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Abstract

Conventional wastewater treatment often fails to remove persistent antibiotic
micropollutants like tetracycline, which spread antimicrobial resistance. This thesis
comprehensively develops, optimizes, and benchmarks advanced oxidation processes

(AOPs) for the eco-friendly degradation of these contaminants.

The work begins with the design and experimental validation of a novel sono-
reactor system that utilizes TiO, fractured nanoshells to enhance acoustic cavitation and
radical generation. Through a detailed parametric investigation—including reaction
time, acoustic pressure, pH, catalyst loading, and hybrid conditions—rapid tetracycline

degradation was achieved (100% degradation from 5 mg/L in 5 minutes).

In the second phase, a process-level environmental evaluation was conducted using
life cycle assessment to compare different experimental scenarios. It was found that
while sono-based systems excelled in operational performance, they incurred high
electricity-related emissions under current UK grid conditions. However, under
projected 2050 green electricity scenarios, the environmental burden shifted toward
catalyst synthesis. An improved continuous-flow system employing metal foam instead
of synthesized nanoparticles was proposed, resulting in a significant reduction in CO>

emissions.

The third research phase expanded the analysis to a comparative LCA and techno-
economic assessment (TEA) of five representative AOP technologies: sono-, photo-,

sonophoto-, Fenton-, and electrochemical processes. The results showed that electricity



usage (up to 83%) and catalyst synthesis (up to 98%) were dominant contributors to
environmental impact. The sono-based method offered superior operational
performance but high emission due to massive electricity consumption, while
conventional Fenton processes exhibited low emission under present conditions (1.2 vs

0.478 kg-CO,/L).

By integrating experimental innovation with environmental and economic
evaluation, this thesis provides a novel framework for guiding the development of AOP
technologies for their effectiveness in pollutant degradation and life cycle sustainability.
The outcomes emphasize a crucial shift in research perspective—from prioritizing
performance alone to making environmentally-informed decisions in the design and

implementation of future water treatment systems.



Acknowledgements

Pursuing a PhD at the University of Oxford has been a transformative journey—
intellectually demanding, personally enriching, and made possible through the support

of many individuals to whom I owe deep gratitude.

First and foremost, I would like to thank my supervisor, Professor Nicholas
Hankins. His mentorship and guidance were invaluable throughout my doctoral
research. I am also grateful to Professor James Kwan for his valuable advice and useful
help throughout the project. Their insights, encouragement, and steady support shaped

both the direction and quality of my work.

I am also grateful to my collaborators and group members—Professor Chester
Upham, Professor Qianhong She, Dr. Christian Peters, Dr. Jason Raymond, Yihao
Huang, Cherie Wong, Peng Yang, Omar Daoud, and Gayatri Sundar Rajan—whose

expertise and contributions greatly enriched my research experience.

Equally important was the emotional support from my family and friends. Their
constant encouragement helped sustain me through the inevitable challenges and doubts
that came with this path. I would also like to acknowledge St. Anne’s College for
awarding me the Graduate Research Grant, which provided additional resources crucial

to the development of my project.

Lastly, I want to take a moment to acknowledge myself—for choosing this path,
for enduring the long nights and uncertain outcomes, and for embracing the many

challenges that came with doctoral research. Choosing to pursue a DPhil and

3



committing to its demands has opened a new chapter in my life, one filled with

knowledge, growth, and possibility.



Table of Contents

ADSITACE ... 1
ACKNOWIEAZEMENLS. ... 3
Table Of CONLENLS ..o 5
LISt OF FIGUIES ..o 8
LISt OF TADIES........cooiiiiiicici e 11
NOMENCIATUTE ... 12
Chapter 1: INtrOQUCHION ...........c..ovciceeceecee et 13
1.1 BACKEIOUNG ... 13
1.2 Motivation and ODJECLIVES............c.cc.ccvvivrveeeieesieeseeseestessess ettt nesseness et enensnens 14
1.3 TRESIS SITUCLULE .......oovoieieieiceeceecee ettt s ettt ss e anaensenee s 16
1.4 RESCAICH OULPUL ...ttt 17
Chapter 2: LITETAIUIE TEVIEW ...........covueieeeeeievceeeeeeeeseese e eecaesee st esae s s en s st enessees s, 20
2.1 Micropollutants and Antibiotics in WasteWater...........c..c..cc.ccooruerereiieveceeeeeeee e 20
2.2. Advanced oxidation process treatMent .................coovevrveeereeereeeseeseeeseeeseeeseeess s 23
2.3. Sonolytic 0Xidation PIrOCESS ...........ccccoeieveeieeeeeeeieieeeese e e reenes s 26

2.4. Life cycle assessment and techno-economic analysis in AOP-Based Wastewater

TTEAIIMENT. ..ot 29
2.5 Rationale for the Scope of This PhD Study ..........ccccooiiiiiiccceececeeceeee e 35
Chapter 3: Efficient sonochemical catalytic degradation of tetracycline using TiO» fractured
NANOSNELIS ... 38
AADSIIACT . ... 38
3.1 INEPOAUCTION .. ....o s 39
3.2 MELIOM ... 41
3.2.1 TiO; fractured nanoshell SyNthesis ...............c..cccooviiiiiiiiesecscee e, 41
3.2.2 ACOUSLIC TEACLION SYSLEIM ............cooviieeieeceeeee ettt 42
3.2.3 Sonocatalytic degradation of tetracyCline ................ccccoovvovevviiiiieciiceceeeeeeeeeeeeen, 44
3.2.4 Preliminary energy and emiSsion assESSMENL................c.co.ccvveirerrrsreessenssenssensnenen, 47
3.3 RESUILS ... 48
3.3.1 Sonocatalytic degradation of tetracycline .............c..cc.cccoevvvereeriiviereceeeee e 48



3.3.2 Influencing factors of the tetracycline degradation process.............cccc.ccoevevierinnnnn. 56

3.3.3 Preliminary energy and environmental assessment ...................cccoccoeeereeriveireensnnnnn, 61
3.4 Discussion and OULIOOK..............ccccoiiiiiiiiiiieise s 64
3.5 CONCIUSION. ... 66

Chapter 4: Process-level environmental-oriented case study of sonochemical degradation of

TELTACYCIINE ... 67
ADSITACE ...ttt 67
4.1 INEPOAUCLION ..ot 69
A2 MEIOA ..o 71

4.2.1 Benchmarking the life cycle inventory assessment................c..cccoocvvovercsrecsneeennnns 71
4.2.2 Environmental impact COMPATISON ...............co.coovvrrreereceseceseesseeesseee s 74
4.2.3 Alternative Reactor Configuration for Impact-Oriented Optimization ..................... 77
A3 RESUIES ... 79
4.3.1 CO; emissions and cumulative energy demand.................c..cccocoovoiiiiniisiiseies 79
4.3.2 Sensitivity analysis of CO2 €MISSIONS............cccoeeveevereieeeeresesesee e, 85
4.3.3 Environmental-oriented system iMprovement ............c.cccoceveverrereeeeeeeresosseseeeeeseesenen, 90
4.3.4 Social Considerations in Scenario Optimization .............c..ccccc.oeeeeeeeeresrenreeeeenennen, 97
4.4 Discussion and OULIOOK...............cccoceiiieieiciceeeeee e 99
4.5 CONCIUSION. ... 104

