driving force for efficient dye extraction, whilst 

limiting thermal degradation due to prolonged 

exposure to heat. 

4.5 Performance Loss across Regeneration Cycles 

via Activated Carbon Adsorption 

 
Figure 11: Dye concentration profile and % reduction in 

concentration across multiple regeneration cycles 

The left axis in Figure 11 shows that the dye 

concentration in the recycled IL decreases across 

multiple regeneration cycles. This indicates that the 

performance of dye extraction drops with extended use 

of the bulk IL. However, it is noted that the overall 

extraction performance with the use of activated carbon 

for IL regeneration is lower than that of constant 

addition of fresh IL, as in Subsection 4.4. This 

observation is a sign of the incomplete adsorption of 

dyes in between stages, where there seems to be 

residual dye molecules retained in the IL after each 

regeneration stage. This imposes a mass transfer 

limitation that reduces the dye extraction capabilities of 

recycled IL in subsequent stages.  

Examining on the right axis in Figure 11, it is observed 

that the activated carbon steadily reduces the dye 

concentration in the IL by a third before showing more 

sporadic performance as the extraction proceeds. There 

will be a change in the chemical structure of the dyes 

upon degradation which may interfere with the 

effective adsorption of undamaged dye. This then 

explains the performance limitations of regeneration 

cycles as a trade-off to savings of IL feedstock costs 

via recycled use of IL.  

 
Figure 12: Absorption spectra of extraction stages with inclusion of 

regeneration cycles. 

The effects of prolonged exposure to heat, similar to 

Subsection 4.4 can be seen again from Figure 12, when 

incorporating activated carbon into the cycle. There is 

the occurrence of thermal degradation of dyes at further 

stages of the process, showing the limitations to the 

repeated use of ILs even with activated carbon 

regeneration. 

4.6 Effects of Varying IL Water Content 

 
Figure 13: Dye concentration profile in of varying water content 

The varying water content in the ILs can significantly 

affect the performance of dye extraction, as can be seen 

from Figure 13. Generally, the proportion of IL is 

lower in the solution at higher water contents. This then 

results in a lower extent of dye extraction. On a 

molecular scale, this could be rationalised by disruptive 

ion-dipole interactions between water and IL molecules 

that interfere with IL-dye interactions as discussed in 

Subsection 2.3.  

However, as shown in Figure 14, all samples obtained 

from a low water content exhibit a significant extent of 

degradation. This demonstrates the effects of free 

protons within the IL solution at low water content that 

manipulate the chemical structures of dye molecules, 

leading to degradation (Pairetti et al., 2024). This 

means that sufficient water content in the solution is 

important to enhance the ionic conductivity of IL by 
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the means of proton scavenging (Zhou et al., 2018). 

This reduces the proton activity within the IL 

environment and limits the severity of degradation. 

 
Figure 14: Absorption spectra of 10% water content samples across 

various temperatures  

Therefore, in the synthesis of IL, it is crucial for the 

water content to be of a moderate level, because an 

optimal water content (that shown in 20%) establishes 

minimal proton activity within the IL environment for 

dye retention, while not compromising on its dye 

solvation capabilities due to over-dilution. 

5. Conclusion 

This investigation has used the metrics of dye extract 

concentration and extent of fabric decolourisation to 

analyse the performance of TEA-MeSO3 mediated dye 

extraction from a commercial lilac coloured fabric. 

The acid base ratio of the IL dictates its most 

appropriate function for DyeRecycle’s process. ABR 

1.00 was ascertained to give the highest dye extract 

concentration due to more considerable ionic 

interactions. However, non-equimolar ABRs seem to 

yield more noteworthy fabric decolourisation due to 

less dye partitioning in the washing stage. Higher 

ABRs lead to more decolourisation at the expense of 

dye degradation, while lower ABRs compromise fabric 

reusability for dye preservation.  

Operating temperatures must be minimally above the 

glass transition point of polyester for any noticeable 

extraction to take place. A higher temperature would 

grant more dye extraction, but DyeRecycle should not 

exceed a certain thermal constraint if they want the 

recovered disperse dye to remain commercially viable. 

The residence time of DyeRecycle’s process must also 
be carefully calibrated. Even at moderate operating 

temperatures, sustained fabric heating inevitably leads 

to dye degradation as seen from the multistage 

extraction experiments. This implies that DyeRecycle 

should ideally operate its extraction system in a 

counter-current mode with a defined residence time 

and to ensure maximal dye mass transfer throughout 

the process. 

There is a limit to using activated carbon to regenerate 

IL for successive extractions. Subjecting the dye-IL 

solution to prolonged heating leads to more significant 

degraded dye by-products. These by-products then 

seem to impose a dye mass transfer limitation to 

activated carbon adsorption. This limit becomes more 

apparent with more regeneration cycles. This means 

that the dye bath in DyeRecycle’s continuous process 

must also have a defined residence time to preserve the 

IL regeneration capabilities of activated carbon which 

would offset new IL feedstock costs. 

The water content of the IL also affects dye stability in 

the IL solvent. Low water contents correspond to more 

free protons that can react with certain dye functional 

groups and lead to degradation. High water contents 

however lead to lower IL dissolution properties due to 

competing ion-dipole interactions between the IL and 

water. To ensure minimal dye degradation but to 

achieve maximal solvating capacity, DyeRecycle 

should operate with a moderate water content of 20%. 

6. Limitations and Recommendations 

The findings of this study show common trends that 

lead to the characterisation of the influence of various 

variables on dye extraction. However, it must be 

caveated that more studies involving a wider range of 

dyes must be conducted to ensure repeatability and to 

build on the confidence of the deductions made in this 

investigation. 

The dye re-partitioning discussion from Subsection 4.5 

outlines the limitations of the K/S metric to quantify 

fabric decolourisation performance. There exist safety 

and practical restrictions of measuring the colour 

intensities of solid fabric samples at high temperatures 

in the lab. This affects the accuracy of the 

decolourisation results.  

To circumvent the issue, further studies should utilise a 

continuous configuration in dye extraction to facilitate 

in-situ washing. The IL feed and the subsequent 

washing stage can be conducted at temperature to 

negate reabsorption of the dye-IL solution back to the 

fabric. This is also useful in modelling the process for 

the purpose of scaling up in a commercial operation.  

Additionally, the certainty of the findings in 

regeneration cycles via activated carbon needs further 

investigation to quantify the difference between the 

adsorption extent of degraded dyes and that of nominal 

dyes. Another point of investigation can stem from the 

possible change in IL ABR during the regeneration 

stage due to disproportionate adsorption of ionic 

species that would lead to a change in ABR (Farooq et 

al., 2012). This might alter dye extraction performance 

in subsequent stages. 
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Abstract 
 

This study examines the production of Sustainable Aviation Fuel (SAF) from air and water, focusing on 

the integration of prebuilt process models from prior work, which included Direct Air Capture (DAC), 
electrolysis, and Reverse Water-Gas Shift (RWGS), with Fischer–Tropsch synthesis (FT), hydrocracking, 

and separation units. This integration completes the SAF production pathway, enabling a comprehensive 

analysis of its efficiency. Exergy analysis was applied throughout to identify irreversibilities, with the FT 
reactor and PEM electrolyser identified as the primary sources of exergy destruction due to highly 

exothermic reactions and energy-intensive operations. The analysis demonstrated how introducing recycle 

streams in the FT section reduced the exergy destruction in upstream units by lowering fresh syngas 

requirements. To provide context, SAF production was compared to high-pressure hydrogen (700 bar) as 
an alternative fuel. Hydrogen production involved significantly fewer process units, leading to much lower 

exergy destruction (154 kW/MW of usable fuel compared to 2024 kW/MW for SAF) and reduced 

complexity. While SAF remains essential for aviation due to its compatibility with existing infrastructure, 
the results highlight the thermodynamic penalties of its production. This study underscores the value of 

exergy analysis in pinpointing inefficiencies and guiding process optimisation while proposing directions 

for future research to refine efficiency metrics and bridge enthalpy and exergy-based methodologies. 

 

 

1.Introduction 
In the pursuit of net-zero emissions, finding 
sustainable alternatives to conventional fossil 

fuels is critical, especially in sectors like aviation 

where decarbonization is challenging. 
Sustainable Aviation Fuel (SAF) presents a 

promising option as an alternative fuel that can 

significantly reduce lifecycle emission compared 

to conventional jet fuel [1]. Among various SAF 
production pathways, synthesizing fuel directly 

from air and water offers a potential sustainable 

approach, using CO2 captured by Direct Air 
Capture (DAC) units and green hydrogen 

produced via electrolysis. This process involves a 

sequence of steps: a Reverse Water-Gas Shift 
(RWGS) unit, followed by a Fischer-Tropsch 

(FT) reactor, to produce a carbon-neutral fuel 

source [2]. 

 
This work builds on prior summer research done 

at Shell Amsterdam, which focused on the SAF 

production process up to syngas generation, 
consisting of CO, H2, CO2 and H2O. The 

summer project included modelling Direct Air 

Capture (DAC), electrolysis, and RWGS units in 

Aspen Plus V11.1, with an emphasis on the 
application of exergy analysis and applying 

optimisations within this analysis framework. 

The main methodologies and findings from this 

summer work will be presented to contextualise 

the current work. The current phase focuses on 
modelling the FT reactor, integrating its results 

with the earlier syngas production model, and 

evaluating the overall SAF production pathway. 
Furthermore, given the complexity of exergy 

analysis, this work aims to evaluate the added 

value of applying exergy analysis. 
 

The primary objective of this work is to model the 

FT reactor in detail and assess its integration into 

the SAF production pathway. By combining the 
FT reactor results with the earlier syngas 

production model, this study aims to evaluate the 

overall process efficiency and identify 
opportunities for optimisation. A key focus is the 

application of exergy analysis, which provides 

insights into the location, type, and magnitude of 

inefficiencies across the pathway. Additionally, 
this work critically evaluates the added value of 

exergy analysis by comparing its results with 

simpler, enthalpy-based assessments, considering 
the additional complexity required for its 

application. 
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2.1. Overview of the SAF Production Pathway 

The production of Sustainable Aviation Fuel 

(SAF) from renewable resources, such as air and 

water, presents an innovative and sustainable 

approach to decarbonizing the aviation sector. 
This pathway leverages carbon dioxide captured 

from the atmosphere via DAC and green 

hydrogen produced through water electrolysis. 
These reactants are combined in a Reverse Water-

Gas Shift (RWGS) unit to produce syngas, a 

mixture of H2, CO, CO2, and H2O. The syngas 
is then converted into hydrocarbons in a FT 

reactor, yielding SAF and water as products. In 

the summer work, SAF was assumed to be 

comprised of purely undecane (C11) alkanes.  
 

This process involves several energy-intensive 

steps, with the efficiency of each unit operation 
having a significant impact on the overall 

sustainability and economic feasibility of SAF 

production. Figure 2.1 shows a simplified 
diagram of the overall process, denoting whether 

the whole process requires heating and/or 

electrical inputs.  

 

2.2. Exergy Analysis 

2.2.1 Exergy 

Exergy is defined as the maximum useful work 

obtainable from a system as it moves towards 

thermodynamic equilibrium with a specified 
surrounding environment. As emphasized by Jan 

Szargut, the surrounding environment is typically 

defined as the standard environment, which 
reflects the most commonly occurring substances 

and conditions found in nature, such as 

atmospheric air at 25°C and 1 bar [3,4]. 
 

Unlike enthalpy, which only measures the total 

energy content of a system, exergy considers both 

the quantity and quality of energy, making it a 
measure of its potential to perform useful work in 

terms of both the first and second laws of 

thermodynamics. While an enthalpy balance 
treats two systems with the same total energy 

equivalently, exergy reveals differences in work 

potential. For example, 5 MW of energy in the 
form of lukewarm water at 40°C and 1 bar is not 

equivalent to 5 MW of high-temperature, high-

pressure steam; exergy analysis captures this 

distinction by accounting for energy quality. 
 

 
Figure 2.1: Simplified flow diagram for the overall SAF production process, self-made

A system’s exergy becomes zero when it reaches 

equilibrium with its standard environment, as no 
work potential remains. Therefore, exergy 

quantifies how far each component or stream is 

from equilibrium, enabling a detailed assessment 

of irreversibility and inefficiencies throughout the 
process [3,5]. Unlike conventional energy 

balances, exergy analysis reveals the location, 

type, and magnitude of inefficiencies by 

capturing both thermo-mechanical and chemical 

contributions to energy losses. 
 

Exergy is divided into 2 main components: 

physical exergy and chemical exergy, which 

together quantify the total work potential of a 
system. The total exergy of a system is simply the 

sum of these 2 parts: 

 !" = !"!" + !"#" (1) 
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In this study, kinetic and potential exergy 
contributions are neglected, as they are typically 

insignificant compared to the physical and 

chemical exergy terms in chemical process 

systems. This assumption is standard practice in 
exergy analysis for stationary systems, where 

velocity and elevation changes are minimal. 

 
2.2.2. Physical Exergy 

Physical exergy refers to the work potential 

arising from thermo-mechanical differences 
between the system and its reference 

environment. It accounts for deviations in 

temperature and pressure, capturing the energy 

available for useful work due to these differences. 
Physical exergy is determined using: 

 !"!" = (	' − '$) 	−	*$(+ − +$) (2) 

'$ and +$ are the values of enthalpy and entropy 

at the reference environment defined by *$  and 

,$. In this study, a reference environment of 25°C 
and 1 bar are used.  

 

2.2.3. Chemical Exergy   
Chemical exergy represents the work potential 

from chemical potential differences between a 

system and its reference environment, 

quantifying the energy available from chemical 
reactions and compositional changes. Following 

the methodology of Jan Szargut, the chemical 

exergy of a substance is calculated relative to the 
most stable and commonly occurring forms of 

elements in the standard environment [4]. For 

each species, a standard reaction, typically its 

most relevant chemical transformation (in this 
study: combustion), is defined. The Gibbs free 

energy change of the reaction is then calculated 

using values from NIST [7]. Usually, mixing 
effects are accounted for using the term 

.*∑"% 01"% , where  "% 	  represents the mole 

fraction of species i  in the surroundings [3]. The 
general equation for chemical exergy is: 

 !"#",% = −∆3' +4.*01("()
(

 (3) 

Here, !"#",% refers to some species i and j refers 

to all species present in the standard chemical 

reaction.  
 

In this study, the mixing term was neglected 

because its contributions were numerically 

negligible compared to the Gibbs free energy 

change. This decision aligns with the nature of the 
process, which focuses on producing fuels for 

combustion. CO₂ and H₂O were assumed to have 

zero chemical exergy, as their equilibrium states 

already match the environment. 
 

Table 2.1 lists the standard reactions assumed for 

all species participating in the process, along with 
their calculated chemical exergies. Using data 

from NIST and mole fractions of product streams, 

chemical exergies of FT reactor products were 
calculated up to C30 alkanes. 

Table 2.1: All assumed standard reactions for all 

species present in the process 

Species Reaction Chemical 

Exergy 

(kJ/mol) 

CO 56 + 126) → 56) 
274.5 

H2 ') + 126) → ')6(:) 235.1 

CO2, 

H2O 

N/A: Species already 

present in the 

environment. 

0 

Hydro- 

carbons 
5*')*+) + 31 + 12 6)
→ 156)+ (1 + 1)')6		

- 

For this work, the standard environment is 

assumed to be atmospheric air with the following 

composition: 423 ppm CO2 [8]; 3% H2O; 20% 

O2; and 77% N2, at a temperature of 25°C and a 

pressure of 1 bar. This reference composition is 

used to calculate the chemical potential of 
components relative to their standard states. 