Chapter 5: Standardized Benchmarking of Advanced Oxidation Processes for Tetracycline

Degradation Using Life Cycle Assessment and Techno-Economic Analysis........................ 106
ADSLTACE ..o 106
5.1 INEOAUCTION. ......coooi s 108
5.2 MELNOM ... s 111

5.2.1 Technology Selection CIILETIa............c.cco..cvcueuereeisieeeeeeeeeeeee e 111
5.2.2 Life CYCle @SSESSMENL..............cc..oveveeeeeeeesseseeeeeeseeeese et nesnessen e 114
5.2.3 ECONOMIC @VAIUALION...........cooovevceeeceseeevceeee e 118
5.3 RESUILS ..o s 122
5.3.1 Kinetic and degradation performance ...............c.coccccoovvvviseieeeeseceeeeeeeeeee s 122
5.3.2 Environmental impact distribution of each process.................cccocooovvevviecsrivcsiinnnnns 124
5.3.3 Life cycle comparison across AOPS.............cccoceiieiciricieee e 133



5.3.4 ECONOMIC ANALYSIS ........covviiviiiiiicicicecisie et 141

5.3.5 Social Considerations in Comparative AOP Evaluation...................c.coccooooviriinnennn 144

5.4 Discussion and OULIOOK...............cc.coooviiiiieoieeeeeee et 147
5.3 CONCIUSION. .......ooiiiiiici s 150
Chapter 6: Conclusions and PErSPECIVES .............ccccoveveveeeeeeereierieeseeeseeese e 152
6.1 Summary of the PhD study and key contributions.............cccccceviviiiviesiiiecceee 152
6.1.1 Summary of main work accomplished..............c..ccooorririiiiiiiiiece e 152
6.1.2 Key learnings and OULCOINES.............cc.co.eveevcureeeeeeisseeeceeeeesee st 154

6.2 Limitations and future PerSPECLIVES..........cccovevueveieceeeeeieseeceeeeeeee e eeeeeae s 157
0.2.1 LIMILALIONS ..ottt anee s 157
0.2.2 FULUIE WOTK ...ttt 159
Appendix A: Supplementary Information for Chapter 3...............cc.cccooiviiiiiiceieeeeeeeeeees 163
Appendix B: Supplementary Information for Chapter 4.............ccccooovoivoeeceeecececeeeeee e 165
Appendix C: Supplementary Information for Chapter 5.............ccocoooovoivieeceecececeeceee 169
RETETEICES: ... 180



List of Figures

Figure 2.1: Structure and formulae of (a) tetracycline and (b) ciprofloxacin............ 24
Figure 2.2: Schematic of a typical sonochemical process configuration................. 27

Figure 3.1. Schematic diagram of the cylindrical sonoreactor utilizing converging
ultrasound for sonocatalytic degradation of tetracycline............ccceevvervieiiienveenenne. 42

Figure 3.2. Tetracycline adsorption and degradation over time with base case acoustic
O 20 1<) oSSR 49

Figure 3.3. Tetracycline degradation under different conditions with base case acoustic
PATAIMIELETS .. eutteeeeiiitee e et ee e e et ee e ettt e e e sttt e e s e bt eeeesabbeeeessabteeessnnsbaeeesansneeesnnsnneesannns 51

Figure 3.4. Tetracycline degradation under different acoustic pressures in six minutes.

Figure 3.5. Tetracycline degradation under different numbers of cycles..................... 55

Figure 3.6. Catalyst performance of tetracycline degradation (a) The reusability of
TFNs. (b) Effect of different catalyst doSages.........cccevueeiieniieiiieniiiieceeceeeeen 57

Figure 3.7. Tetracycline degradation with different catalytic boosters and hole
scavengers (the ultrasonic stimulation was always applied). .......c.cceeverieeriiennennen. 59

Figure 3.8. Comparative plot of energy efficiency for sonocatalytic degradation of
tetracycline at low concentrations (<50 m@/L).......cccoueeiiiniiiiienieeiesie e 62

Figure 3.9. Total COzeq emission of different AOP methods to degrade tetracycline. 63

Figure 4.1. Schematic diagram of the continuously sonoreactor utilizing converging
ultrasound and metal foam as the cavitation agent............ceceeverveerieneniienienennenens 78

Figure 4.2. Cumulative Energy Demand (MJ/L) of Sonochemical Scenarios for
Tetracycline Degradation under current UK electricity (left group) and projected IEA
2050 low-carbon electricity (right Sroup). ....cceeeeveeeriieeiieeeeeeeeee e 82

Figure 4.3. Breakdown of CO; Emissions by Source for TFN-Based Tetracycline
Degradation. (a) current UK grid-mixed electricity and (b) projected 2050 low-carbon
electricity scenario. (the CO, emissions from other chemicals are very minor, i.e., <
0.1% and not listed in this fIGUIe) .........cccoeviieiiiiiiieiee e 84

Figure 4.4. Sensitivity analysis of GWPi00 to carbon intensity of electricity across
different degradation SCENATIOS........eeccuireriieeriieeiieeerieeerreeeteeeeeeeeaeeeebeeeeseeeseseeas 86

Figure 4.5. Geographical preference of tetracycline degradation scenarios based on the
up-to-date and localized CO> intensity of electricity (TFNs are currently preferred
except for those countries with a high nuclear or renewable energy input.).............. 88

Figure 4.6. Sensitivity analysis of catalyst reusability on CO emissions for TFN-based
14 [T o3 e e 21 8 (o) 4 PSS 89



Figure 4.7. Comparison of cradle-to-gate global warming potential (GWP1o) for
various metals commonly used in catalytic applications............ccccceeeverieercrieesneeenee. 90

Figure 4.8. Degradation kinetics of ciprofloxacin and tetracycline under non-catalytic
conditions using a continuous-flow SONOTEACIOT ........cccueeruierireriierieeiieeie e 91

Figure 4.9. Degradation performance of ciprofloxacin and tetracycline using various
catalytic metal-based cavitation agents in a continuous flow sonoreactor................ 93

Figure 4.10. Global warming potential (GWP1p0) of tetracycline degradation using
TFNs in a batch reactor versus ZnO-based metal foam in a continuous-flow reactor

Figure 5.1. Time-dependent tetracycline degradation performance based on first-order
reaction kinetics of five studied AOP pProcesses.........ccooueerierieeieeniieeiienieeieeniene 123