 

2.2.4 Exergy balance 

After physical and chemical exergies have been 
defined, the next step is to apply these concepts 

to quantify exergy destroyed and inefficiencies 

within the system. This is done using an exergy 
balance, which accounts for the total exergy 

entering and leaving a control volume, as well as 

the exergy destroyed due to irreversibility and 
hence entropy generation. For a steady-state 

system, the general form of the exergy balance is 

expressed as: 

0 = !", + !"-.-# +4!"/*̇
−4!"012̇ − !"3 

 
(4) 
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Where !"-.-#  represents net exergy input from 
electricity, where electricity is assumed to be pure 

exergy, !"3 	 is the exergy destroyed due to 

irreversibilities in the system, and !", represents 

the net exergy input from heat calculated by:  
 !", = >1 − *$*4?@ 

(5) 

*$ refers to the reference temperature while *4 is 
the boundary temperature between the system 

and the surroundings.  

 

Exergy destroyed, !"3, is the key metric in this 
analysis, as it directly quantifies the losses from 

irreversibility within the system due to entropy 

generation. Unlike energy balances (such as 
enthalpy balances), which are always conserved 

and cannot reflect these inefficiencies, exergy 

balances explicitly account for the degradation of 
energy quality during the process. I.e., energy 

balances lack a term equivalent to !"3, making it 

insufficient for diagnosing where and how losses 

occur. By calculating !"3  for each unit, this 
study identifies the major sources of 

inefficiencies, providing valuable insights for 

process optimisation.  
 

Additionally, both the current and summer work 

emphasise exergy destroyed rather than exergy 

loss from unutilised exergy in outlet streams. 
Exergy loss heavily depends on the specific 

flowsheet configuration, whereas exergy 

destroyed focuses on irreversibility inherent to 
the system. This distinction is important, as the 

study aims to address inefficiencies caused by 

entropy generation and irreversibility, 

independent of how unutilised exergy might be 
reclaimed or integrated in downstream processes. 

 

2.3. Exergy Analysis in Aspen Plus V11.1 

Aspen Plus, the primary process simulation tool 

used in this study, provides exergy values based 

on the concept of availability, defined as  A	 =
	'	 −	*$+  , where H is the enthalpy, S is the 

entropy, and  *$	 is the reference environment 

temperature [6]. While availability is often used 

interchangeably with exergy, it is important to 
note that in Aspen Plus, the reported values 

represent only physical exergy. These values 

reflect the difference in physical availability 
between the system and its reference state, 

effectively:  !"!" = A − A$, and do not account 

for chemical exergy. 

 
This distinction is crucial for accurate analysis, as 

Aspen Plus reports does not account for chemical 

exergy. Additionally, Aspen allows users to 

specify the reference state’s temperature ( *$) and 

pressure ( ,$ ) independently, meaning the 

reported exergy values depend on the chosen 

environmental conditions.  
 

During this study, manual verification of Aspen’s 

reported values revealed that they accurately 
capture thermo-mechanical contributions but 

require supplementary calculations on Excel to 

account for chemical exergy. This is especially 

important for systems like SAF production, 
where chemical transformations significantly 

influence the overall exergy balance. 

 

3. CO2 and Water to Syngas: Summer Work 

To provide context for this study, a summary of 

the summer project, which focused on modelling 
the process up to syngas production, is included. 

This phase involved building a process 

simulation of all units except the FT reactor using 

Aspen Plus V11.1 and applying exergy analysis 
to identify inefficiencies and optimise the system. 

The findings from this work serve as a foundation 

for the current report, where the FT reactor is 
modelled and integrated into the SAF production 

process. 

 

A process simulation was developed in Aspen 
Plus V11.1, integrating DAC, electrolysis, and 

RWGS units, with ambient air at 25°C and 1 bar 

serving as the reference environment. Initial 
exergy assessments revealed substantial 

irreversibilities in the heating and cooling units, 

where large temperature gradients contributed to 
significant exergy destruction. In response, an 

influent–effluent heat exchanger (HEATEX) was 

introduced to recuperate thermal energy 

internally, thereby reducing these inefficiencies. 
Figure 3.1 presents the improved process 

configuration, now featuring the HEATEX unit 

as a key optimisation step toward minimizing 
overall exergy destruction. 

 

During the study, the following conditions and 
assumptions were used: 
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1)Reference state is ambient air at 25°C, 1 bara 

with composition as stated in section 2.2.3. 

2)DAC: Solid-adsorbent-based system 

delivering pure CO2 at 80°C,20 bar [9,10]. 

3)Electrolyser: PEM used with a pure H2 
product stream at 20 bar [11,12]. 

4)RWGS: operates at 20 bar and 520°C and a 
high selectivity to CO [13,14]. 

5)The condenser cools the stream to 40°C while 

99% of water is knocked out at the SEP unit. 

 
Figure 3.1: Aspen Flowsheet used for the whole process, excluding the FT reactor

3.1 Exergy balance results on both flowsheets  

Exergy balances were applied to all units in both 

the baseline flowsheet and the improved 

configuration featuring the HEATEX unit. Figure 
3.2 presents a side-by-side comparison of exergy 

destruction between the original (non-integrated) 

arrangement and the integrated flowsheet. The 

results highlight a considerable reduction in 
exergy destruction following the introduction of 

heat integration, confirming that integrating the 

HEATEX can substantially improve 
thermodynamic efficiency. 

 

A sensitivity analysis was then conducted to 

examine the effect of varying the cold stream 
outlet temperature (i.e., adjusting the temperature 

approach) on exergy destruction. The findings 

indicate that as the temperature approach 
decreases toward 0 K, exergy destruction is 

further reduced, aligning with thermodynamic 

expectations based on enthalpy balances. 
However, even under near-ideal conditions, 

certain units—such as the condenser—continue 

to exhibit irreversibilities, emphasizing that not 

all inefficiencies can be eliminated solely through 
heat integration. 

 

These results show the effectiveness of exergy 
analysis in identifying inefficiencies that 

conventional enthalpy balances cannot fully 

capture. With exergy analysis the process design 

can be optimised more thoroughly, providing a 
robust foundation for the subsequent integration 

of the FT reactor and downstream processes. 

 

Figure 3.2: Comparison bar charts for final exergy analysis on heat integrated and non-integrated flowsheet
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4. FT reactor: Current work 

With the syngas generated from the summer 

work, the next step involves converting Syngas 

into SAF. This is achieved through FT synthesis. 

However, the direct product distribution from the 
FT reactor typically spans a wide range of carbon 

numbers and may not align with the desired SAF 

range. For computational tractability and 
availability of data, this work considers n-alkanes 

up to C30. Furthermore, the chosen operating 

condition yielded negligible amounts of heavier 
fractions. 

 

To address this, the FT reactor is integrated with 

a hydrocracking unit, which selectively breaks 
down heavier hydrocarbons into lighter fractions. 

By carefully adjusting reaction conditions, the 

product distribution can be shifted toward the 
C8–C16 range, with a particular focus on 

maximizing the yield of the targeted SAF fraction 

(assumed to be C11 alkanes). After 
hydrocracking, separation units are introduced to 

purify the product streams, as well as to recover 

and recycle unreacted gases. Together, these 

steps refine the raw FT output into a fuel that 
meets SAF specifications while reducing process 

inefficiencies. 

 
This chapter details the modelling of the FT 

reactor, the incorporation and optimisation of the 

hydrocracking stage, and the design of the 

subsequent separation train. Exergy analysis will 
again serve as a key diagnostic tool, enabling the 

identification of irreversibilities within these new 

units and guiding further improvements to the 
overall SAF production pathway. Also, the value 

of applying exergy analysis will be evaluated by 

comparing with enthalpy balances. Finally, using 
the results from exergy analysis, an alternative 

pathway—producing high-pressure hydrogen 

instead of SAF—will be explored to highlight the 

trade-offs between process complexity, 
efficiency, and fuel compatibility. 

 

4.1 FT reactor: Chain Growth Model 

To accurately model the FT process, it is essential 

to first calculate the expected product distribution 

to use as an input to Aspen, which is achieved 
using the Anderson-Schulz-Flory (ASF) model. 

The ASF model uses a chain growth probability 

parameter ( B ) to predict the distribution of 

hydrocarbons produced in the reactor. The mole 
fraction distribution of hydrocarbons is given by 

[15]: 

 !! = #$!"#(1 − $)$ (4) 

The chain growth probability B  was calculated 
using the CO to H2 ratio [16]: 

	*0.2332 ∙ * 0%&
0%& + 0'$2 + 0.6332∙ (1 − 0.0039 ∙ ((5(°7) + 273)

− 533)) 

   (5) 

Where y refers to the mole fraction of the species 
and the CO to H2 ratio can be used to calculate 

C 5!"

5!"+5#$
D. In the case where H2/CO ratio is 2.8, 

200°C and 20 bara of the stream: B = 0.857 . 

Applying equation (4) to get the product 
distribution of the FT reactor, the figure 4.1 “FT 

Only” curve is obtained. Alternative methods for 

calculating chain growth, such as those suggested 
by Prins et al. [15] and Cheng et al. [17], rely on 

experimental kinetic rate constants that are not 

readily available. In contrast, the approach used 
in this study focuses on the H2/CO ratio, which is 

both controllable and easily obtainable, making it 

a practical and accessible method for modelling 

chain growth behaviour.  
 

4.2 Hydrocracker unit 

A hydrocracking unit was included in the 
analysis, utilising reaction kinetics obtained from 

experimental data [18] and shown in equations 6-

8 for n-alkane cracking. In this study, symmetric 
cracking and primarily n-alkane cracking were 

considered. For symmetric splitting, if n is odd, 

the molecule is divided into two fragments 

represented by the floor and ceiling of n/2, 
corresponding to the two integers closest to the 

midpoint. For example, C15 alkane is assumed to 

split into equal parts C8 and C7 alkanes.  
 

The use of the hydrocracking unit was necessary 

to shift the product distribution towards the C11 

range, which is a target area for SAF production, 
rather than producing predominantly heavier 

hydrocarbons. Equations 9,10 show the general 

reaction mechanism occurring in the FT reactor 
followed by the Hydrocracking unit.  

I# = I#$(1) ∙ K"L >−!M#(1).* ? 
 

(6) 
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I#$(1)
= 2.80 ∙ 10)6 + 2.99 ∙ 10

)) − 2.80 ∙ 10)6
1 + K"L C1 − 25.250.97 D

 

 

!M#(1) = 186730.6 − 339264.9
∙ exp	(−0.1988n) 

 

156 + (21 + 1)	') → 5*')*+) + 1	')6	 5*')*+) +') → 25*/)'*+) 

 
(7) 

 

 

 
(8) 

 

 
(9) 

(10) 

The product distribution of the product stream 

after hydrocracking is represented by the “After 
Hydrocracker” curve in Figure 4.1. The residence 

time of the hydrocracker was optimised so that 

the product stream had the highest mole fraction 

of C11 alkanes.  

 
Figure 4.1: Product distribution of stream after FT and 

Hydrocracker 

Figure 4.2 shows the temperature-dependent 

relative reactivity of various carbon numbers 
during hydrocracking, demonstrating how 

operating temperature affects selectivity and 

product distribution. A generally linear increase 
in reactivity with rising temperature is seen, while 

the entire curve shifts upward for hydrocarbons 

with a higher number of carbon atoms. This trend 
illustrates how both temperature and carbon chain 

length influence the cracking behaviour and 

product selectivity. Even when focusing solely on 

straight-chain alkanes, the model exhibits a 
strong resemblance to literature [18], confirming 

that temperature can serve as a reliable variable 

for optimising hydrocracking operation and 
achieving higher yields of hydrocarbons in the 

desired range. 

 

4.3 Separation  

After the FT reactor, the product stream is 

separated into gaseous and liquid phases. The 

gaseous fraction is assumed to contain C1-C4 

alkanes and unreacted syngas (H2 and CO). To 
maximise resource efficiency, idealized 

separation units (COSEP and H2SEP in figure 

4.3) are used to fully isolate hydrogen (H2) and 

carbon monoxide. Once separated, the CO the 
majority of the H2 streams are recycled back into 

the upstream inlet flows (streams COREC and 

H2REC), thereby reducing the demand for fresh 
syngas, hence reducing exergy destroyed from 

previous process units as mentioned in section 3. 

A portion of the purified H2 is directed to the 
hydrocracking unit (stream H2CRCK) to drive 

the reaction. The lighter hydrocarbons are then 

left as a product stream. 

 

 
Figure 4.2: Relative reactivity based on temperature and 

chain hydrocarbon chain length 

Meanwhile, the liquid fraction from the initial FT 

product separator (FTSEP) is heated and passed 

through the hydrocracking unit, where carefully 
controlled conditions facilitate the selective 

cleavage of heavier molecules. Subsequently, 

hydrocracking, an additional separation step is 

used to isolate the targeted SAF fraction while 
routing heavier fraction and any other 

components toward appropriate pathways. 

 
4.4 Full Pathway and Exergy Analysis Results 

Aspen Plus was used to simulate the integrated 

FT unit shown in Figure 4.3. Exergy analysis was 
then applied to the extended configuration, where 

the FT section is integrated with the upstream 

processes from the summer work by connecting 

the COIN and H2IN streams in Figure 4.3 to the 
SYNGAS stream in Figure 3.1. This integration 
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establishes the complete process flowsheet as 
outlined in Figure 2.1. 

 

With the full pathway defined, exergy analysis 

was conducted to investigate the effect of 
introducing recycle loops in the FT section. 

Figure 4.4 presents the exergy destroyed 

normalized per tonne of SAF production, 

assuming SAF is purely C11 alkane. Under these 
conditions, the exergy destroyed in the FT 

synthesis unit remains unchanged. However, the 

reduced need for fresh syngas lowers the 

throughput in upstream units—particularly the 
PEM electrolyser—thereby decreasing the 

overall exergy destruction. 

 

 
Figure 4.3: Full flowsheet for the FT unit with Syngas Recycling 

 
Figure 4.4 Exergy destroyed per tonne of SAF produced of whole integrated process depending on FT recycling 

 
4.5 Comparing Enthalpy and Exergy Balances 

In Aspen Plus, enthalpy balances are always 

conserved, as the software reports heat duties 
based on the difference between inlet and outlet 

streams. While this ensures energy conservation 

is consistently verified, enthalpy balances alone 

cannot distinguish between high-quality and low-
quality energy, nor can they identify 

irreversibilities. Moreover, determining which 

streams are “useful” is a subjective choice, 
further limiting the insights gained from pure 

enthalpy assessments. Exergy analysis, by 

contrast, directly quantifies where and how useful 
work potential is lost, providing a more objective 

basis for identifying targets for improvement. 

 

4.6 Alternative Fuels: High-Pressure 

Hydrogen vs SAF 

The exergy analysis highlights substantial 
inefficiencies in SAF production, particularly in 

the FT synthesis step. The FT process is highly 

exothermic, meaning that much of the useful 

work potential (chemical exergy) in the input 
syngas is lost as heat during the reaction. 

Moreover, the FT process involves using a high-

exergy fuel, such as hydrogen, to create another 
fuel, inherently compounding inefficiencies. 

These factors, combined with the extensive 

downstream processing required to purify SAF 
from the broader hydrocarbon distribution, result 

in significant irreversibilities. 
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Meanwhile, producing high-pressure hydrogen 
(700 bar) requires only a PEM electrolyser and a 

compressor, resulting in much lower exergy 

destruction and process costs. For 1 MW of 

usable fuel, hydrogen production destroys just 
154 kW of exergy, compared to 2024 kW for SAF. 

This difference shows both the complexity of the 

SAF pathway and the inherent losses from the FT 
reactor’s exothermic reactions and diverse 

product distribution. The additional processing 

required to separate hydrocarbons and achieve 
the same energy output further increases 

inefficiencies. 

 

These results demonstrate the thermodynamic 
trade-offs in SAF production, emphasizing the 

need for further optimisation of FT synthesis and 

downstream processing. While SAF remains 
critical for aviation, the simplicity and efficiency 

of hydrogen production highlight its potential as 

an alternative fuel in non-aviation applications. 
 

5. Conclusion, Future Work  

This study developed and analysed a complete 

process for Sustainable Aviation Fuel (SAF) 
production from air and water, integrating 

upstream syngas generation with FT synthesis 

and downstream processing. By applying exergy 
analysis, the key sources of irreversibility in the 

process were identified, with the FT reactor and 

PEM electrolyser emerging as the primary 

contributors to exergy destruction. The highly 
exothermic nature of the FT reactions, coupled 

with the inefficiencies inherent in converting 

high-exergy hydrogen into hydrocarbons, 
underlines the thermodynamic trade-offs in SAF 

production. 

 
Exergy analysis proved invaluable in highlighting 

these inefficiencies and provided a framework for 

assessing alternative pathways. A comparison 

with high-pressure hydrogen production revealed 
significantly lower exergy destruction and 

process complexity, demonstrating its potential 

as a simpler, more efficient fuel in non-aviation 
applications. These insights indicate the 

importance of optimising SAF processes, 

particularly in mitigating the irreversibilities in 
the FT reactor and downstream processing. 

 

Ultimately, this work illustrates the value of 
exergy analysis as a diagnostic tool for 

pinpointing inefficiencies and proposing targeted 

improvements. By quantifying irreversibilities 

and evaluating alternative pathways, it provides a 
foundation for advancing SAF production while 

informing broader discussions on sustainable fuel 

strategies. 
 

Future research should focus on refining the 

comparison between enthalpy and exergy 
analyses. Developing a more detailed flowsheet 

with realistic process conditions, such as 

incorporating pressure drops and other 

inefficiencies, would allow for a comprehensive 
enthalpy balance where “useful” and “waste” 

streams are explicitly classified. Comparing these 

results with exergetic efficiency could validate 
whether exergy inherently accounts for such 

inefficiencies from the outset, further proving its 

diagnostic value. 
 

For the FT synthesis step, further work is needed 

to isolate specific sources of exergy destruction, 

including the highly exothermic reactions, 
mixing inefficiencies, and suboptimal product 

distributions. This could guide improvements in 

reactor design and heat recovery strategies. 
Additionally, addressing Aspen’s incomplete 

entropy balance, which only considers Gibbs free 

energy contributions, could provide a more 

accurate assessment of entropy generation and 
exergy destruction. 

 

Lastly, developing a standardized exergy-based 
efficiency metric would enable consistent 

comparisons across processes and pathways. 

Such a metric could bridge the gap between 
enthalpy and exergy analyses, offering both a 

practical and theoretically grounded framework 

for evaluating complex systems like SAF 

production. By addressing these areas, future 
studies can enhance SAF process optimisation 

and strengthen the methodologies for evaluating 

its performance. 
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Abstract  

 

Graphene, a two-dimensional (2D) nanomaterial, has garnered significant attention due to its remarkable 

properties, including a high specific surface area, exceptional tensile strength, and superior electrical and thermal 

conductivity. These attributes make it invaluable for a broad spectrum of industrial applications. Among the 

established methods for graphene exfoliation – mechanical, electrochemical, and liquid-phase exfoliation. The 

present study focuses on optimising liquid-phase exfoliation using a custom-designed high-shear Taylor-Couette 

device. Sodium cholate (NaCh) in deionised water served as the surfactant-assisted solvent system. Following 

exfoliation, centrifugation was employed to separate few-layer graphene (FLG) from partially graphite, and the 

resultant dispersion was diluted and characterised using UV-Vis spectroscopy to determine FLG concentration 

and the average number of atomic layers. Four distinct graphite precursors (vein graphite, Canadian graphite, 

expanded graphite, and Chinese graphite flakes) were investigated under varying process conditions of graphite 

concentration, exfoliation duration, and surfactant concentration to identify parameters that maximise graphene 

yield. The results revealed that Chinese graphite flakes produced the highest FLG yield among the tested 

precursors. Moreover, higher initial graphite concentrations correlated with improved yields, while prolonged 

exfoliation enhanced production efficiency up to a threshold, beyond which diminishing rates of production were 

observed. An optimal surfactant concentration of 2.5 g/L was established for maximising yield. This study 

provides a systematic approach to process optimisation, offering valuable insights for enhancing the scalability 

and efficiency of graphene production via liquid-phase exfoliation. 

 

 

Keywords: Graphene, Liquid-exfoliation, Taylor-Couette device, Process optimisation 

 

 

1. Introduction & Background   

Carbon is widely distributed on Earth and is a major 

organic compound component. Carbon atoms have 

a 2𝑠2, 2𝑝2 configuration, which can form allotropes 

and compounds by forming s-p hybridised chemical 

bonds of 𝑠𝑝, 𝑠𝑝2 and 𝑠𝑝3  [1]. Carbon has more than 

500 allotropes, including graphite, fullerene, carbon 

nanotubes, diamond and graphene [2]. 

      Graphene is a two-dimensional nanomaterial in 

which one carbon atom is bonded to three other 

carbon atoms in a hexagonal shape in a plane. 

Graphene has a slight thickness of 0.334 nm but has 

a large theoretical specific surface area of 2,600 m2/g [3], making graphene widely used in energy 

storage devices such as batteries. In lithium-ion 

batteries, graphene is used as an anode, which makes 

the capacity three times higher than that of graphite 

electrodes. Graphene is highly flexible, so it is 

widely utilised in wearable electronics. Graphene is 

100 times more potent than steel with a tensile 

strength of 125 GPa [4], and thermal conductivity is 

10 times higher than copper with 5 × 103 W/mK 

[5]. 

      Moreover, at room temperature, it has electronic 

mobility of 200,000 cm2/Vs due to the band-gap 

characteristic, which makes electrons move freely 

between the valence and conduction bands. It also 

has a high optical transmission of 97.4 % [6], used 

to make touchscreens and organic light-emitting 

diodes (OLEDs). Since graphene also has high light 

absorption, it improves the light absorption capacity 

of solar cells by bonding graphene to cadmium 

sulfide (CDS) semiconductors and adding carbon 

nanotube, increasing the efficiency by 15.2 % [4]. 

Graphene is a significant nanomaterial in various 

fields due to its unique and superior properties.  

      Delocalised 𝜋 bonds connect the crystal layer of 

graphite flakes with van der Waals forces, and the 

binding force is 16.7 kJ/mol  [9]. Carbon atoms 

form a covalent bond with the 𝑠𝑝2 hybridised orbital 

with a binding energy of 345 kJ/mol . Since the 

binding energy between the crystal layers is more 

than 20 times weaker than the binding energy of the 

carbon atom and the orbital, the graphene can be 

exfoliated by separating the layer from the graphite. 

Through this principle, research to find efficient 

ways to exfoliate graphene is ongoing. 

      In 2004, Geim et al. discovered a method of 

exfoliating a graphene sheet from a graphite sheet 

using the “Sticky tape method” at Manchester 
University [8]. This mechanical exfoliation method 

separates graphene from graphite by repeatedly 

attaching scotch tape and detaching to overcome 

weak van der Waals forces. This method can 

produce high-quality graphene but can only be 

applied at the laboratory scale. 
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      For the electrochemical exfoliation of graphite, 

oxygen radicals are formed by applying a voltage of 

20 V to two graphite rods immersed in an electrolyte 

composed of 1 % sodium dodecyl sulfate (SDS) with 

deionised water [11]. The corrosion of the graphite 

rod electrodes is followed by the insertion of anionic 

surfactant, which precipitates the sheet of graphene. 

      Liquid-phase exfoliation is a top-down method 

of dispersing graphite in a liquid medium and 

overcoming the weak van der Waals forces using a 

physical method such as sonication to obtain 

graphene by separating the layer. The surface energy 

of graphite is 40 mJ/m2 [10], and the solvent should 

have a similar surface energy to graphite, such as N-

Methylpyrrolidone (NMP) and Dimethylformamide 

(DMF), that can offset the bonding energy between 

the graphite layers. 

      The objective of this research is to find a way to 

increase the yield of graphene by experimenting 

with various precursors in several process 

conditions through liquid-phase exfoliation. 

 

2. Methods  

2.1 Precursors 

Vein graphite, Canadian graphite, expanded 

graphite, and Chinese graphite flake were precursors 

to exfoliate graphene. The concentration of vein 

graphite, Canadian graphite, and expanded graphite 

was fixed at 20 g/L. The concentration of Chinese 

graphite flake was varied to 20, 100, and 200 g/L to 

compare the yield variation depending on the 

graphite concentration.  

 

2.2 Solvent 

Flakes tend to adhere to each other due to their 

cohesiveness, interrupting graphite dispersion in the 

solvent [13]. To overcome van der Waals forces, the 

surface energy of the solvent should be similar to the 

surface energy of graphite to minimise interfacial 

tension among flakes and facilitate graphene 

dispersion [13]. DMF (37.1 mJ/m2) and NMP (40 mJ/m2 ) are used as a solvent in liquid-phase 

exfoliation. However, these organic solvents are 

expensive and toxic. The research is limited to the 

effect of NMP on humans; however, Solomon et al. 

experimented with the exposure of NMP, which can 

cause developmental disability and sensory 

responsiveness changes in the fetus of mice [14]. 

James et al. categorised DMF as a Substance of Very 

High Concern (SVHC), which can cause 

developmental disability and reproductive toxicity 

[15].  

      NMP and DMF are substances that encourage 

the reduction of use in research and industrial sites 

and the use of safe alternative substances. In this 

experiment, sodium cholate, which is non-cancerous 

and can be safely used at an appropriate 

concentration, was used as an additive at appropriate 

concentrations to form a stable aqueous dispersing 

solution. Sodium cholate (NaCh) usually has a 

surface energy of 30-35 mJ/m2 and is used to 

exfoliate layered materials by lowering the surface 

tension.  

      This solvent provides electrical and three-

dimensional repulsive force to prevent re-

aggregation of graphene, thereby increasing 

dispersion stability. This study used 2 g/L of Sodium 

cholate solution to exfoliate vein graphite, Canadian 

graphite and expanded graphite. During the Chinese 

graphite flake experiment, 1, 2, 2.5, and 4 g/L of 

sodium cholate were used to observe the change due 

to the different solvent concentrations. The prepared 

sodium cholate in each experiment was mixed well 

with 2 L of ultra-pure deionised water (18 MΩ. cm). 

 

2.3 Taylor-Couette technology 

Coleman et al. proposed a high-shear rotator mixer, 

which showed a low yield of 0.1 % [11], and the 

exfoliation phenomenon was limited to the rotor and 

stator. Tran et al. proposed using the Taylor-Couette 

device for liquid-phase exfoliation to overcome this 

[12].  

 

 
 

Figure 1 Schematic of exfoliation process and Taylor Vortex Flow 

Reproduced with permission from Ref. 12. Copyright 2016 

The Royal Society of Chemistry. 

 

The Taylor Colette device consists of two concentric 

cylinders with stationary outer (stator) and rotating 

inner (rotor) cylinders. The specifications of the 

Taylor-Couette device used: outer cylinder diameter 

= 197 mm, an inner cylinder diameter = 193 mm, 

and a cylinder length = 280 mm, which was built by 

the Department of Chemical Engineering at Imperial 

College London. The flow generated by the rapidly 

rotating liquid in the small gap of the two coaxial 

cylinders is called Taylor-Couette flow. When the 

inner cylinder rotates above the critical rotation 

speed, the flow becomes unstable, resulting in a 

secondary flow showing a toroidal-shaped vortex 

rotating in the opposite direction, known as a Taylor 

vortex flow shown in Figure 1 [12]. The liquid 

rotating by these two cylinders creates a high shear. 

The shear rate can be calculated using the equation 

below:  

                                 𝑅𝑒𝑇 = 𝑟𝑖𝜔𝑑𝑣                         (1) 
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                        𝐺 = 1.45 𝜂𝑟32(1 − 𝜂𝑟)74 𝑅𝑒𝑇1.5         (2) 

                                   𝛾 = 𝐺𝑣2𝜋𝑟𝑖2                             (3) 

 

where ReT is the Reynolds number for the Taylor 

Couette flow from Lathrop et al [21]. Where 

reynolds number (Re) < 2000 is a laminar flow, 2000 

< Re < 4000 is a transition flow, and 4000 < Re is a 

turbulent flow. ri is the inner cylinder radius, ω is 

the rotational speed in rad.s−1, d is the exfoliation 

channel width, v is the kinematic viscosity of DI 

water, G is the dimensionless torque, and ηr =ri/ro . In this process, the van der Waals force is 

overcome, and the graphite is exfoliated into the 

solution by graphene due to the secondary flow. The 

Taylor-Couette device allows the graphene to have 

high yield and low defect. 

2.4 Operational procedures 

Prior to the experiment, individual surfactant 

aqueous solutions were prepared of required 

concentrations with an overnight mixing to ensure 

complete dissolution. Figure 2 and Figure 3 shows a 

photo and schematic, respectively, of the 

experimental setup used.  

 

 
Figure 2 Overview of the experimental setup 

 

      

 
Figure 3 Schematic showing the experimental setup 

 

      At the start of the experiment, the device was 

operated through a software installed on a computer, 

and the cylinder rotational speed of the Taylor-

Couette device could be set via motor-controller 

connected to this computer. The inner cylinder of the 

Taylor-Couette device rotates by the connection of 

the pulley and belt, and the outer cylinder is 

stationary. The temperature change between the 

inlet and outlet of the TC device was measured using 

Pico TC-08 Thermocouple Temperature Data 

Logger. In this experiment, the appropriate 

temperature is less than 35 ℃ . To prevent 

overheating, the fan was operated to maintain the 

appropriate temperature i.e., <70 ℃ . When the 

experiment started, the V-101 was closed, the V-102 

was opened, Masterflex 07528-10 L/S peristaltic 

pump equipped with a 77200-62 pump head was 

used and operated fixed speed at 250 RPM, and the 

surfactant was injected into a 2L beaker. When the 

cylinder rotational speed was gradually increased to 

reach 400 RPM, the mixer immersed in the 

surfactant was operated at 450 RPM which provided 

sufficient agitation without any aeration. The 

prepared graphite was poured, mixed, and injected 

into the Taylor-Couette device. 

      After that, the speed was gradually increased to 

set the speed suitable for each experiment as shown 

in Table 1. The exfoliating time, the concentration 

of precursors, the concentration of surfactant, and 

the cylinder rotational speed were set for each 

experiment, and the experiment was carried out. 

After sufficient exfoliation, the graphene product 

was extracted back into a 2 L beaker where 

surfactant was originally contained through a 

flexible rubber tube when the cylinder rotational 

speed was 400 RPM. 