Figure 5.2. Detailed distribution of 18 midpoint environmental impacts in the Sono-
DASEA PIOCESS .vveevvieiiieiieeiie et et estt e et e et e et e eteesaeesbeeesseesseessseenseessseenseesssesnseensseans 126

Figure 5.3. Detailed distribution of 18 midpoint environmental impacts in the Photo-
DASEA PIOCESS ..uvveieirieeeiiieeeiee et e et e et e e rtte e e taeeetaeestaeeebaeeesseeeesseeesssaeesnseeensseeanes 127

Figure 5.4. Detailed distribution of 18 midpoint environmental impacts in the
SONOPhOLO-DASEA PIOCESS ...veeevviieiiieiiieiieeiie ettt et ete et e et e seaeebeeseeeensees 129

Figure 5.5. Detailed distribution of 18 midpoint environmental impacts in the Fenton-
DASEA PIOCESS ..uvveieirieeeiiieeeieeeetee et e et e et e e e saeeetaeestaeessaeeesseeeesseeeessaeesnseeensseeanns 130

Figure 5.6. Detailed distribution of 18 midpoint environmental impacts in the Electro-
DASEA PIOCESS ..nvveeeiiieeiiie et etee et e et e et e e seeeetteeeeaeeetteeesareesnseeennseeennseeennseeenns 132

Figure 5.7. Sensitivity analysis of catalyst reusability on CO> emissions in tetracycline
degradation via selected AOP PrOCESSES.......eevuuieriieriieriieiiieriie et 134

Figure 5.8. Sensitivity analysis on the effect of CO; intensity of electricity on CO>
emissions in tetracycline degradation via selected AOP processes.........ccceevuvenneee. 137

Figure 5.9. Environmental endpoint damage impact (ecosystem, human health,
resources) of selected AOP processes using (a) current UK grid-mixed electricity (b)

IEA projected electricity grid-mix in 2050........ccccerviirieiinieniinenieneeieeeeseeeeen 138
Figure 5.10. Operating costs of selected AOP processes, accounting for utilities,
chemical use, and monetized environmental IMPACES ........ceevveeevieerciieenciieeeieeene, 143
Figure A.1. TEM image of TiO: fractured nano-shell ...........c.ccocevveiiiniiniinincnnn. 163

Figure A.2. The most recent photo of the transducer used in the sonoreactor (a) inside
transducer (b) outside aPPEATANCE ......ccveeerureeeiiieeiiieeieeeeeeeeeeereeeereeesbeeeereeenns 163

Figure A.3. The effect on sonocatalytic performance of the ratio of PS to titanium
butoxide during catalyst preparation ...........ccoeceeecueeriienieenienieeeesie e sreeiee e e 164

Figure A .4. Tetracycline degradation in six minutes with basic case TFNs and 2% Fe-
9



doped TFNs
Figure B.1. System boundaries of chapter 4 and chapter 5.............................. 166
Figure B.2. CO; intensity (kg-CO2/kWh) of various electricity generation sources. 167

Figure C.1. Characterized 22 endpoint environmental impacts of selected AOP
processes using current UK grid-mixed electricity

Figure C.2. Characterized 22 endpoint environmental impacts of selected AOP
processes using IEA projected electriCity .......ccvveeviieeiiieciiieeie e 177

10



List of Tables

Table 2.1. Summary of AOPs for tetracycline degradation........................ooenn 25
Table 3.1. Base case experimental parameters of tetracycline degradation................. 46
Table 3.2. Acoustic parameters of tetracycline degradation under different numbers of
cycles and burst periods at a fixed duty cycCle.........coovvviiieiiiiiiieniiieeee e 53
Table 3.3. Acoustic parameters of tetracycline degradation under different power inputs
ANA ACOUSTIC PIESSUIES ...eeuvvieriieeiieeiieeieeteesteesteeaseeseesseesseessseesseesnseenssessseesssesnseesseeans 52
Table 5.1. The 18-midpoint environmental impact category indicators .................... 116

Table 5.2. Monetization factors of the three-endpoint damage assessment value. .... 120
Table B.1. Benchmarking of energy consumption of equipment and chemicals used
during catalyst synthesis and reuse. The power-based unit is required to multiply by the

operational time indicated in €ach StUAY. ........cceovveeiiieriiiiiiiiieee e 165
Table B.2. Experimental parameters of continuous-flow sonoreactor....................... 166
Table B.3. Life cycle inventory of reaction stage for Batch reactor...................... 168
Table B.4. Life cycle inventory of reaction stage for continous reactor.................. 168
Table B.5. Life cycle inventory of catalyst (TFNs) synthesis steps...................... 168
Table C.1. The 22-endpoint environmental impact category indicators..................... 169
Table C.2. Comparison of Advanced Oxidation Processes: Kinetic Performance (first-
order), Treatment Time, and Energy Consumption per Liter.............................. 170
Table C.3. Life cycle inventory of catalyst (photo) synthesis steps...................... 170
Table C.4. Life cycle inventory of catalyst (sonophoto) synthesis steps............... 171

Table C.5. Life cycle inventory of catalyst (fenton) synthesis steps..................... 171
Table C.6. Life cycle inventory of catalyst (electro) synthesis steps..................... 171
Table C.7. Midpoint environmental impact of Sono-based process under 2050 projected
S (oo 8 Lo 1 1<) 1 1 (o LSS 170
Table C.8. Midpoint environmental impact of Photo-based process under 2050
projected eleCtriCIty SCENATIO ..ocuuvieeiireriieeeiieerieeerieeertee e e e eireeeieeeereeesnaeesseseeeenes 173
Table C.9. Midpoint environmental impact of Sonophoto-based process under 2050
projected eleCtriCIty SCENATIO . .c.uvieeiireriieeriieerieeerieeerree et e e eereeeteeeeareesnaeeeeeseeennes 174
Table C.10. Midpoint environmental impact of Fenton-based process under 2050
projected eleCtriCIty SCENATIO ..ov.uuieeiieeeiieeeiieerieeerieeerree et eeeereeeteeeereeesnseeeseseeeenes 175
Table C.11. Midpoint environmental impact of Electro-based process under 2050
projected eleCtriCIty SCENATIO ..cvuuvieevireeiieeeiieerieeerieeertee et eeeareeeeeeeeeeeesnseeeeeneeeenes 176
Table C.12. Characterized 22 endpoint environmental impacts of selected AOP
processes using current UK grid-mixed electricity.......cccevvvveeriieeciieeeiieeeiie e 178
Table C.13 Characterized 22 endpoint environmental impacts of selected AOP
processes using current UK grid-mixed electricity.......cccevvvveevieeecieieciieeeiie e 179

11



Nomenclature

Abbreviation Description
AOPs Advanced Oxidation Processes
ARB Antibiotic-resistant bacteria
ARGs Antibiotic-resistant genes

Co Concentration of tetracycline initially
Ct Concentration of tetracycline after the reaction
Cads Concentration of tetracycline after the adsorption
CAPEX Capital expenditures
CED Cumulative Energy Demand
CEPCI Chemical Engineering Plant Cost Index
EDTA Ethylenediaminetetraacetic acid
EoL End-of-life
GWP Global warming potential
GHG Greenhouse gas
HPLC High-Performance Liquid Chromatography
IEA International Energy Agency
IRR Internal Rate of Return
LCA Life Cycle Assessment
LCI Life Cycle Inventory
LCIA Life Cycle Impact Assessment
LCSA Life cycle social analysis
NGCC Natural gas combined cycle
NPV Net Present Value
OPEX Operating expenditures
PPM Parts per million
pHpzc Point of zero charge
PS Polystyrene
ROS Reactive oxygen species
RPM Revolutions per minute
TEA Techno-Economic Analysis
TFNs Ti02 fractured nanoshells
WWTPs Wastewater treatment plants

12




Chapter 1: Introduction

1.1 Background

The growing global demand for clean water, driven by population growth,
industrialization, and climate change, has placed unprecedented pressure on freshwater
resources. Compounding this issue is the increasing contamination of aquatic
environments with micropollutants—trace-level compounds such as pharmaceuticals,
personal care products, and pesticides. Among these, antibiotics represent a particularly
concerning class of pollutants due to their widespread use, environmental persistence,

and role in promoting antimicrobial resistance [1-3].

Conventional wastewater treatment plants (WWTPs) are not designed to remove
many emerging contaminants, including antibiotics such as tetracycline and
ciprofloxacin, which are commonly detected in effluents. These compounds resist
biodegradation and often pass through treatment systems largely unchanged, entering
natural water bodies and contributing to ecological disruption and the proliferation of

antibiotic-resistant bacteria (ARB) and genes (ARGs) [4].

To address these challenges, Advanced Oxidation Processes (AOPs) have emerged
as a promising class of technologies capable of degrading persistent organic pollutants
through the generation of highly reactive oxygen species [5,6]. AOPs such as photolysis,
ozonation, Fenton reactions, and sonolysis have demonstrated potential in degrading
pharmaceuticals in water. However, despite their proven effectiveness in lab-scale
studies, many AOPs remain limited by high energy demands, the use of hazardous

13



chemicals, scalability issues, and uncertain long-term sustainability [7-9].

In particular, sono-based AOPs, which rely on acoustic cavitation to generate
oxidative radicals, offer several advantages—such as operation under ambient
conditions, minimal chemical input, and potential compatibility with complex
wastewater matrices [10,11]. However, sonochemical processes are still under
development and require further research to optimize performance and assess

environmental and economic feasibility on scale.

However, in the context of sustainable water treatment, pollutant degradation
performance alone is no longer an adequate metric [12,13]. A technology that efficiently
removes contaminants but consumes excessive energy or relies on unsustainable
chemicals may ultimately cause more harm than good. Therefore, beyond evaluating
removal efficacy, there is a growing need to assess the broader environmental and
economic impacts of AOPs from a life cycle perspective. This is particularly important
as research advances from lab-scale innovation to real-world deployment, where energy
use, chemical inputs, and material sustainability play increasingly pivotal roles. These
considerations form the foundation for the subsequent investigations presented in this

thesis.

1.2 Motivation and Objectives

Sono-based AOPs, though promising, remain underexplored in both reactor design and

process optimization. Existing studies often rely on generic ultrasonic systems with
14



limited adaptation for practical wastewater treatment. There is a clear need to develop
tailored sono-chemical degradation processes in both experimental performance and
environmental impact—especially when dealing with persistent contaminants like
tetracycline [14]. Current ultrasonic systems face significant challenges, including
inefficient reactor design, low energy efficiency, and high energy consumption. These
limitations hinder scalability and make the technology unsuitable for
commercialization [15]. Due to the challenges of commercialization, the economic
feasibility of sonochemical-based AOPs is rarely discussed, and life cycle assessments

are seldom conducted [16].

In parallel, while many AOPs demonstrate high degradation efficiency under
controlled conditions, there is a growing recognition that operational performance alone
is not enough. Technologies must also be evaluated based on their environmental and
economic sustainability. Yet, most comparative studies focus only on pollutant removal

and rarely account for key factors such as:

e Energy consumption during operation,

o Emissions and resource use is associated with chemical and catalyst production,

e True financial costs, including monetized environmental impacts.

This DPhil research addresses these gaps through a multi-stage investigation. The
overarching motivation of this research is to bridge the gap between high-efficiency
degradation of micropollutants and the broader sustainability implications of such

treatment processes. This study therefore aims to integrate experimental investigation
15



with system-level sustainability assessment to inform practical, scalable solutions for

antibiotic removal in wastewater. The research pursues the following specific objectives:

1. To experimentally develop and optimize a sono-based AOP for tetracycline
degradation, focusing on reaction performance, and to explore the effects of key

reaction parameters.

2. To assess the environmental performance of the proposed system using Life
Cycle Assessment (LCA) and to propose improvements for reducing its

environmental footprint.

3. To conduct a comparative Techno-Economic Analysis (TEA) and LCA
benchmarking study of several representative AOP technologies under
harmonized conditions to identify the most sustainable method for tetracycline

degradation.

By integrating experimental work with sustainability assessment and cross-
technology comparison, this research contributes to the broader goal of advancing water
treatment technologies that are not only effective—but also viable and responsible in

the long term.

1.3 Thesis structure

This thesis is presented in the conventional format and overall consists of six

chapters. Chapters 3 to 5 form the core of the research. The chapters are outlined as

16



follows:

Chapter 1 — Introduction: presents the background, research motivation, objectives, and

thesis structure.

Chapter 2 — Literature Review: reviews the occurrence and impact of antibiotic
micropollutants in wastewater, current AOPs for micropollutants including sono-based

processes, and the use of LCA and TEA for sustainability evaluation.

Chapter 3 — Experimental Development of a Sono-Based AOP System: Describes the
design and operation of a novel sono-reactor, the use of cavitation agents, and a detailed

investigation of reaction parameters affecting tetracycline degradation performance.

Chapter 4 — Environmental optimization of the Proposed System: Applies LCA to
quantify the environmental footprint of the developed process and identify key

environmental hotspots and propose optimization strategies

Chapter 5 — Comparative TEA/LCA Benchmarking of AOP Technologies: Conducts a
standardized comparison of multiple AOP technologies using a unified LCA framework,

identifying the measurement of sustainability for tetracycline removal.

Chapter 6 — Conclusions and perspectives: Summarizes key findings, discusses the

limitations of this work, outlines future research directions and broader implications.