 
Table 1 Process conditions 

      

Type of 
Graphite 

Time 
(hours) 

𝝎𝒄 
(RPM) 

𝑪𝒈𝒓𝒂𝒑𝒉𝒊𝒕𝒆 

(g/L) 
𝑪𝑵𝒂𝑪𝒉 

(g/L) 

Vein 
Graphite 1 

3 1000 20 2 

Vein 
Graphite 2 

5 1000 20 2 

Canadian 
Graphite 

3 1000 20 2 

Expanded 
Graphite 

3 1000 20 2 

Chinese 
Graphite 
Flake 1 

3 1000 100 2 

Chinese 
Graphite 
Flake 2 

3 1100 20 2 

Chinese 
Graphite 
Flake 3 

9 800 100 1 

Chinese 
Graphite 
Flake 4 

9 800 100 2.5 

Chinese 
Graphite 
Flake 5 

9 800 100 4 
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2.5 Shut-down procedure 

After removing the whole volume (2 L) of processed 

product into a Feed Tank (beaker), the cleaning of 

the system was followed to decontaminate and 

prepare for the next batch production. The V-101 

was opened, closed the V-102, set the pump speed 

to 350 RPM, set the cylinder rotational speed to 150 

RPM, and injected 3.5 L of DI water. Removed the 

remaining substances in the Taylor-Couette device 

by opening and closing the primary and outlet valves 

until the discharged DI water became transparent. 

When the remaining substances were discharged, 

the device's speed was changed to 0 RPM, all fluid 

was removed from the device, and the experiment 

was finished. 

 

2.6 Centrifugation 

The extracted graphene solution was left overnight 

to leave graphene flakes in the bulk solvent and 

allow for the graphite particles to settle.  After that, 

54 mL of graphene solution is extracted from the 

supernatant with a pipette and placed in six 

centrifuge tubes. The instrument used in the 

centrifuge is the Thermo Scientific Sorvall Legend 

X1R. The weight of the oppositely facing centrifuge 

tubes positioned in the centrifuge machine were 

balanced within 0.1 g. Post centrifugation (30 

minutes at 1500 rpm) 42 mL of supernatant were 

collected with the pipette. 

 

2.7 Dilution 

 
Table 2 Dilution factor for each type of experiment 

 

Centrifuged products were collected in a 250 mL 

vials, which were further diluted with a 

corresponding surfactant aqueous solution to obtain 

desired dilution factor. The formula of the dilution 

factor is                                𝑀1𝑉1 = 𝑀2𝑉2                  (4) 

 

where 𝑀1 is the initial concentration, 𝑉1 is the initial 

volume, 𝑀2 is the final concentration, and 𝑉2 is the 

final volume. The diluted solution can be 

characterised by UV-Vis, which requires a degree of 

transparency for the analysis. Above table is a 

showing each appropriate dilution factor. 

2.8 Product characterization 

UV-Vis-nIR spectrometer (Shimadzu UV-2700) 

with 3.5ml of quartz cuvettes was used as an 

instrument. The absorbance of the graphene solution 

can be observed by light absorbed by the diluted 

sample at wavelengths of 200 nm to 900 nm. The 

wavelength of 200 to 400 nm is in the range of 

ultraviolet (UV), 400 to 800 nm is in the range of 

visible light (Vis), and 800 to 900nm is in the range 

of near-infrared (nIR).  

      When electromagnetic waves irradiate the 

material, scattering, reflection, absorption, and 

transmission occur. Absorption occurs when the 

amount of energy of light irradiated to the material 

is equal to the energy difference between the ground 

and excited states of the molecule. The transition of 

an electron from the ground state to the excited state 

is called an electron transition. In general, transitions 

that occur at short wavelengths, such as σ → σ∗ and n → σ∗, are not observed, but since n → π∗and π →π∗ transitions occur at 200 to 700 nm, they show a 

strong absorption reaction [16].  

      A few-layer graphene concentration was 

determined by applying specified absorbance to the 

Beer-Lambert Law. 

                                  𝐴 = 𝑙𝛼𝑐𝐶𝐹𝐿𝐺                        (5) 

                                     𝜖 = 𝛼𝑐 + 𝜎𝑠                        (6)   
 𝐴 is the absorbance, 𝑙 is the length of the cuvette 

length (pathlength), and CFLG  is the concentration 

for few-layered graphene. ϵ is extinction coefficient 

and σs  is the scattering coefficient. Backes et al. 

found that the absorbance and extinction 

coefficients are qualitatively similar [17]. 

Accordingly, in this experiment, the extinction 

coefficient to obtain the absorbance was defined and 

calculated as the absorbance coefficient. 

      In this experiment, the absorbance at 680 nm 

was used to calculate the concentration of a few-

layer graphene; the absorbance coefficient at this 

time was 4237 L/g/m (determined by the research 

group by gravimetric analysis), and the optical 

length of the cuvette was 0.01m. Average layer 

number, <N>, which can be obtained by the 

following well-established correlation: 

             < 𝑁 >= 0.42𝜆𝑝𝑒𝑎𝑘(𝑛𝑚) − 108        (7) 

 

Where 𝜆𝑝𝑒𝑎𝑘 is wavelength at peak. However, this 

formula has the problem that it is difficult to find the 

exact peak point due to the wide range of peaks 

observed in the experiment, and the position of the 

peak can be changed depending on the environment 

by the solvatochromic effect [17].  

      The intensity ratio of the absorbance at the π–π* 
peak to the high wavelength plateau is used to find 

the exact location of the peak [17]. 

 

Type of graphite 
Dilution 
Factor 

Vein Graphite 1 250 

Vein Graphite 2 250 

Canadian Graphite 250 

Expanded Graphite 50 

Chinese Graphite Flake 1 500 

Chinese Graphite Flake 2 250 

Chinese Graphite Flake 3 500 

Chinese Graphite Flake 4 500 

Chinese Graphite Flake 5 500 
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               < 𝑁1 >= 25 × 𝜀550𝜀𝑚𝑎𝑥 − 4.2            (8) 

 𝜀550 is the absorbance at 550 nm of wavelength and 𝜀𝑚𝑎𝑥  is the maximum absorbance. However, this 

method also has a problem: solvents and surfactants 

absorb UV light [17]. As an improvement, the 

formula changed the intensity ratio to ε550/ε325 

          < 𝑁2 >= 35.7 × 𝜀550𝜀325 − 14.8         (9) 

 

3 Results & Discussion 

3.1 Concentration of few-layer graphene 

Figure 4 shows the absorbance of all experiments 

measured by UV-vis according to the wavelength.  

The π-π* transition of the C=C bond of graphene 
causes the strong absorption peak seen between 260 

and 280 nm [18]. This transition is caused by the 

delocalization of π electrons present in the 
overlapping region of the p orbital of sp2 hybridised 

in defect-free graphene [19]. This structure is the 

reason graphene has zero bandgap characteristics. 

 

 
 

Figure 4 Absorbance intensity spectra for all processed samples 

including individual standard error 

 
Table 3 Concentration of few-layer graphene 

      

 Table 3 shows the value measured by UV-vis, and 

Equation 4 calculates the concentration of few-layer 

graphene in the entire experiment. Chinese graphite 

flake 4 showed the highest yield throughout the 

experiment. 

 

3.2 Shear rate 

The Taylor-Couette device produces a high shear by 

rotating only the inner cylinder while the outer 

cylinder is fixed. Based on the Reynolds number, the 

flow regime is turbulent. Corresponding values are 

calculated and shown in Table 4, where the shear 

rate increases as the rotational speed increases, 

calculated by Equation 3. In all cases, shear rate is 

greater than the critical shear rate for graphite 

exfoliation, i.e., 𝛾̇𝑐𝑟𝑖𝑡 = 104 s-1.  

 
Table 4 Shear rates for three different rotational cylinder speeds 

 

3.3 Number of layers 

 
Table 5 Number of atomic layers for each sample 

 

Figure 5 and Table 5 show the number of layers of 

all experiments obtained according to Equations 8 

and 9. In all experiments, the exfoliated graphene is 

between 2 and 10 layers, indicating that it is a few-

layer graphene. In both N1 and N2, Chinese 

Graphite Flake 3 showed the highest values at 7.9 

and 7.99, yet, <N> remains consistent between 6 and 

8 atomic layers. Figure 6, 7, 8 and 9 show the N1 

and N2 of the three experiments under the same 

conditions. The conformity of N1 is 99. 4% for Vein 

graphite 1, 98.89 % for Vein graphite 2, 98.26 % for 

Canadian graphite, 98.42 % for expanded graphite, 

98.42 % for Chinese graphite 1, 98.79 % for Chinese 

graphite 2, 98.25 % for N2, 98.4 % for Vein graphite 

Type of Graphite 𝑪𝑭𝑳𝑮 (g/L) 

Vein Graphite 1 0.57 

Vein Graphite 2 0.74 

Canadian Graphite 0.40 

Expanded Graphite 0.07 

Chinese Graphite Flake 1 1.38 

Chinese Graphite Flake 2 0.82 

Chinese Graphite Flake 3 1.54 

Chinese Graphite Flake 4 1.96 

Chinese Graphite Flake 5 1.67 

Rotational 
cylinder 

speed 
(RPM) 

Angular 
velocity 

of 
rotational 
cylinder 𝝎 (𝒓𝒂𝒅/𝒔) 

Reynolds 
number 
for the 
Taylor 

Couette 
flow 𝑹𝒆𝑻 

Torque 𝑮 

Shear 
rate 𝜸(𝒔−𝟏) 

800 83.78 
2.19× 104 

4.29× 109 

5.22× 104 

1000 104.72 
2.74× 104 

6.04× 109 

7.63× 104 

1100 115.19 
3.01× 104 

6.97× 104 

8.80× 104 

Type of graphite 𝑵𝟏 𝑵𝟐 

Vein Graphite 1 6.35 6.28 

Vein Graphite 2 6.46 6.34 

Canadian 
Graphite 

6.46 6.58 

Expanded 
Graphite 

6.63 6.95 

Chinese Graphite 
Flake 1 

7.48 7.41 

Chinese Graphite 
Flake 2 

6.93 6.93 

Chinese Graphite 
Flake 3 

7.90 7.99 

Chinese Graphite 
Flake 4 

7.15 7.10 

Chinese Graphite 
Flake 5 

6.33 6.18 
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2, 98.4 % for Canadian graphite, 97.93 % for 

expanded graphite, 97.82 % for Chinese graphite 1, 

and 98.41 % for Chinese graphite 2. The high 

conformity ensures that the quality of the product is 

uniform in three batches and has high stability in the 

process. 

 

    

   
 

Figure 5 Number of layers (N1, N2) for different graphite types 

 

 
 

Figure 6 Number of layers (N1, N2) of vein graphite 

 

 
 

Figure 7 Number of layers (N1, N2) of Canadian graphite 

 

 

 
 

Figure 8 Number of layers (N1, N2) of expanded graphite 

 

 
 

Figure 9 Number of layers (N1, N2) of Chines graphite flake 

 
3.4 Variations depending on time 

 

 
 

Figure 10 Variations of few-layer graphene concentration 

depending on time (left: 3 hours; right: 5 hours). 

 

Under identical process conditions, one sample of 

vein graphite was run for 3 hours, and another was 

run for 5 hours. The concentration of few-layer 

graphene was about 1.3 times higher when tested for 

5 hours. It can be seen that more graphene is 

exfoliated by overcoming the weak van der Waals 

force while performing the exfoliating for a longer 

time. In Figure 10, when comparing these graphs, it 

44



 7 

can be seen that the 9-hour exfoliated Chinese 

graphite 4, 5, and 6 experiment shows a higher yield 

than when the Chinese graphite flake is exfoliated 

for 3 hours (Chinese graphite flake 1). However, the 

additional 6 hours of exfoliation does not justify the 

yield of 1.72 % for 9 hours relative to 1.38 % yield 

for 3 hours. Instead, one could run additional 3 hours 

batches to achieve higher yield for the same total 

exfoliation period of 9 hours. This is because the rate 

of graphene production reduces with exfoliation 

time i.e., 124.2 g/hr for 3 hrs and 154.8 g/hr for 9 

hrs. 

 

3.5 Variations depending on different precursors 

After testing the same amount of vein graphite, 

Canadian graphite, expanded graphite, and Chinese 

graphite flakes used in the above experiment for 3 

hours with a surfactant of 2 g/L, the concentration of 

Chinese graphite flakes was 2.42 times higher than 

that of vein graphite, which showed the second 

highest yield, and 19.71 times higher than that of 

expanded graphite, which showed the lowest yield. 

 

 
 

Figure 11 Variations of few-layer graphene concentration 
depending on precursors 

 
3.6 Variations depending on graphite 

concentration  

 

 
Figure 12 Variations of few-layer graphene concentration 

depending on graphite concentration (left: 100 g/L; right: 20 

g/L). 

 

In the graph above, Chinese graphite flake 1 yields 

1.7 times more than Chinese graphite 2. The more 

significant the amount of initial graphite, the more 

graphene must be exfoliated. 

 

3.7 Variations depending on NaCh concentration  

Chinese graphite flake 4 shows the highest yield. 

Through this, it can be seen that the high NaCh 

concentration does not mean the yield is high. In the 

past, critical micelle concentration (CMC) was 

thought to affect the nanosheet yield [20]. The CMC 

of sodium cholate is 3 g/L [23]. If the concentration 

is higher than that of CMC, a micelle is formed to 

prevent graphene from being adsorbed to surfactant, 

and thus, graphene is considered to be low in yield. 

However, in recent studies, CMC has no impact on 

the yield of graphene [22]. This is because the 

micelle is formed regardless of the nanosheet being 

adsorbed on the surfactant surface. In this study, if 

the optimum concentration is 2.5 g/L and if smaller 

than this, the surface is insufficient to form 

adsorption and higher than this, the increased 

surfactant narrows the nanosheet gap, causing re-

aggregation, resulting in the low yield of a few-layer 

graphene. 

 
 

Figure 13 Variations of few-layer graphene concentration 

depending on NaCh concentration 

 

 

4 Conclusions 

Graphene is a material that is useful in modern 

industry. Since 2004, research has been steadily 

conducted to exfoliate graphene from graphite. 

However, large-scale graphene production is 

complex, and most methods are complex. This 

experiment shows a process condition that can 

increase the yield by proceeding with a simple liquid 

exfoliation method using a Taylor-Couette device. 

that enables large-scale graphene production, which 

can realistically make graphene widely used. 

      As a result of observation through UV-vis, the 

highest concentration of new layer graphene of 1.96 

was exfoliated in Chinese Graphite Flake 4. This is 

because the experiment was conducted for a long 

time at the highest graphite concentration and 

optimal surfactant concentration. As for the number 
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of layers, Chinese Graphite Flake 3 was the highest 

at 7.9 and 7.99. The high conformity of 97 % or 

more, as shown when the three experiments were 

tested under the same conditions, increases the 

stability and reliability of this experiment. In order 

to exfoliate graphene effectively, the exfoliation 

time must be increased, but a long-term exfoliated 

time of 9 hours is unnecessary, considering 

efficiency. Among the precursors, Chinese graphite 

flake shows the highest yield; the higher the graphite 

concentration, the higher the yield. In the case of the 

surfactant concentration, the optimal concentration 

was 2.5 g/L. If concentration is higher than the 

optimal concentration, it formed aggregation and if 

the concentration is too low, the exfoliation of 

graphene could not be sufficiently performed. 