1.4 Research output
To date, I have published one peer-reviewed paper (Chapter 3) and presented work

in two conferences, which is directly related to the results of my DPhil research, as
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detailed below. In addition, Chapters 4 and 5 contain the content of the manuscripts to

be submitted for publication.

Peer-Reviewed Publications:

Zong, Zhiyuan, Emma Gilbert, Cherie CY Wong, Lillian Usadi, Yi Qin, Yihao Huang,

Jason Raymond, Nick Hankins, and James Kwan. "Efficient sonochemical catalytic
degradation of tetracycline wusing TiO, fractured nanoshells." Ultrasonics

Sonochemistry 101 (2023): 106669. [17]

Conference Presentations:

Zong, Zhiyuan and Nick Hankins, “Sonochemical catalytic removal of antibiotics

using converging ultrasounds and cavitation agent with life cycle assessment”. VI
Iberoamerican Conference on Advanced oxidation Technologies (6™ CIPOA),

Florianopolis, Brazil, October 7" -11%h | 2024

Zong, Zhiyuan, Economic and environmental evaluation: toward net zero emission

and circular economy in 2050/2060. The second Yongjiang Laboratory Global Young

Elite Forum on Science and Technology. Ningbo, China, Jul 13-16, 2024

In addition, I have contributed to several other peer-reviewed papers and a book
chapter in fields related to water treatment, which have helped me to improve life cycle

assessment and process modelling skills, and gain knowledge in sustainable water
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engineering. Some modelling and analytical methods were taken from the following

publications.

Zong, Zhiyuan, Nick Hankins, and Fozia Parveen. "The Application of Nanofiltration

for Water Reuse in the Hybrid Nanofiltration-Forward Osmosis Process."

In Nanofiltration for Sustainability, pp. 153-170. CRC Press, 2023. [18]

Zong, Zhiyuan, Omar Daoud, Nicholas P. Hankins, Qianhong She, and Christian D.

Peters. "Valorising Desalination Brine for Green Cement Production: Toward

Mitigating Global CO2 Emissions." Water Research (2025): 123930. [19]

Rantissi, Tony, Vitaly Gitis, Zhiyuan Zong *(corresponding author), and Nick

Hankins. "Transforming the water-energy nexus in Gaza: A systems approach." Global

Challenges 8, no. 5 (2024): 2300304. [20]
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Chapter 2: Literature review

Chapter 2 reviewed the growing issue of antibiotic micropollutants in wastewater,
focusing on tetracycline and the limitations of conventional treatment methods. AOPs,
particularly sono-based systems, were explored for their potential to degrade persistent
contaminants. The chapter highlighted the advantages of sonochemical oxidation and

the importance of optimizing reactor parameters and cavitation conditions.

It also emphasized the need to go beyond performance-based evaluations by
integrating LCA and TEA to assess environmental and economic sustainability. Current
life cycle assessments (LCA) of AOPs for wastewater treatment often lack a complete
inventory list [21], ignore the impacts of material synthesis (e.g., membranes and
catalysts) [22,23], and report inconsistent outputs [24]. Moreover, LCAs specifically
for sonochemical-based AOPs are rarely conducted. This lack of standardisation
represents a critical research need and highlights the importance of developing a

framework for future consistent analysis.

2.1 Micropollutants and Antibiotics in Wastewater

With the development of the economy and global population, the lack of freshwater
becomes a severe problem where freshwater only consists of 2.5% of the global water
resources [25]. Today, more than 40% of the world's population cannot achieve
sufficient water [26]. Compounding this issue is the increasing contamination of water

bodies by micropollutants—trace-level contaminants that are resistant to conventional
20



wastewater treatment.

Micropollutants include a broad spectrum of synthetic and natural compounds such
as pharmaceuticals, personal care products, pesticides, and industrial chemicals.
Though typically present at low concentrations (ng/L to lower ug/L range [27]), many
of these compounds are persistent, bioactive, and capable of accumulating in
ecosystems and human bodies [28-30]. Their small molecular size and chemical
stability make them particularly difficult to remove using standard treatment methods.
Micropollutants have three primary transfer pathways from the sources to the human
body. The first transfer pathway is intake directly, for example, from untreated water
and food packages and containers that contain micropollutants [28—30]. The second
transfer pathway is mostly from agriculture and industry use, constituting over 80% of
water withdrawals. During agriculture and chemical processing activities, numerous
persistent organic pollutants, such as pesticides, are used. Those micropollutants can be
carried by the product and transported easily over thousands of miles from their sources
[31,32]. Even though some of the micropollutants are less severe and harmful, the
continuous long-distance transfer would significantly raise the accumulation risk
[33,34].

Among the various micropollutants, antibiotics have emerged as a critical area of
concern [35-39]. Widely used in human medicine, veterinary applications, and
agriculture, antibiotics are frequently detected in wastewater due to incomplete
metabolism in the body and improper disposal. WWTPs, which are not specifically

designed to eliminate these bioactive compounds, often discharge residual antibiotics
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into aquatic environments [40].

This results in the continuous release of residual antibiotics into surface waters,
contributing to the development and spread of antibiotic-resistant bacteria and
resistance genes. The presence of antibiotics in treated effluent can have serious
ecological and public health consequences. Continuous low-level exposure in the
environment contributes to the development of ARB and the spread of ARGs, a major
global health threat recognized by the World Health Organization [41]. These
contaminants can enter food chains via aquatic organisms and irrigation practices,
creating long-term risks that extend beyond the immediate vicinity of the pollution

source.

Tetracycline and ciprofloxacin are among the most frequently detected antibiotics

1n wastewater:

o Tetracycline, a broad-spectrum antibiotic used extensively in both human
medicine and livestock production, is frequently found in municipal and
agricultural wastewater (3-500 ng/L [42]). It exhibits a strong affinity for
organic matter and sediments, making it prone to accumulation in sludge and
aquatic ecosystems. Tetracycline is relatively persistent and has a low
biodegradability index, making it difficult to remove through biological

treatment processes [43—46].

o Ciprofloxacin, a widely used fluoroquinolone antibiotic, is particularly
concerning due to its high antibacterial potency, environmental persistence, and

strong tendency to form complexes with metal ions. Ciprofloxacin resists
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biodegradation and can remain active in the environment for extended periods,
posing toxicity risks to aquatic organisms and fostering the selection of resistant

strains [47—49].

While WWTPs typically involve a multi-stage process—including physical separation,
biological degradation, and sometimes advanced tertiary treatments—antibiotic
compounds are often only partially removed [50]. In this context, AOPs are gaining

attention for their potential to degrade antibiotics effectively at trace concentrations.

2.2. Advanced oxidation process treatment

The presence of persistent contaminants such as antibiotics in wastewater has
highlighted the limitations of conventional treatment technologies. While typical
WWTPs involve a multi-stage process—consisting of primary (physical), secondary
(biological), and tertiary (chemical or advanced) treatments—these systems are often
inadequate for removing low-concentration, biologically active compounds like
tetracycline and ciprofloxacin. As a result, AOPs have gained increasing attention for

their ability to degrade such micropollutants through non-selective oxidation [51-53].

AOQOPs are based on the generation of highly reactive oxygen species (ROS),
primarily hydroxyl radicals (-OH), which possess a high oxidation potential (~2.8 eV).
These radicals can attack a wide range of organic pollutants, leading to the cleavage of
chemical bonds and eventual mineralization into harmless end-products, such as carbon

dioxide and water [54].
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Several conventional AOPs have been widely investigated for wastewater treatment,

including:

e Hydrogen peroxide (H202)-based processes, where -OH radicals are generated

through the decomposition of H,O» [55].

o Fenton and photo-Fenton reactions, which use a combination of ferrous ions
(Fe?) and hydrogen peroxide to produce -OH radicals [56,57]. The classical
Fenton reaction involves multiple steps, with the key reactions initiating radical
formation. This reaction system is effective but operates best under acidic

conditions (pH 2—4), which can limit practical applications [58,59].

e Ozonation and UV-based advanced oxidation processes (AOPs) directly initiate
radical production via ozone or ultraviolet light. They further enhance the
breakdown of organic precursors by employing additives (e.g., hydrogen
peroxide) or photocatalysts (e.g., TiO2) [60,61]. For instance, UV/O3 systems
promote the in-situ formation of H>O», followed by photolysis to yield hydroxyl

radical.

Figure 2.1: Structure and formulae of (a) tetracycline and (b) ciprofloxacin

These methods have demonstrated effectiveness in degrading various

pharmaceuticals, including tetracyclines, although they may face limitations related to
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cost, pH sensitivity, or incomplete mineralization.
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Table 2.1. Summary of AOPs for tetracycline degradation. Sono: 1-[62] 2-[63] 3-[64] 4-[65]; Photo: 1-[66] 2-[67] 3-[68] 4-[69] 5-[70]; Sonophoto:
1-[71] 2-[72] 3-[73]; Photofenton: 1-[74] 2-[75]; Sonofenton: 1-[76].

PPM | Volumn ml g Conversion | gremoved | Time minutes | Dosage mg/ml Catalyst type Catalyst amount (g) | Power W
1] 45 20 0.0009 0.7 0.00063 120 0.5 Ag3P0O4/CoW0O4 0.01 500
Sono 2] 10 150 0.0015 0.8647 0.00129705 300 1 SrTiO3/Ag2S/CoW04 0.15 300
3] 20 10 0.0002 0.911 0.0001822 90 2 BiOBr/MgFe204 0.02 500
4| 50 50 0.0025 0.876 0.00219 45 0.5 ZnO/cellulose 0.025 256
1] 10 50 0.0005 0.9164 0.0004582 60 0.3 rGO/Ag2CO3 0.015 500
2] 10 100 0.001 0.87 0.00087 60 0.5 CoO octahedrons 0.05 300
Photo 3] 10 50 0.0005 0.75 0.000375 180 0.5 RGO-Cu20/Bi203 0.025 250
4| 15 100 0.0015 0.95 0.001425 60 0.5 CdS/ZnS 0.05 300
5] 20 200 0.004 0.8041 0.0032164 60 1 Bi2Sn207-C3N4 0.2 400
11 15 40 0.0006 0.736 0.0004416 60 0.25 TiO2 (Au/B-TiO2/rGO) 0.01 900
Sono-photo | 2| 60 300 0.018 1 0.018 240 0.7 WO3/CNT 0.21 440
3] 10 150 0.0015 0.998 0.001497 180 1 Ca-doped ZnO 0.15 101.6
Photo-fenton 1] 20 100 0.002 0.903 0.001806 80 0.5 Fe/SCN 0.05 300
2] 20 40 0.0008 0.95 0.00076 80 0.625 FeWO4/BiOClI 0.025 300
Sono-fenton | 1] 10 50 0.0005 0.99 0.000495 30 0.25 SmFeO3/Ti3C2Tx 0.0125 300
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Despite the progress in AOP development, challenges remain, including the
formation of toxic transformation products, low energy efficiency, and variable
performance depending on wastewater matrix composition [77,78]. These limitations
have motivated the exploration of alternative and complementary AOP methods, among
which sonochemical oxidation has shown considerable promise. This technique offers
notable advantages, such as operating under ambient conditions without chemical
additives and producing highly reactive radicals through cavitation, which may reduce

toxic byproduct formation and improve energy efficiency.

Sonochemistry, which involves the application of ultrasonic waves to induce
radical formation via acoustic cavitation, offers several advantages such as operation
under ambient conditions, improved mass transfer, and potential for use in complex

wastewater matrices.

The next section will delve deeper into sono-based AOPs, their mechanisms, and

their specific application for antibiotic degradation in wastewater.

2.3. Sonolytic oxidation process

Sonochemical AOPs utilize ultrasonic irradiation to generate highly reactive
species through a mechanism known as acoustic cavitation. This approach has shown
great promise for degrading recalcitrant micropollutants, particularly antibiotics, due to
its ability to operate under ambient conditions and its minimal dependence on chemical

additives, such as hydrogen peroxide [79,80].
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When high-intensity ultrasound is applied to an aqueous medium, microscopic gas
bubbles form, grow, and violently collapse [81]. This cavitation collapse generates
localized hot spots with transient temperatures exceeding 5000 K and pressures over
1000 atm. These extreme conditions lead to the homolytic cleavage of water molecules,
producing highly reactive radicals such as hydroxyl (-OH) and hydrogen (-H) radicals,

which can effectively degrade a wide range of organic pollutants [82—84].

Oscilloscope Hydrophone

Current
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generator

i )

Figure 2.2: Schematic of a typical sonochemical process configuration (adapted from

[85])

The efficiency of the sonochemical process is closely linked to cavitation dynamics.

Two primary forms of cavitation are observed:

o Stable cavitation, where bubbles oscillate steadily with the applied ultrasound

frequency and persist over many cycles around an equilibrium size [86].

o Inertial cavitation, where bubbles grow rapidly under high-intensity ultrasound

and collapse violently, generating intense physical and chemical effects [87].

Key parameters influencing cavitation include ultrasound frequency and amplitude.
Higher amplitude increases cavitation intensity, while frequency governs bubble size
and growth time. Lower frequencies (e.g., ~20 kHz) allow larger bubbles to form and

collapse more forcefully, enhancing radical production. In contrast, higher frequencies
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(e.g.,>1 MHz) generate smaller bubbles and favour stable cavitation with less extreme
conditions [88].

In some cases, dual-frequency excitation can be used to enhance cavitation by
lowering the energy threshold needed to initiate bubble collapse. A larger difference
between the two frequencies has been shown to further reduce this threshold, improving

overall radical yield [89].