 

5 Outlook 

In this experiment, liquid exfoliation, which enables 

the commercialization of graphene, used a relatively 

eco-friendly and safe sodium chloride solution as a 

surfactant. However, the original production process 

uses highly toxic and environmentally hazardous 

solvents such as NMP and DMF. Suppose sodium 

chloride is used as a solvent. In that case, the 

efficiency is reduced to that of NMP and DMF, so 

finding an eco-friendly and non-toxic solvent is 

necessary while increasing the exfoliation 

efficiency. Also, a significant amount of graphene 

remaining inside the cylinder could be confirmed 

when cleaning up after the experiment. The 

graphene remaining inside the cylinder must be 

reduced in order to increase the graphene yield. In 

this experiment, the maximum speed was limited to 

1,100 RPM for safety, but in case of scale-up, 

increasing the shear rate by increasing the speed will 

reduce the amount of graphene remaining. 
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Abstract  

Wrinkled surface patterns, inspired by natural adaptations such as shark denticles and moth eyes, present 

innovative opportunities for improving industrial processes with enhanced efficiency and environmental 

sustainability. One way in which these wrinkles can be formed is via the plasma oxidation of an elastomer 

substrate such as polydimethylsiloxane (PDMS). By applying a strain to PDMS and exposing it to plasma, a rigid 

oxidised layer is formed, which buckles upon relaxation of the strain, forming a layer of wrinkles on the surface. 

However, this processed is caveated by the fact that random cracking is often seen in the elastomer surface due to 

the difference in mechanical properties between the oxidised layer, and the PDMS substrate. This study 

investigates how the surface morphology of the PDMS exposed to plasma impacts the way in which cracks are 

formed. By using plasma oxidation and ultraviolet ozonolysis (UVO) wrinkled moulds were created, from which 

samples were made, ultimately creating fresh, unoxidized, patterned PDMS surfaces. These samples were exposed 

to varying dosages of plasma, and crack formation was observed. It was concluded that surface morphology does 

indeed impact crack formation, and a negative correlation was found between crack density and pre-existing 

surface wrinkle wavelength. This trend was seen in wavelengths of single and tens of micrometres. Furthermore, 

it was also noted that exposure to plasma significantly decreased the amplitude of wrinkled surfaces that were 

exposed to it. 

 

1. Introduction 

Wrinkled patterns have been observed as an 

evolutionary solution for species of plants and 

animals, in order to overcome many of the 

challenges faced throughout nature, by simply 

enhancing the efficiency of mechanisms such as 

movement, visual sensory, traction etc.  

The notion of wrinkled surfaces being used to 

enhance the performance of man-made processes or 

even provide new alternatives with the focus of 

environmental sustainability, has stricken the 

curiosity of many researchers whose objective is to 

make processes more efficient.  

A well-documented example of wrinkles as an 

adaptation is the shape of the millions of dermal 

denticles found on the surface of a shark. Wrinkles 

aid in the shark’s swimming by reducing its drag as 

it flows through water, in other words, sharks are 

more hydrodynamically efficient with wrinkles, 

allowing them to be faster when moving toward prey 

(Fu et al., 2017). In addition to movement, dermal 

denticles also demonstrate great resistance to 

biofouling; their wrinkled and diamond shape 

provides a challenge for bacteria and parasites when 

attempting to cultivate on the surface of a shark. Due 

the force of fast-moving water caused by the surface 

topology of a denticle, microorganisms are simply 

unable to attach, and even if they do they are quickly 

washed away (Chien et al., 2020). Modelling shark 

denticles on the surface of ship hulls has become a 

new possibility in improving the fuel and 

operational efficiency of naval voyages, as well as 

reducing biofouling in the form of barnacles without 

the need of toxic coatings (Fu et al., 2017). Not only 

in the sea, but also in hospital surfaces, wrinkled 

patterns can mitigate the spread of harmful 

microorganisms without the need of anti-bacterial 

chemicals, making these scenarios environmentally 

more sustainable (Mann et al., 2014). 

Wrinkles are also exhibited on the surface of the 

eyes of certain types of Lepidoptera for anti-glaring 

purposes. More commonly documented in moths, 

the unique surface topology of their eyes allows light 

from different angles to enter their eyes, whilst 

altering the refractive index to prevent the light from 

reflecting away (Uma Rao et al., 2017). Studies 

focus on acquiring a wrinkle pattern inspired by this 

adaptation to improve the efficiency of solar panels 

by reducing the amount of light reflected off the 

surface of a solar cell (Uma Rao et al., 2017). 

Although the designs of wrinkled surfaces have 

already been established for certain applications, 

cheap and precise manufacturing of these patterns 

remains a challenge, as available techniques such as 
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photolithography are expensive to operate at high 

production. One prospect is the use of soft materials 

with plasma induced surface buckling to create 

wrinkles, providing a cheaper alternative to the 

current methods.  

However, plasma oxidation causes the 

formation of surface cracks on the material, 

becoming a new hurdle for this production path as 

they reduce wrinkle performance and precision 

(Glatz and Fery., 2018). Therefore, there is a great 

need to understand the mechanism of cracking in 

order to design better production conditions to avoid 

them. As such, this report focuses on the way in 

which cracks are formed, and how this is affected by 

the surface morphology of a soft elastomer substrate 

known as polydimethylsiloxane (PDMS) when 

exposed to plasma oxidation.  

 

2. Background 

2.1 Wrinkling 

As mentioned, PDMS will serve as the model 

material examined within this report. It is a silicon-

based organic polymer that exhibits properties such 

as optical transparency, hydrophobicity, and non-

toxicity (Miranda et al., 2021). However, it was 

mainly selected for its remarkable elasticity, 

affordability, and ease of fabrication, making it an 

ideal candidate for experimental and practical 

applications (Sales et al., 2022). It is extensively 

researched in soft matter chemistry, and presents a 

range of general applications in microfluidics, 

medicinal technology, and consumer products, such 

as lubricants and adhesives (Miranda et al., 2021). 

One additional property that is highly valued 

for the study is the ability of PDMS to undergo 

plasma oxidation. Plasma oxidation is when highly 

energised oxygen particles collide and break the 

methyl groups found on the surface of the PDMS, 

subsequently exposing the silicon backbone, which 

in turn get oxidised to form hydroxyl groups. This 

creates a thin, stiff silicate layer (that thickens with 

plasma exposure time) on the surface of PDMS that 

is visually glassy and exhibits hydrophilic properties 

(Waters et al., 2017).  

However, when PDMS is oxidised under 

elastic stress and subsequently relaxed, due to the 

mechanical instability of the polymer, the surface 

will buckle. This will in turn form wrinkles, which 

is ideal for surface patterning. This phenomenon is 

already well characterised, and it has been 

concluded that the wavelength, λ, and amplitude, A, 

of the wrinkles are governed by Equations 1 and 2, 

respectively (Pellegrino et al, 2019). 

𝜆 = 2𝜋ℎ𝑓 ( 𝐸̅𝑓3𝐸̅𝑠)13 (1) 

 𝐴 = ℎ𝑓 ( 𝜀𝜀𝑐 − 1)12  (2) 

 𝐸̅𝑠 = 𝐸𝑃𝐷𝑀𝑆(1 − 𝑣𝑃𝐷𝑀𝑆2 ) (3) 

 𝜀𝑐 = − 14 (3𝐸̅𝑠𝐸̅𝑓 )23  (4) 

 

In the first two equations, hf is the thickness of the 

film formed on the surface during oxidation, Ef  is the 

plane strain modulus, and Es is the substrate 

modulus. This value is described by equation 3, 

where EPDMS and 𝑣PDMS are the young’s modulus and 

Poisson’s ratio of the polymer respectively 

(Pellegrino et al, 2019). Additional variables are the 

strain and critical strain (described in Equation 4) 

applied on the PDMS, denoted as ε and εc, 

respectively, where εc is the minimum strain 

required for the surface to buckle (Pellegrino et al, 

2019). It is important to note that it is only the 

amplitude and not the wavelength that is impacted 

by the strain ε, whilst they both depend on the 

thickness of the film formed hf. Additionally, the 

value of hf has a positive correlation with the 

oxidation exposure time, i.e., the longer the 

exposure time, the larger the value of hf, thus the 

larger the wavelength and amplitude. 

 

2.2 Cracking 

Other than plasma oxidation being used to create 

wrinkles on the surface of PDMS, another less well-

defined phenomenon of cracking also occurs. These 

cracks perpetuate through the surface of the PDMS 

in a random manner, with no particular direction. 

However, it is known that the cracks usually 

originate at locations on the surface that experience 

the highest stress intensities, which is why crack 

formation occurs during wrinkling (Glatz and Fery., 

2018). This is because of the formation of the 

oxidised layer hf. Due to the large difference in 

mechanical properties between the oxidised layer 

and the regular PDMS substrate below, there is a 
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high stress at the interface between the layer and 

substrate (Beuth, 1992). This high concentration of 

stress at the interface is the current theory explaining 

the formation of cracks when it comes to plasma 

oxidised wrinkling (Hutchinson and Suo, 1991). 

 

3. Methodology 

3.1 Materials & Equipment 

3.1.1 Plasma Oxidation Chamber 

To create the necessary conditions to oxidise the 

surface of PDMS sample, a ‘FEMTO’ vacuum 

chamber by Diener Electronic was used to carry out 

this process. This machine works by removing all 

the present air within the chamber in which the 

sample is placed, then supplying a small amount of 

oxygen that is ionised upon activation of the device. 

This creates what is known as plasma, and it is 

observed as a light purple glow caused by the 

emission of UV light by the ionising particles. 

(Diener electronic GmbH + Co. KG., 2011).  

  

3.1.2 Ultraviolet Ozone Generator (UVO) 

Another approach to oxidising the surface of PDMS 

is through UV ozonolysis that is induced using a 

‘PSD Pro Series Digital UV Ozone System’ (created 

by Novascan). This device works by utilising UV 

light to convert oxygen particles into ozone 

(Novascan Technologies, Inc., 2019), which in turn 

oxidises the surface of a sample over long exposure 

times (Berdichevsky et al., 2004). This allows the 

formation of wrinkles with wavelengths in the order 

of tens of micrometres, compared to the ones of 

micrometres or nanoscale wavelengths achieved by 

plasma oxidation. Furthermore, this method 

produces wrinkles without the formation of cracks. 

 

3.1.3 Atomic Force Microscopy (AFM) 

To physically analyse the surface modifications 

induced onto samples after plasma oxidation, an 

‘Innova AFM’ (created by Bruker) was used to map 

out the surface topology of the PDMS. By placing 

this specialised device into tapping mode, it gently 

taps and records the height changes on the surface of 

a sample using a nanoscale tip. Scanning over a 

specified area, it can produce a 3D image of the 

surface of a sample, where the wavelength and 

amplitude of wrinkles can be extracted (Bruker, 

2024). This data can then be then correlated back to 

Equations 1 and 2 to find hf, as well as analyse any 

morphological changes in wavelength and 

amplitude between oxidised and non-oxidised 

wrinkles. 

 

3.1.4 Fourier Transform Infrared 

Spectrometer (FTIR) 

In order to confirm that the surface chemistry of the 

PDMS remained unchanged after making the 

samples, a FTIR spectrometer (from Bruker) was 

used. This works by passing infrared radiation 

through a sample and measuring the range of 

wavelengths in the IR region that are absorbed by 

the sample. Specific functional groups correspond to 

specific wavelengths absorbed, resulting in various 

peaks being formed in the results graph (Mathias, 

2022). Analysis of these peaks allows for the surface 

chemistry to be determined and is discussed in later 

section of this report. 

 

3.2 Sample Preparation 

3.2.1 Wrinkle Formation 

Liquid polydimethylsiloxane (PDMS) was made by 

combining Dow SYLGARD 184 silicone elastomer 

base with the 184 silicone elastomer curing agent 

according to a 10:1 ratio on a mass basis. This 

mixture was stirred using a dropper to distribute the 

curing agent more evenly, however this 

simultaneously introduced air bubbles. As such, the 

mixture was placed into a vacuum to degas it and 

remove all bubbles, finally providing a clear smooth 

liquid PDMS. This was then poured onto a setting 

surface and left in an oven for 4 hours at 75°C to 

cure into a solid sheet of PDMS. 

 A strain stage with clamps was set to an initial 

internal width of 43.0mm measured using metal 

callipers. Following this, a scalpel was used to cut a 

rectangle of PDMS out of the cured sheet, with 

dimensions of 50mm x 30mm. This was placed onto 

the stain stage, and the clamps were screwed into 

place to keep the edges of the PDMS securely 

attached to the stage. Strain was then applied to the 

PDMS by expanding the strain stage, using the built-

in screw system, to an internal width of 51.6mm, 

ultimately leading to a 20% strain being applied to 

the sample. Tape was then used to remove any dust 

from the surface of the PDMS. The strain stage with 

the sample in it was then put on to a metal plate 

which was subsequently put into the plasma 

oxidation chamber. 
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 Once the sample was in the plasma chamber 

the pump was turned on sealing the chamber, and a 

vacuum was pulled till a pressure of 0.1 mbar was 

reached. Following this, oxygen gas was pumped 

into the chamber and the vacuum pumping 

continued until the pressure stabilised at 0.22 mbar. 

At this point the power was set to 99W and the 

generator was turned on, starting the plasma 

oxidation of the PDMS surface. At the same time, a 

timer for 1 minute was started, after which the 

ventilation button was pressed, stopping the 

oxidation process, and returning the chamber to 

atmospheric conditions. It was at this time the 

sample was able to be removed from the chamber, 

and the strain relaxed, resulting in the buckling of 

the oxidised layer and consequently the formation of 

wrinkles on the surface of the PDMS. 

 The same procedure outlined above was 

followed exactly the same way but for plasma 

oxidation exposure times of 5 minutes and 20 

minutes to create wrinkle samples of different 

wavelengths (still in the order of ones of 

micrometres). Furthermore, two other samples were 

made following a similar methodology however 

with a strain of 50% and using UV-Ozone (UVO) 

instead of plasma to oxidise the surface. This was 

done in order to create samples with wavelengths in 

the order of tens of micrometres. These two samples 

were exposed to UVO for 90 minutes and 150 

minutes respectively, at a distance of 11±1mm away 

from the UVO bulb source. The increase in strain 

and exposure time was necessary in order to see the 

wrinkles appear and to get the larger order 

wavelength. For trials that were carried out during 

this experimentation time, no wrinkles were seen 

using the UVO method with 20% strain. 

 

3.2.2 NOA Mould Creation 

Having formed all the wrinkle samples that were 

desired to be tested, a solid mould needed to be 

created out of each of them so that multiple trials 

could be done using the same surface morphology 

repeatedly. This was done by using Norland Optical 

Adhesive 81 (NOA), a liquid adhesive that cures 

solid with exposure to UV light. However, before 

the moulds could be made an intermediary step was 

required as exposing PDMS to plasma oxidation 

changes its surface from hydrophobic to hydrophilic 

(Tan et al., 2010). As such, to ensure that the mould 

could easily be removed from the PDMS, the surface 

was made hydrophobic using 

octadecyltrichlorosilane (OTS). This was done by 

pouring a small volume (~5mL) of OTS into a cap 

and placing that into a chamber with the wrinkled 

PDMS sample. The chamber was then put under 

vacuum conditions using a pump, allowing the OTS 

to form a monolayer coating the PDMS thus making 

the surface hydrophobic.  

The now hydrophobic PDMS was then placed 

between two pieces of acrylic leaving the wrinkled 

surface exposed, and NOA was poured onto it. This 

rig was then place underneath a UV light with 

energy 50 mW/cm2, for 1,998 seconds to cure. The 

rig was then flipped upside down, and the bottom 

acrylic removed, for the NOA to cure another 999 

seconds under the UV, ensuring that the mould was 

solid. The NOA mould was then removed from the 

PDMS, thus resulting in a mould complementary to 

the original. This was repeated for all 5 of the 

wrinkled PDMS samples made in Section 3.2.1 (3 

plasma based, 2 UVO based), thus resulting in 5 

different NOA moulds created. 