To further improve radical generation and degradation efficiency, nanostructured
catalysts can be introduced as the cavitation nuclei in order to initiate the inertial
cavitation. These materials serve as nucleation sites for cavitation bubbles and often
exhibit high surface roughness and hydrophobicity—key factors that reduce the energy

barrier for cavitation initiation [16,84,90].

Although sonochemical degradation can be performed without light, many of these
catalysts also function as semiconductors, making them responsive to photonic
excitation [91,92]. Under certain conditions, especially during high-intensity cavitation,
a phenomenon known as sonoluminescence occurs—where the collapse of cavitation

bubbles emits light in the 200—700 nm range [93].

This internally generated light can activate the semiconductor catalyst if its energy
exceeds the material's bandgap, initiating photocatalytic reactions even without an
external light source [94]. The most popular and well-studied photocatalyst is TiO,.
Other than that, the photocatalysts include but are not limited to bismuth oxide [95,96],
tungsten oxide [97] and cerium oxide [98]. It is worth noting that both TiO, and ZnO-

based photocatalysts are affordable, show high stability, and are easy to modify by
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metal doping. As a result, both TiO, and ZnO-based catalysts should be the main

research objects in the current context [99].

For instance, TiO2 nanostructures, including hollow spheres or fractured nano-cup
morphologies, have shown enhanced degradation efficiency due to their favourable
surface properties and ability to harness sonoluminescence. These catalysts facilitate
dual activation: mechanical cavitation effects and light-induced charge separation, both

contributing to radical generation [100].

The combination of acoustic cavitation and catalytic enhancement creates a highly
reactive environment capable of breaking down complex antibiotic molecules such as
tetracycline and ciprofloxacin. These compounds are often resistant to biodegradation
but are susceptible to oxidative pathways triggered by -OH and superoxide radicals
[42,50]. Sonochemical systems offer the potential to degrade antibiotics without the
need for harsh chemical additives, and can be adapted to various water chemistries. In
summary, sono-based AOPs provide a powerful, energy-efficient, and scalable
approach to degrade antibiotics in wastewater. Their ability to operate without external
reagents or light sources makes them particularly attractive for sustainable water
treatment [85,101,102], especially degradation antibiotics such as tetracycline

[17,43,62—65,72,103—-105].

2.4. Life cycle assessment and techno-economic analysis

in AOP-Based Wastewater Treatment

AOQOPs encompass a broad spectrum of techniques, such as sonolysis, photolysis,
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Fenton and Fenton-like reactions, hybrid approaches like sono-photo-Fenton, and
thermally assisted oxidative processes. Each of these technologies operates under
different mechanisms and conditions, employs different energy sources and chemical
reagents, and varies in terms of material inputs, particularly with regard to catalysts and
reactor components. Consequently, they exhibit diverse performance characteristics,
including degradation rates, energy demands, chemical consumption, and by-product

formation [106].

Literature abounds with studies exploring these processes. For instance, numerous
researchers have investigated the efficiency of UV-based photolysis and UV/H20:
systems for antibiotic degradation, highlighting the importance of light intensity,
irradiation time, and the presence of oxidants [69,82,95,98,107]. Similarly, Fenton and
Fenton-like processes have been widely studied for their ability to generate hydroxyl
radicals under acidic conditions, with ongoing advancements focusing on catalyst
regeneration, heterogeneous catalysts, and the use of iron-bearing waste materials to
enhance sustainability [108]. Sonolysis, relying on acoustic cavitation to produce
reactive species, has also received attention, particularly for its synergy when combined
with other AOPs. Sono-photo and sono-Fenton systems have demonstrated enhanced
degradation efficiencies due to combined physical and chemical effects, although these
benefits often come with increased energy consumption [109,110]. Thermal AOPs,
involving elevated temperatures (30 — 80 °C) to enhance oxidation reactions, have been
less explored due to their high energy demands, but certain studies indicate that

moderate thermal assistance can significantly improve reaction rates and mineralization

30



efficiencies [104,111,112]. Across these studies, the role of catalyst design has been
central. Researchers have developed a variety of catalysts, including doped metal
oxides, carbon-based materials, perovskites, and nanocomposites, each offering unique
advantages in terms of reactivity, stability, and reusability. However, many of these
catalysts involve synthesis routes that require hazardous chemicals, high temperatures,

or rare elements, raising concerns about their environmental viability.

While AOPs have received widespread attention for their high efficacy in removing
persistent micropollutants—including antibiotics—from wastewater, the broader
environmental and economic implications of these technologies in terms of resource
use, environmental emissions, and economic viability remain underexplored [24,113—
115]. All the existing studies entioned in Section 2.3 emphasize performance metrics
only, such as characterization of catalysts, removal efficiency and degradation rate.
However, these indicators alone are insufficient for evaluating the true sustainability
and feasibility of AOP systems, particularly when considering real-world
implementation. As environmental challenges grow more complex and interdependent,
evaluating water treatment technologies requires a shift from purely technical or

performance-based assessments to a holistic sustainability perspective.

To fill this gap, researchers and decision-makers are increasingly turning to LCA
and TEA—two complementary tools that quantify the broader environmental and
financial impacts of treatment technologies across their life cycles. LCA quantifies
environmental impacts across the full life cycle of technology—from raw material

extraction and chemical production to operational energy use and emissions. TEA, on
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the other hand, evaluates economic viability by assessing both capital and operational
expenditures, and increasingly, the monetization of environmental impact. When
applied together, these frameworks offer a comprehensive picture of a technology’s

long-term performance, which is applicable beyond immediate treatment outcomes.

LCA is a systematic methodology standardized by ISO 14040/14044 [116] that
evaluates the environmental impacts associated with a product, process, or system from
a life cycle perspective. In the context of wastewater treatment, LCA enables the
assessment of not just the treatment stage itself, but also the upstream emissions and
resource inputs related to energy use, chemical production, and material synthesis (e.g.,

catalysts or membranes), as well as downstream impacts when data are available [116].

A typical LCA follows four key phases [117,118]:

1. Goal and Scope Definition — Establishing the purpose, functional unit (e.g., per
m? of treated wastewater), and system boundaries (e.g., cradle-to-gate or cradle-

to-grave).

2. Life Cycle Inventory (LCI) — Compiling data on material and energy inputs,

emissions, and waste streams for all life cycle stages.

3. Life Cycle Impact Assessment (LCIA) — Translating inventory data into

environmental impact categories.

4. Interpretation — Analysing results to identify trade-offs, data gaps, and

recommendations for improvement.
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In AOP systems, LCA reveals that those upstream activities—such as catalyst
manufacturing, reagent production, and energy generation—often contribute
significantly to the total environmental burden. For example, even chemical-free
systems like sonolysis can have high carbon footprints due to electricity consumption
if powered by fossil-based energy. Another critical consideration is the environmental
impact of catalyst and membrane synthesis, which is often overlooked. The production

of nanostructured materials may involve [119-121]:

e High-temperature processes (e.g., calcination, thermal drying),

e Hazardous chemicals (e.g., solvents, metal salts, surfactants),

e Non-renewable or rare elements, which raise concerns about resource depletion

and supply chain risks.