 

3.2.3 PDMS Sample Preparation for 

Experimentation 

An acrylic tray with 6 separate indentations was 

prepared so that each of the 5 moulds could be 

placed into it, along with a flat (non-wrinkled) 

mould to use as a control. Liquid PDMS was then 

made according to the method outlined in Section 

3.2.1, poured onto the moulds, and left to cure in the 

oven at 75°C. Once cured, a scalpel was used to cut 

out a 35mm x 25mm rectangle of PDMS from the 

moulds which were used as test samples. From there 

on out, for each round of samples made for 

experimentation, 4 grams of liquid PDMS was 

poured into the 35mm x 25mm cavity and then left 

in the oven to cure. The same 35mm x 25mm sample 

would then be cut out from each mould and the 

process repeated, thus yielding the same exact 

samples to be test for the next set of experiments.  

Other than the fact that making the NOA mould 

allows for the same samples to be tested repeatedly, 

there are 2 other critical benefits behind this full 

methodology. Firstly, as the PDMS samples that are 

cut out from the NOA moulds will have wrinkles 

complementary to the NOA, they will be exact 

replicas of the original wrinkled PDMS surfaces the 

NOA moulds were made from. Secondly, and most 

importantly, by pouring fresh PDMS onto the 
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surface of the wrinkled NOA, the result is a wrinkled 

PDMS surface without the glassy oxidised layer 

formed from plasma exposure, which is always 

present when the wrinkles originally form. 

Therefore, the only difference between plain, flat, 

unoxidized PDMS and the wrinkled samples that 

were used in this study was the surface morphology, 

i.e., the different surface shape cause by the different 

wavelengths of wrinkles on each sample. To confirm 

this, the surface chemistry was examined using 

FTIR spectroscopy on the samples before and after 

plasma exposure, as well as on plain PDMS. These 

results are discussed in Section 4.1. 

 

3.3 Experiment Methodology 

3.3.1 Sample Wavelength Determination 

Through prior studies and experimentation, the 

formation of random cracks in the surface of PDMS 

has been regularly documented, thus motivating the 

focus for this project to investigate if the surface 

morphology of the PDMS impacts the way in which 

cracks are formed. Prior to experimentation, the 

samples created following the method in Section 

3.2.3 were imaged with a microscope, along with a 

microscope calibration slide. This allowed for the 

wrinkle wavelength corresponding to each sample to 

be determined, as is outlined in Table 1. This was 

later cross checked and confirmed using the data 

retrieved from AFM. 

 

Table 1: Wrinkle wavelength yielded from each oxidation 

exposure time. 

Exposure Time (mins) Wavelength (µm) 

1 (Plasma) 1.3 ± 0.2 

5 (Plasma) 2.0 ± 0.1 

20 (Plasma) 3.7 ± 0.3 

90 (UVO) 30.0 ± 2.0 

150 (UVO) 40.0 ± 2.5 

 

As the samples were relatively large (35mm x 

25mm), different regions across the surface of the 

wrinkled PDMS samples were measured throughout 

the study. There were minor differences in the 

wavelengths measured of each sample depending on 

the region examined consequently leading to the 

uncertainty in the wavelength as illustrated within 

Table 1.   

 

3.3.2 Surface Shape Impact on Cracking 

In order to determine how the wavelength of the 

surface impacted cracking after plasma oxidation, 

each PDMS sample was imaged with a microscope 

(at 10x and 50x) before exposure to plasma. The 

samples were then put on the centre of a metal 

platform and into the plasma oxidation chamber 

where a vacuum was pulled, oxygen gas was 

introduced, and a pressure of 0.22 mbar was 

achieved. Following this, the generator was turned 

on at 99W and the samples were exposed to plasma 

for one of the following lengths of time depending 

on the trial that was being carried out: 10, 20, 30, 60 

seconds. The chamber was then vented, and the 

samples taken out and imaged again using the 

microscope. 

Each sample was initially marked on the back 

using a black marker. This indicated the region that 

was to be imaged so as to ensure that the same region 

was always being viewed for each sample. This 

allows any cracks formed post plasma exposure to 

be clear to see when compared to the pre-exposure 

photo, as is illustrated in Figure 1. 

 

 
Figure 1: 50X image of plain PDMS before (left) and after 

(right) exposure to 60s of 99W plasma. 

 

Having obtained images of the cracks formed for 

each sample after exposure to 99W plasma for 

varying lengths of time, the crack density was then 

to be determined. This was done by processing the 

images using the Fiji software. The post-plasma 

oxidation images were imported into the software 

and converted to 8-bit images and grayscaled, after 

which thresholding was applied. This resulted in the 

new cracks formed being able to be isolated in the 

image as shown in Figure 2. 
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Figure 2: Processed 50x image of post-plasma plain 

PDMS after thresholding. 

 

After processing all the images following this 

methodology, it was possible to determine the 

percentage of black pixels in the processed image 

using the Fiji software. As these black pixels 

represented the cracks formed during exposure to 

plasma oxidation, this percentage was taken as the 

value for the crack density. This value could then be 

compared between all samples and trials, which 

provided the basis for the analysis in the results and 

discussion section of this report. 

 

3.3.3 Plasma Oxidation Impact on Wrinkle 

Amplitude 

Upon inspection of the images of the PDMS surface 

before and after plasma exposure, a secondary 

interesting phenomenon was observed other than the 

expected cracking. In many of the post-plasma 

images, the cracks that were present in the mould 

before exposure to the plasma seemed to fade 

partially, while new cracks formed in other 

locations. Furthermore, the wrinkles present had 

seemed to have lost some of their definition, even at 

optimal focus on the microscope, in the exact same 

region. This is illustrated within Figure 3. 

 

 
Figure 3: 3.7±0.3µm sample before (left) and after (right) 

exposure to 60s of 99W plasma. 

 

As such, this prompted a secondary hypothesis that 

the exposure to plasma was causing a decrease in the 

amplitude of the wrinkles on the PDMS surface. In 

order to test this, it was decided that atomic force 

microscopy (AFM) would be used to map a small 

region of the wrinkled surface, in order to determine 

the amplitude before and after plasma exposure.  

 As the PDMS samples were too large to be 

used in the atomic force microscope, circular 

samples of diameter 1cm to be analysed were 

punched out of the 35mm x 25mm rectangular 

PDMS. This was done prior to exposure to plasma 

and imaging the surface with the microscope. A 

20µm x 20µm region on the surface of the circular 

samples was then mapped using AFM in tapping 

mode, ultimately leading to the determination of the 

amplitude. The samples were then exposed to 

plasma following the methodology in Section 3.3.2 

and then had their surfaces mapped again using 

AFM to determine the amplitude after exposure. It 

is important to note that the 30µm and 40µm 

wavelength samples were not analysed using AFM 

as these wrinkle wavelengths were too large to 

generate clear images. Discussion of the results from 

this is carried out in Section 4.3. 

 

4. Results and Discussion 

4.1 Fourier Transform Infrared Spectroscopy 

FTIR was carried out on three different types of 

samples as mentioned in section 3.2.3: plain 

unoxidized PDMS, wrinkled unoxidized PDMS 

taken from the NOA mould, and a plasma oxidised 

wrinkled PDMS. The full FTIR graph can be seen in 

Appendix A, however the main results seen from it 

show that the surface chemistry is exactly the same 

for plain PDMS and the unoxidized wrinkled 

PDMS. This can be concluded because the peaks 

match up exactly on top of each other, indicating that 

all the same functional groups are present, and 

nothing has changed. As such, it can be said with 

certainty that any differences seen in the results 

using these samples is solely due to the surface 

morphology. It was also found via FTIR that the 

plasma exposed sample had a small peak in the 

region of 3200-3700 cm-1 that was not present in the 

non-plasma exposed samples, indicating the 

presence of the OH group post exposure. This is in 

line with the literature and theory discussed in the 

background, as the silicon backbone is exposed 

causing it to be oxidised and form hydroxyl groups 

(Waters et al., 2017). 
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4.2 Crack Formation with Wavelength 

Variation 

Following the methodology in Section 3.3.2, a crack 

density was determined for each of the wrinkled 

PDMS samples, as well as a flat PDMS, upon 

exposure to varying doses of plasma. These results 

are illustrated in Figure 4 for the samples in the 

single micrometre range.  

 

 
Figure 4: Impact of wrinkle wavelength (ones of µm) on 

crack density after various plasma exposure times. 

 

Upon inspection of this graph, it can be seen that 

each point has error bars associated with it, both with 

regards to the wavelength, and the crack density. 

The uncertainty in the wavelength has been 

discussed in Section 3.3.1, and the error bars in the 

graph reflect this. With regards to the error bars 

related to crack density, this uncertainty comes from 

the various trials carried out for each data point. Due 

to time constraints, two to three trials were carried 

out for each data point to confirm that the trend seen 

was repeatable. The error bars represent the variance 

in the results seen which was roughly up to 18%, 

13%, and 12%, for the 20s, 30s, and 60s trials, 

respectively. As samples with exposure to just 10s 

of 99W plasma did not show any cracking, there was 

no uncertainty associated with the crack density for 

these trails. 

 Regarding the results from the data illustrated 

in Figure 4, there are two trends that can clearly be 

witnessed. Firstly, as the plasma exposure time 

increases, the crack density increases for all 

samples, regardless of the wavelength of the pre-

existing wrinkle on the surface. When samples were 

exposed to plasma for just 10s at 99W cracks were 

not seen at all, whilst when exposed for 60s the crack 

density was highest for all samples tested. This 

result is expected and in line with the literature. This 

is because increasing exposure time increases the 

thickness of the oxidised film hf, which results in a 

higher stress experienced at the interface between 

the layer and the substrate (Hutchinson and Suo, 

1991). Consequently, cracks are more likely to 

propagate, thus explaining the increased crack 

density observed at higher exposure times. 

 The other, more noteworthy result seen from 

the data in Figure 4, is that as the wavelength of the 

wrinkles on the surface of the exposed samples 

increased, the crack density after plasma exposure 

generally decreased. This same trend was seen 

across all of the different plasma exposure times. 

This is interesting to note as it implies that the 

surface shape/roughness has an impact on how 

cracks propagate on PDMS when exposed to plasma 

oxidation. One possible explanation for this is that 

the larger the wavelength of the wrinkle pre-

exposure, the more evenly the stress is distributed 

across the surface.  

The definition of the wavelength λ is the 

distance between the peaks of two adjacent wrinkles. 

As such, a larger wavelength sample will have fewer 

wrinkles within the same distance. This means that 

there is a more even, smoother curvature then 

compared with a smaller wavelength wrinkle, which 

will be more jagged and abrupt, as more wrinkles are 

fit into the same distance. Consequently, the larger 

wavelength samples are able to distribute the stress 

across the surface more evenly, whilst the smaller 

wavelength samples will be likely to have more, 

high stress concentration points. This results in less 

cracking occurring as the surface wavelength of 

exposed samples increases, as illustrated in Figure 4. 

 Whilst Figure 4 illustrates a good example of 

this theory working in the single micrometre scale, 

results were also analysed in the tens of micrometres 

scale, through using the samples that were made by 

UVO. It is important to highlight that it is just the 

mould for these samples that was made using UVO, 

to get the larger wrinkles, and that these samples 

were still plasma exposed to induce cracking 

following the methodology in Section 3.3.2. These 

results are shown in a separate plot not just because 

it is a different scale, but also because 50% rather 

than 20% strain was applied in order to make the 

wrinkles. So as to keep variables as controlled as 
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possible when comparing the data, these results are 

illustrated separately in Figure 5. 

 

 
Figure 5: Impact of wrinkle wavelength (tens of µm) on 

crack density after various plasma exposure times. 

 

As can be seen from Figure 5, all the trends that were 

seen in the single micron scale, are still observed in 

the tens of microns scale. Longer exposure time 

leading to higher crack density, and longer 

wavelengths decreasing crack density. Furthermore, 

the source of uncertainty here in the form of the error 

bars is the same as in the results discussed 

previously from Figure 4. 

 While it is clear to see this negative correlation 

between surface wrinkle wavelength and crack 

density in both graphs, only 3 and 2 different 

wavelengths were tested for single and tens of 

microns scales, respectively. Given more time, more 

different moulds should be made, and more trials 

carried out for different wavelengths to confirm this 

trend is followed. Furthermore, different, more 

irregular surface morphologies could be 

experimented with, to see the role this plays in crack 

formation.  

 

4.3 Plasma Exposure impact on Amplitude 

A mentioned in section 3.3.3, non-oxidised wrinkle 

samples had experienced a decrease in their 

amplitudes, as a result of plasma exposure. This is 

illustrated through Figures 6 and 7.  

 

 
 

 
Figure 6: 1A presents the colour topography of a 1.3μm 

wrinkle before plasma oxidation, with 2A being the 3-

Dimensional visualisation of 1A. 1B and 2B are the results 

after the 1.3μm wrinkle was exposed to plasma for 10 

seconds. 

 

   
Figure 7: Graphical presentation of the cross-sectional 

area of a wrinkled surface before and after 10 second 

exposure time to plasma 

 

As can clearly be seen from the figures, there is a 

significant drop in the amplitude post plasma 

exposure, which is denoted in the darker colour 

change on the wrinkles, this is quantified in Table 2. 

Additionally, a metric Ra for surface roughness was 

calculated. This was done by taking the value for the 

peak height of each wrinkle in a given area and 

averaging it out by the number of wrinkles 

accounted for. As expected, the percentage change 

in Ra closely followed that of the amplitude change, 

as seen in Table 2. 

 

 

 

 

 

 

 

1A 1B

B 

2A 2B 
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Table 2: Changes in amplitude and surface roughness of 

various wrinkled samples after different exposure times to 

plasma. 

Wrinkle 

Wavelength 

(µm) 

Plasma 

Exposure 

Time (s) 

Amplitude 

Change (%) 

Ra Change 

(%) 

1.3 ± 0.2 10 -86% -80% 

1.3 ± 0.2 20 -82% -80% 

1.3 ± 0.2 60 -90% -85% 

2.0 ± 0.1 10 -82% -82% 

2.0 ± 0.1 20 -46% -39% 

2.0 ± 0.1 60 -78% -77% 

3.7 ± 0.3 10 -60% -58% 

3.7 ± 0.3 20 -53% -43% 

3.7 ± 0.3 60 -74% -72% 

 

It can be seen that the 1.3μm wrinkles exhibited an 
averaged 86% decrease, the 2µm wrinkles an 80% 

decrease (not including the -46% anomaly), and the 

3.7µm a 62% decrease in the wrinkle amplitude. As 

such, from this sample size, it was observed that as 

the wavelength of the wrinkle increases, the lower 

the percentage change in amplitude after plasma. 

These results follow closely with a study done 

by Yang et al. It was posited that due to the 

formation of the silicate layer during oxidation, as 

well as other factors such as surface cross-linking, 

the surface structure of PDMS reorganises into a 

more orderly formation. This induces some form of 

tension on the surface that reduces the amplitude of 

the wrinkles (Yang et al., 2020).  

Additional trends that resemble with the results 

found in Yang et al. can be seen within Table 3, 

where the wavelengths of the samples seemed to 

remain significantly unchanged with only minor 

increases after oxidation (due to the aforementioned 

reorganisation of the surface). Additionally, it 

should be noted that there were occasional decreases 

in wavelength that could have been a result of 

changing scanning area while using AFM.  

Nonetheless, the results found in the current 

investigation show a great change in the morphology 

of the samples. This cannot be caused only by 

changing chemical composition of the surface, but 

rather proves that smaller wrinkles (with smaller 

wavelengths and amplitudes) are far more sensitive 

to surface etching caused by the presence of plasma. 

There is a greater loss of PDMS fragments, whereas 

larger wrinkle samples do not experience surface 

etching to the same degree. However, this requires 

further experimentation, that due to time constraints 

was not done, using the variable power output of 

plasma to find a threshold, if any, where plasma 

etching begins to take effect.  

 

Table 3: Change wavelength of various wrinkled samples 

after different exposure times to plasma. 

Wrinkle 

Wavelength 

(µm) 

Plasma 

Exposure 

Time (s) 

Wavelength 

Before (µm)  

Wavelength 

After (µm) 

1.3 ± 0.2 10 2.0 1.6 

1.3 ± 0.2 20 1.2 1.3 

1.3 ± 0.2 60 1.3 1.3 

2.0 ± 0.1 10 2.0 2.1 

2.0 ± 0.1 20 1.9 2.0 

2.0 ± 0.1 60 2.0 2.3 

3.7 ± 0.3 10 4.0 3.4 

3.7 ± 0.3 20 3.5 3.6 

3.7 ± 0.3 60 3.4 3.8 

 

5. Conclusion and Outlook 

As previously mentioned, achieving an affordable 

and precise method to produce well-designed 

micropatterns on surfaces requires to avoid the 

surface defects, in the forms of cracks, that are 

created during plasma oxidation.  

This study contributes to the understanding of 

the cracking mechanisms, by revealing that the 

surface morphology of a wrinkled sample greatly 

influences the development of cracks during plasma 

oxidation. It was found that increasing the 

wavelengths of wrinkle patterns results in a 

reduction on the crack density on the surface of a 

sample. To be more precise, stress can be evenly 

distributed by changing the surface morphology in 

order to mitigate crack formation. However, further 

testing should be done on different wavelengths and 

surface morphologies, to identify accurately wrinkle 

design parameters or limitations. 

Additionally, it was noted that surface etching 

is much more severe on smaller wrinkle patterns, 

with smaller wavelengths and amplitudes, compared 

to that of larger wrinkles. Thus, further 

experimentation in future work is required to 

understand how the power output of plasma 

chamber affects close-to nanoscale patterns to 

pinpoint a threshold of plasma power, to avoid 

unwanted surface modifications. 
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Abstract 
Post-combustion capture through pressure-vacuum swing adsorption (PVSA) systems is a process that has gained growing 
interest, especially in the backdrop of the energy transition. This interest primarily stems from traditional coal and gas-
fired power generation facilities, which view it as a means of mitigating carbon emissions. A PVSA process comprises of 
four stages which are used to selectively adsorb and remove CO2 from N2-rich vapour streams. Previous studies have 
extensively modelled these processes and performed constrained multi-objective optimisation to determine the candidate 
operating points which maximise certain key performance indicators, such as CO2 recovery and purity. However, most 
works do not account for the inevitable CO2 liquefaction, which forms an essential part of storage and transport within 
carbon capture systems on an industrial scale. In addition, little to no research has been conducted on the impact of varying 
feed composition on the PVSA process. This not only affects process performance, but also imposes further constraints 
on the feasibility and operational flexibility of the hybrid PVSA-liquefaction process. To this end, a liquefaction system 
was designed and developed for a standard PVSA equilibrium model, and the overall performance of the combined system 
was analysed. This was done through varying key decision variables such as pressures, as well as other process parameters 
like feed composition and adsorbent material, to provide a holistic assessment of this hybrid system. 

Keywords: CO2 liquefaction, pressure-swing vacuum adsorption, hybrid PVSA-liquefaction 

1. Introduction 

During a constantly evolving energy landscape, carbon 
capture, utilisation and storage (CCUS) systems have 
emerged as a viable technology to control CO2 
emissions. The United Nations recognises the potential 
CCUS systems can have in mitigating carbon emissions 
and estimates suggest that CCUS projects can capture up 
to 6.3 Gt of CO2 by 2050 (Unfccc.int., 2022). There is 
growing interest in these systems for post-combustion 
capture, specifically in the power sector as they provide 
a technological hedge to power networks, whilst 
enhancing flexibility and stable operation (IEA. (n.d.)). 
Traditional carbon capture technologies often make use 
of the liquid amine scrubbing technique however, this 
process can be infeasible as in practice it tends to be 
highly energy inefficient and generates degraded-
solvent waste which requires regeneration (Hack, 
Maeda and Meier, 2022). 

An alternative approach to this involves the use of 
adsorption techniques such as pressure-vacuum swing 
adsorption (PVSA). Previous studies on these systems 
have focused on many factors such as assessing 
operational flexibility through design space learning 
(Ward and Pini, 2022), finding optimal operating points 
based on certain Key Performance Indicators (KPIs) as 
well as techno-economic assessments of PVSA systems. 
However, these do not provide many insights into the 
impact of varying feed conditions to the PVSA process. 
Furthermore, and perhaps most importantly, the impact 
of liquefying the CO2 product, which is an inevitable 
step for further processing and storage, remains largely 
unexplored. Hence, the KPIs used for measuring the 
ability of the system to capture carbon dioxide in 

previous PVSA works may not provide a true 
representation of the entire process. 

This work focuses on studying the performance of a 
PVSA system with a liquefaction process directly  
downstream. The ability of the overall system to capture 
CO2 is measured through KPIs similar to the ones used 
in previous works. These include CO2 purity, recovery, 
and Specific Energy consumption (SEN), which is the 
total amount of energy required by the process per unit 
mass of CO2 captured. In this study, an existing 
equilibrium-based PVSA model was modified and 
integrated with a liquefaction model to develop a novel 
hybrid process. This system’s performance was  
analysed by varying parameters like feed concentration, 
adsorbent material and purge fraction to identify 
candidate optimums and quantify their respective KPIs.   

2. Background 

2.1 PVSA Cycle 

An equilibrium model is applied to assess the PVSA 
process, which was developed in an earlier study by 
Ward, Li and Pini (2023). This model simulates the 
performance of a multi-stage pressure vacuum swing 
adsorption system with feed pressurization. These four 
stages include: high-pressure adsorption (1), forward 
blowdown (2), reverse (vacuum) evacuation (3), and 
feed pressurization (4). 

As shown in Fig.1, the PVSA process is initially fed a 
gaseous stream of CO2/N2 to an adsorption column 
containing a fixed bed of a solid adsorbent such as 
Zeolite 13X (Z13X) or Activated Carbon (AC). The feed 
stream elevates the column pressure to the desired high-
pressure level PH. This is followed by the adsorption of 
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the CO2 into the stationary solid phase, which produces 
a N2-rich effluent stream and a CO2-rich adsorbed phase. 
Once the adsorbent material is saturated with CO2, the 
pressure in the column is reduced to an intermediate 
level PI, wherein the bulk N2 gas is expelled from the 
product end of the column whilst keeping the feed side 
closed. The product end is then closed off and a vacuum 
pump is used to reduce pressure from PI to PL. During 
this evacuation stage, a high-purity CO2 stream is 
collected from the feed side of the column. Finally, flue 
gas is once again fed to the column to pressurize it from 
PL to PH and repeat the cyclic process. 

In the original study by Ward, Li and Pini (2023), the 
process performance was analysed through four KPIs: 
recovery, purity, specific energy consumption and 
working capacity. Note that since working capacity is 
not impacted by liquefaction, it was not included as a 
part of this study. Therefore, the remaining three KPIs 
are used to compare process performance before and 
after CO2 liquefaction which are defined in the original 
work as follows: 

𝑃𝑢𝐶𝑂2(%) = 100 ×  
𝑛𝐶𝑂2,𝑜𝑢𝑡𝑒𝑣𝑎𝑐

 𝑛𝐶𝑂2,𝑜𝑢𝑡𝑒𝑣𝑎𝑐 + 𝑛𝑁2,𝑜𝑢𝑡𝑒𝑣𝑎𝑐      (1) 

𝑅𝑒𝐶𝑂2(%) = 100 ×  
𝑛𝐶𝑂2,𝑜𝑢𝑡𝑒𝑣𝑎𝑐

 𝑛𝐶𝑂2,𝑖𝑛𝑝𝑟𝑒𝑠 + 𝑛𝐶𝑂2,𝑖𝑛𝑎𝑑𝑠         (2) 

𝐸𝑇 = 𝐸𝑎𝑑𝑠 + 𝐸𝑏𝑑 + 𝐸𝑒𝑣𝑎𝑐 + 𝐸𝑝𝑟𝑒𝑠𝑚𝐶𝑂2,𝑜𝑢𝑡𝑒𝑣𝑎𝑐                 (3) 

where 𝑛𝐶𝑂2,𝑜𝑢𝑡𝑒𝑣𝑎𝑐  and 𝑛𝑁2,𝑜𝑢𝑡𝑒𝑣𝑎𝑐  are the molar flows of CO2 
and N2 removed in the evacuation step respectively, 
while 𝑛𝐶𝑂2,𝑖𝑛𝑎𝑑𝑠  and 𝑛𝐶𝑂2,𝑖𝑛𝑝𝑟𝑒𝑠  refer to the molar flows of CO2 

fed during adsorption and feed pressurization stages 
respectively. In equation (3), 𝐸𝑠𝑡𝑎𝑔𝑒  is defined as the 
total energy consumed by a given stage in the process 
whilst 𝑚𝐶𝑂2,𝑜𝑢𝑡𝑒𝑣𝑎𝑐  refers to the total mass of CO2 extracted 
during evacuation. 

2.2 CO2 Liquefaction Cycle 

Following carbon capture from the PVSA process, the 
CO2 rich stream removed from the column can be fed to 
a liquefaction system. There are many different 
processes which can be used to liquefy CO2, with each 
process having varying degrees of performances. For 
this work, a commonly used process was implemented 
for ease of understanding, industrial relevance and 
simplicity of modelling. Hence, the Linde-Hampson 
CO2 liquefaction process was chosen, as demonstrated 
in Seo et al. (2015). This is also illustrated in Fig.2. 

Following reverse evacuation in the PVSA system, the 
gaseous CO2 rich stream is compressed and then cooled 
to condense and remove any potential impurities which 
may damage downstream compressors. These 
impurities may also accumulate in the system as well as 
separation column. The CO2/N2 vapour stream exiting 
from the top of the column is mixed with a recycle, 
followed by compression of this combined stream. This 
stream is then cooled further in a cooler and heat 
exchanger before being throttled to reduce the pressure 
and liquefy the mixture. As CO2 boils at a significantly 
higher temperature than N2, an extremely pure liquid 
CO2 stream is obtained, which can be then separated 
from the remaining gas in a separator. The N2-rich 
vapour stream, which contains a substantial amount of 
CO2, is then recycled to the heat exchanger to cool down 
the incoming CO2/N2 mixture. Finally, it is purged to 
prevent N2 accumulation within the system, with the rest 
being returned to the mixer to maximise CO2 recovery. 

2.3 Hybrid PVSA-Liquefaction Process 

As shown in Fig.2, the combined PVSA-liquefaction 
process consists of a standard Linde-Hampson 
liquefaction cycle immediately downstream of the 
evacuation stage.    Following the addition of the cycle, 
the KPIs in Section 2.1 are redefined to account for the 
impact of CO2 liquefaction as follows: 

𝑃𝑢𝐶𝑂2(%) = 100 ×  

𝑛𝐶𝑂2,𝑜𝑢𝑡𝑙𝑖𝑞
 𝑛𝐶𝑂2,𝑜𝑢𝑡𝑙𝑖𝑞 + 𝑛𝑁2,𝑜𝑢𝑡𝑙𝑖𝑞      (4) 

𝑅𝑒𝐶𝑂2(%) = 100 ×  

𝑛𝐶𝑂2,𝑜𝑢𝑡𝑙𝑖𝑞
 𝑛𝐶𝑂2,𝑖𝑛𝑝𝑟𝑒𝑠 + 𝑛𝐶𝑂2,𝑖𝑛𝑎𝑑𝑠         (5) 

𝐸𝑇 = 𝐸𝑎𝑑𝑠 + 𝐸𝑏𝑑 + 𝐸𝑒𝑣𝑎𝑐 + 𝐸𝑝𝑟𝑒𝑠 + 𝐸𝑙𝑖𝑞𝑚𝐶𝑂2,𝑜𝑢𝑡𝑙𝑖𝑞    (6) 

where 𝑛𝐶𝑂2,𝑜𝑢𝑡𝑙𝑖𝑞  and 𝑛𝑁2,𝑜𝑢𝑡𝑙𝑖𝑞  are the amounts of CO2 and 
N2 liquefied respectively. Equation (3) is redefined to 
account for the energy consumed by the liquefaction 
process, 𝐸𝑙𝑖𝑞 . The total mass of CO2 extracted also 
changes to 𝑚𝐶𝑂2,𝑜𝑢𝑡𝑙𝑖𝑞  post-liquefaction. 

Figure 1. The PVSA Process 
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3. Methodology 

3.1 PVSA Model 
The PVSA model used within this work utilises a 
modified version of the Dual-adsorbent Batch Adsorber 
Analogue Model (DBAAM) as developed by Ward, Li 
and Pini (2023). This DBAAM model describes the 
separation of a two-component gas-phase mixture (CO2 
and N2) using a four-step vacuum swing adsorption 
process, where the cycle is designed to extract the heavy 
component (CO2) at high purity during the evacuation 
phase. The system was simulated using algebraic 
equations that are governed by a set of mass, momentum 
and energy balances to define the solid-phase adsorption 
model. These can be found in the original study by Ward, 
Li and Pini (2023). 

In order to find the optimal points that form the pareto 
fronts for the relevant KPIs, thousands of simulations 
were performed at varying system operating pressures. 
This required a modification of the model whereby 
operating pressures were chosen randomly within a 
specified range using the Sobol sampling technique. 
These ranges are shown in Table 1 and were chosen to 
provide a design space large enough to locate where 
ideal operation occurs within the DBAAM model. It 
should be noted that since some of the values within the 
pressures ranges can overlap, any non-physical 
operating points (PI < PL or PH < PL or PH < PI) generated 
by Sobol sampling were cleaned before being passed 
into the model. 

The model was looped through every randomly 
generated Sobol point and the simulated results were 
stored for further processing.  

 A final modification to the model was required to vary 
the flue gas composition entering the PVSA system from 
a fixed value to a variable one. A sensitivity was then 
performed on the model by varying the feed 
concentration between 10-20%. Once the model had 
been edited to meet the requirements of this study, the 
simulations were performed. 

 

The performance of two adsorbents, Z13X and AC, were 
investigated in this study. AC is a versatile adsorbent 
renowned for its industrial applications and was chosen 
as the benchmark adsorbent for this study. Z13X on the 
other hand is a promising adsorbent for use in the PVSA 
carbon capture processes (Mustafa Erguvan and Amini, 
2024), hence was chosen to determine the ideal 
performance of the technology.  

Since the original model was developed for a dual-
adsorbent system, a weighting factor (w = {0,1}) was 
applied to ensure only one set of parameters was used 
for each set of simulations, corresponding to Z13X or 
AC.  The parameter data for both adsorbents was based 
off the study from Ward, Li and Pini, (2023). 

For each adsorbent, three set of simulations were run 
with differing flue gas compositions. Most post-

 Table 1. Operating Pressure Bounds 

Parameter PH(bar) PI(bar) PL(bar) 
Lower 
Bound 

1 0.05 0.02 

Upper 
Bound 

10 3 0.10 

Figure 2. The combined PVSA-liquefaction process 
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combustion carbon capture processes (particularly those 
for coal and gas fired plants) operate between feed CO2 
compositions of 3-15%. However, heavy industries like 
cement and steel production emit larger concentrations 
of CO2 between 20-35% (Wang and Song, 2020). 
Therefore, feed compositions of 10%, 15% and 20% 
were chosen for sensitivity analyses on the system. 

The optimal points generated from the PVSA model 
were stored and passed to the liquefaction model to 
determine performance post-liquefaction. This is 
explained in more detail in Section 3.3. 

3.2 Liquefaction Model 
The CO2 liquefaction process is modelled using ASPEN 
HYSYS and is based on the Linde-Hampson system 
described in Section 2.2. As the operating parameters of 
the liquefaction process and their corresponding effects 
on the KPIs were not under investigation, values for 
temperatures and pressures within the system were fixed 
for the duration of this study. These values are taken 
from the work by Seo et al. (2015). 

After the model was constructed, a sensitivity analysis 
was performed by varying the CO2 purity in the 
liquefaction feed (i.e. the PVSA outlet stream) between 
70% - 99%, with a step change of 0.02%. 

Although PVSA systems typically produce CO2 streams 
exceeding 90% purity, a wider range of purities were 
inputted into the liquefaction inlet to relax the purity 
constraint on the PVSA system. This would lead to an 
increased number of feasible operating points and a 
larger optimal design space. This is discussed later in the 
paper, where ideal operating points were found at lower 
purities.  

A limitation with the HYSYS model was its inability to 
converge the N2-rich recycle streams for inlet CO2 
purities exceeding 99.08%. This is possibly caused by 
tolerance errors in the simulation, where the small 
amounts of N2 leaving via the purge stream would result 
in numerical underflow and an accumulation of nitrogen 
in the system, hence preventing inlet purities greater 
than 99.08% to be simulated. For this reason, only 
purities up to 99% were investigated, however such 
problems can likely be prevented by increasing the 
nominal inlet flowrate, such that numerical underflow 
does not occur. 

The liquefaction recovery, total compression power and 
liquid CO2 outlet purity were measured at points 
between the range mentioned above to complete the 
sensitivity analysis. These three variables are required to 
calculate the post liquefaction KPIs mentioned in 
Section 2.3. It should be noted that while the liquefaction 
system includes additional energy demands such as 
pump power, these are several orders of magnitude 
smaller than the energy required for compression and 
were therefore ignored from the calculations. 

A purge must be included to prevent the accumulation 
of nitrogen within the system. However, the amount of 
vapour purged can vary significantly from system to 
system and can greatly influence the KPIs. Hence, it was 
decided to also carry out a sensitivity analysis on the 
purge fraction of the system. These tests were carried out 
at 5% intervals between the 5-20% range of the recycle 
flowrate. To determine post-liquefaction KPIs, both 
post-liquefaction recovery and compressor power were 
visualised as function of inlet CO2 purity and the 
correlations obtained were then used in the final stage of 
the work to integrate the two systems. 

3.3 Hybrid PVSA-Liquefaction Model 
The results from the PVSA model were combined to the 
liquefaction process to calculate the overall KPIs of the 
hybrid system. This was done by transferring MATLAB 
data from the PVSA model to the correlations obtained 
from the ASPEN model. The equations required to 
calculate these post-liquefaction KPIs were altered from 
those in Section 2.3 and are described below: 𝑅𝑒𝐶𝑂2𝐻𝑌𝐵𝑅𝐼𝐷 =  𝑅𝑒𝐶𝑂2𝑃𝑉𝑆𝐴 × 𝑅𝑒𝐶𝑂2𝐿𝐼𝑄                                         (7) 

𝑆𝐸𝑁𝐶𝑂2𝐻𝑌𝐵𝑅𝐼𝐷  [ 𝑘𝑊ℎ𝑡𝑜𝑛𝑛𝑒] = 𝑆𝐸𝑁𝐶𝑂2𝑃𝑉𝑆𝐴 + 𝑆𝐸𝑁𝐶𝑂2𝐿𝐼𝑄              (8) 𝑆𝐸𝑁𝐶𝑂2𝐿𝐼𝑄 =  𝑝𝑜𝑤𝑒𝑟𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟𝑛𝐼𝑁𝐿𝐸𝑇𝐿𝐼𝑄 × 𝑝𝑢𝑟𝑖𝑡𝑦𝐶𝑂2𝑃𝑉𝑆𝐴 × 𝑅𝑒𝐶𝑂2𝐿𝐼𝑄 × 𝑀𝐶𝑂2    (9) 

where 𝑅𝑒𝐶𝑂2𝑠𝑦𝑠  and 𝑆𝐸𝑁𝐶𝑂2𝑠𝑦𝑠 are the recoveries and SENs 
for the PVSA/liquefaction/hybrid systems respectively. 𝑀𝐶𝑂2  is the molar mass of CO2 and 𝑛𝐼𝑁𝐿𝐸𝑇𝐿𝐼𝑄  is the molar 
flow into the liquefaction. Both recovery and SEN for 
the PVSA component are computed by the DBAAM 
model. The model also calculates the PVSA purity 
(𝑝𝑢𝑟𝑖𝑡𝑦𝐶𝑂2𝑃𝑉𝑆𝐴) alongside the other two KPIs. After the 
expressions for 𝑅𝑒𝐶𝑂2𝐿𝐼𝑄  and 𝑝𝑜𝑤𝑒𝑟𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟  were found 
as functions of 𝑝𝑢𝑟𝑖𝑡𝑦𝐶𝑂2𝑃𝑉𝑆𝐴, the post-liquefaction KPIs 
were computed. Note that no figures or correlations of 
post-liquefaction CO2 purity were developed as all 
simulated post-liquefaction points reached exceed 99% 
purity. This is adequate for most uses of liquid CO2, 
except food and medicinal applications (Thunder Said 
Energy, 2024). The computed KPIs are plotted and 
discussed in Section 4. 

4. Results and Discussion 

4.1 Adsorbent Material 
Fig.3 highlights the performances of Zeolite 13x and 
Activated Carbon as adsorbents at various operating 
pressures for a fixed flue gas composition of 15%. Given 
the same constraints of > 70% purity and > 80% 
recovery, Z13X has over 26 times more operating points 
that meet the applied recovery and purity constraints 
than AC.   
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The latter underperforms in comparison to Z13X even 
after relaxing its recovery constraint from 80% to 60%, 
demonstrating the scale at which Z13X dominates.  

This is likely due to the conditions the adsorbents 
operate under, as Z13X shows higher equilibrium 
adsorption capacity for CO2 at lower pressures 
(Zarghampoor et al., 2017). Z13X also exhibits a lower 
adsorption capacity for N2 than AC at the tested pressure 
range, further strengthening its advantage as an 
adsorbent. Note that the purity and recovery constraints 
applied are significantly lower than the recommended 
standards of 95% and 90% respectively (US DOE. 
2024). This reduced recovery constraint is to allow for 
an increased number of ideal operating points to be 
investigated, whilst the reduced purity constraint is to 
later test the hypothesis that high CO2 purities will be 
achieved post-liquefaction irrespective of the purity 
achieved at the end of the PVSA cycle. 

A common observation across both adsorbents was the 
location of the optimal design space. These occur near 
the lower bounds of the PH and PL ranges, and the upper 
bound of the PI range. This trend is rather counter-
intuitive, as both AC and Z13X have higher equilibrium 
adsorption capacities at higher pressures (Chue et al., 
1995). However, competitive adsorption (Joos, Swisher 
and Smit, 2013) among other factors can explain this 
result. Although CO2 adsorption selectivity is greater 
than N2 at lower pressures, at higher pressures the 
increase in the absolute partial pressure of N2 is 
significantly greater than that of CO2 for a N2-rich flue 
gas. Subsequently, the adsorption selectivity of CO2 

decreases, resulting in both lower purities and lower 
recoveries for both adsorbents. 

Another potential reason for diminished performance at 
higher pressures are the heat effects which occur during 
the adsorption process. Since adsorption is an 
exothermic process, large amounts of heat are released 
when CO2 adsorbs onto the bed. At higher pressures, this 
process occurs at a higher rate, resulting in sharp 
increases in local temperature. Since adsorption capacity 
decreases with temperature (Budnyak et al., 2020), this 
could explain the reduced system performance at higher 
pressures. These heat effects do not occur at lower 
pressures because adsorption happens more slowly, 
allowing gradual increases in temperature rather than 
instantaneous.  

Optimal performance occurring at lower PL and higher 
PI is an expected result of the adsorbent. The lower the 
reverse evacuation pressure, the greater is the amount of  
the adsorbent that is regenerated as more CO2 is 
removed from the pores, thereby increasing the 
recovery. A higher PI is expected for improved operation 
as at lower PI values, CO2 losses in the forward 
blowdown step become increasingly significant, 
diminishing recovery. Alternatively, a lower PI would 
increase CO2 purity since more nitrogen is removed in 
the forward blowdown stage. However, this effect is 
difficult to see in Fig.3 as a >70% purity constraint has 
been applied. Increasing this to >97% purity for Z13X, 
as shown in Fig.4, highlights that lower PI values are 
preferred at higher purities. 

4.2 Flue Gas Composition 

Fig.5 illustrates the performances of the adsorbents at 
varying flue gas compositions. It is evident from Fig.5 
that the number of optimal/feasible points increases with 
increasing flue gas concentration. At 10% CO2 
concentration only 119 optimal operating points exist 
for Z13X, whereas at 20% there are 621 points. This is 
an expected result and occurs due to the increased 
number of points that meet the recovery constraint. This 
is because post-CO2 adsorption, the bulk gas phase (N2-
rich) for each feed composition can be assumed to 
contain similar concentrations of CO2. This implies that 
a higher fraction of the CO2 fed to the column is captured 

Figure 3. Z13X (top) and AC (bottom) optimal design spaces 

Figure 4. Z13X with 97% purity constraint imposed 
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at higher flue gas compositions enabling higher 
recoveries. However, it also implies that a similar 
amount of CO2 is lost from both systems. Hence,  a key 
takeaway from this test is that changing the flue gas 
composition drastically impacts the process 
performance, therefore it is imperative to compare 
adsorbent performance at equal feed gas concentrations. 
This is because very high CO2 concentrations may skew 
the KPIs (particularly recovery) whilst extremely low 
concentrations may yield little to no optimal points. A 
key motivation for this study was the lack of literature 
on varying inlet CO2 concentrations, with most studies 
opting for a fixed 15% concentration. However, this can 
prove advantageous when performing sensitivity on a 
given adsorbent material or comparing different 
adsorbents. 

Increasing the flue gas concentration also increases the 
design space, particularly in the direction of increasing 
PI and decreasing PL which is shown by the emergence 
of newer points at lower PL and higher PI values. Since 
both adsorbents exhibit similar trends, this observation 
is independent of adsorbent properties and highlights the 
inherent nature of the PVSA process to prefer these 
operating conditions.  

4.3 Liquefaction Process 

Fig.6 illustrates the pre- and post-liquefaction recoveries 
for both adsorbents at varying flue gas compositions. 
Note that the pareto fronts also suggest that higher inlet 
concentrations contribute to higher recoveries, 
confirming the observation made in Section 4.2. It can 
be observed that higher flue gas concentrations result in 
higher purities and therefore increasing feed 
concentration can improve CO2 recovery and purity. 

The addition of the liquefaction cycle reduces the overall 
recovery of the hybrid system as shown in Fig.6. This is 
an expected result, due to the additional losses of CO2 
which occur in the purge stream. Unlike AC, Z13X 
shows consistent recovery reductions of approximately 
12-15% post-liquefaction.  

Figure 6. Z13X (top) and AC (bottom) Recovery Pareto Fronts 

Figure 5. Z13X (top) and AC (bottom) performance at varying flue gas compositions 
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On the other hand, the reduction in recovery for AC can 
range between 5-80%, with lower pre-liquefaction CO2 
purities exhibiting poorer performance.  

These extreme reductions in recovery can render 
operation along these points virtually infeasible. 
Although low purity PVSA outlet streams can yield very 
high purities post-liquefaction, this comes at the cost of 
sacrificing recovery and hence, the feasibility of the 
hybrid system. 

The increased losses of CO2 at lower purities are also 
explained by the increased N2 flow into the cycle. If the 
liquefaction feed is relatively rich in N2, a large amount 
of N2 is retained in the recycle and must be purged to 
avoid build-up. Larger purge flowrates correspond to 
greater losses of CO2, resulting in the extremely low 
recovery rates. Mitigating strategies can be put in place 
to reduce these losses such as introducing further 
downstream multi-stage separation to recover additional 
CO2 from the N2-rich recycle. This technique has been 
applied in industry when dealing with oxy-fuel 
combustion, where inlet streams with approximately 
70% CO2 purity are liquefied (Knapik, Kosowski and 
Stopa., 2018). 

Another key result from investigating post-liquefaction 
pareto fronts is the emergence of a recovery maxima. 
Both 15% and 20% feed compositions exhibit a 
maximum  for AC in Fig.6. Recovery increases with pre-
liquefaction purities up to a maximum before starting to 

decline again. This is caused by increases in recovery in 
the liquefaction cycle being offset by decreasing 
recoveries in the PVSA system. These systems integrate 
to form a maximum recovery, suggesting potential for 
further optimisation within future works.  Note that this 
trend is also shown by Z13X but cannot be seen in Fig.6 
since lower purities are not included as part of any pareto 
fronts. 

On the other hand, SEN for the hybrid process increases 
rapidly with the introduction of the liquefaction system 
as shown in Fig.7. This occurs due to the 
implementation of multiple compressors, which impose 
additional power requirements on the system. This 
substantial increase in the energy demand of the 
combined process highlights the need to integrate 
liquefaction within existing PVSA models, as neglecting 
this can present a misleading assessment of the process 
performance and hence optimal operation. 

Additionally, there appears to be a significant disparity 
between the energy performance of AC and Z13X post-
liquefaction. This arises due to the vast differences in 
purities each adsorbent operates at, with the increase in 
post-liquefaction SEN being significantly larger at lower 
purities. This is because at lower purities there is 
increased recycle within the liquefaction system which 
imposes further energy demand during compression. 
Furthermore, at lower purities a lower mass of CO2 is 
liquefied which leads to an increased specific energy 
demand from the mathematical definition of SEN in 
Section 3.3. 

Another trend observed in Fig.7 is that increasing the 
pre-liquefaction purity increases the specific energy 
demand on the PVSA system. However, increasing flue 
gas concentration can help reduce this specific energy 
usage. This is because at lower flue gas compositions, 
optimal points lie lower in the PL range. Pulling a 
vacuum is an energy intensive process, the greater the 
vacuum the greater the energy consumed. Since optimal 
points for lower flue gas compositions operate at lower 
PL values, they require stronger vacuums, and thereby 
consume more energy as illustrated in Fig.7. 

A key finding shown by Z13X in Fig.7 are the 
contrasting trends of pre- and post-liquefaction. As 
mentioned previously, increasing the pre-liquefaction 
purity increases the corresponding SEN. This is not the 
case post-liquefaction where increasing the purity 
decreases the total SEN. Similar to the recovery maxima 
shown in Fig.6 before, the integration of the PVSA 
system increases SEN with increasing purity but is offset 
by decreasing SEN with increasing purity within the 
liquefaction system leading to the emergence of minima. 
This presents yet another opportunity for further works 
to optimise the hybrid system and thereby maximise 
energy efficiency for the combined system. 

Figure 7. Z13X (top) and AC (bottom) SEN Pareto Fronts 
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