These factors can contribute significantly to the overall carbon footprint and toxicity
potential of an AOP system [122]. Therefore, sustainable process development should

aim for not only high performance but also low-impact material design.

TEA assesses the economic feasibility of a technology by estimating both capital
expenditures (CAPEX) and operating expenditures (OPEX), often linked to a defined
functional unit (e.g., cost per m® or L of treated wastewater) [123—125]. Modern TEA
practices increasingly include external cost accounting, where environmental impacts
are monetized using established values. This allows for a more complete picture of
technology’s true cost, extending beyond immediate financial expenditure to

encompass long-term societal and environmental costs [126].

33



Ultimately, integrating LCA and TEA into the development and comparison of
AOP technologies is essential for identifying truly scalable, environmentally
responsible, and cost-effective solutions. These tools help shift the focus from short-
term treatment efficacy to long-term viability, aligning with global goals for climate

resilience, circular economy, and sustainable development.

As the development of AOP technologies advances, it becomes increasingly
important to assess not only “what works,” but also what works sustainably. To make
informed decisions, researchers and policymakers require integrated evaluation

frameworks that [127,128]:

Standardize comparison criteria across technologies.

e Include both technical performance and life cycle metrics.

e Account for both direct costs (OPEX), monetized cost from the environmental

impact and the politically related cost from carbon tax.

o Enable “true cost” assessment over the full life cycle.

These frameworks are particularly important for sono-based AOPs, which may
offer operational advantages such as chemical-free treatment but must also be assessed
for their energy intensity and catalyst fabrication impacts. Furthermore, hybrid systems
require careful analysis to ensure that performance gains do not come at

disproportionate environmental or economic costs.
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2.5 Rationale for the Scope of This PhD Study

The preceding sections have reviewed the growing problem of micropollutants in
wastewater, particularly antibiotics such as tetracycline and ciprofloxacin. Due to their
low biodegradability, environmental persistence, and potential to foster antimicrobial
resistance, these compounds are now recognized as priority contaminants in both
environmental and public health contexts. Conventional WWTPs are insufficient to
remove antibiotics effectively, leading to the increasing adoption of AOPs as a

promising remediation approach.

A wide range of AOPs—such as photolysis, Fenton-based oxidation, sonolysis,
thermally assisted AOPs, and various hybrid processes—have been investigated for
their capacity to degrade antibiotics at trace levels. Despite considerable research, most
studies remain focused on degradation efficiency, kinetic behaviour, and catalytic
activity, with less attention given to how these technologies perform in terms of long-

term sustainability, environmental trade-offs, and economic feasibility.

In particular, sonochemical processes have shown significant promise due to their
ability to generate highly reactive radicals without the need for chemical oxidants, their
compatibility with complex wastewater matrices, and their potential for hybridization
with other AOPs [129]. However, the scalability and sustainability of sono-based AOPs
are not yet well understood, especially regarding energy demand, material selection for
cavitation agents, and reactor design. Furthermore, the literature lacks consensus on the

comparative advantages of sono-based AOPs over other techniques, particularly when
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environmental and economic factors are considered alongside degradation performance.
Currently, no comprehensive life cycle assessment (LCA) study provides a standardized
comparison of different advanced oxidation processes (AOPs). This research gap is
particularly evident for sonochemical-based AOPs, the environmental impacts of which

are consistently overlooked.

In response to these gaps, this DPhil study is structured around a multi-phase
investigation that integrates experimental research with life cycle and economic
assessment. The overarching objective is to develop and evaluate a sustainable AOP

system for tetracycline degradation, with a specific focus on sono-based technologies.

This study is guided by the following key research questions:

1. How can sonochemical AOP systems be optimized through reactor design and

sonocatalyst utilization to enhance the degradation of tetracycline in wastewater?

2. What are the environmental trade-offs and improvement opportunities among
different configurations of sono-based AOP systems, as revealed through

scenario-based LCA?

3. What is the environmental performance associated with sono-based AOPs
compared to other AOP technologies? From a sustainability perspective, which
AOP technology offers the most favourable balance between degradation

performance, environmental impact, and economic feasibility?

The research milestone and goals are as follows:
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Milestone 1: Experimental development and performance evaluation of a novel
sonochemical AOP system — Develop and test a sono-based AOP system for
tetracycline degradation, focusing on optimized reactor design, cavitation-
enhancing agents, and the influence of key operating parameters on operational

performance and efficiency. (Chapter 3)

Milestone 2: Environmental assessment of the sono-based system through case-
study-based LCA — Evaluate the environmental performance of the developed
sono-based AOP system using life cycle assessment, identify key environmental
hotspots, and propose improvements to reduce impacts while maintaining

treatment effectiveness. (Chapter 4)

Milestone 3: Cross-technology benchmarking of AOPs using integrated LCA
and TEA - Conduct a comparative life cycle and techno-economic assessment
of multiple AOP technologies (sonolysis, photolysis, Fenton-like, sono-photo,
and thermal oxidation) under standardized conditions for tetracycline removal,
to identify the most sustainable treatment option from both environmental and

economic perspectives. (Chapter 5)

Together, these milestone and research questions aim to bridge the gap between

experimental development, system-level sustainability analysis and cross-technology

comparison—providing a foundation for future decision-making in the design,

selection, and implementation of AOPs for the treatment of antibiotic-contaminated

wastewater.

37



Chapter 3: Efficient sonochemical catalytic
degradation of tetracycline using TiO; fractured

nanoshells

Published as: Zong, Zhiyuan, Emma Gilbert, Cherie CY Wong, Lillian Usadi, Yi Qin,

Yihao Huang, Jason Raymond, Nick Hankins, and James Kwan. "Efficient
sonochemical catalytic degradation of tetracycline wusing TiO2 fractured

nanoshells." Ultrasonics Sonochemistry 101 (2023): 106669. [17]

All the work that reported in this chapter have been done by Zhiyuan Zong

Abstract

The widespread presence of antibiotics like tetracycline in wastewater poses
significant environmental and public health risks, as conventional treatment methods
often fail to remove such persistent compounds. This study investigates the degradation
of tetracycline using a combination of TiO> fractured nanoshells (TFNs) and a bespoke
sonoreactor designed to generate focused and pulsed ultrasound. A comprehensive
parametric study was conducted to evaluate the effects of various factors, including
TFN adsorption behaviour, reaction time, initial pollutant concentration, solution pH,
acoustic pressure amplitude, number of acoustic cycles, catalyst dosage, TFN
reusability, and the influence of co-treatments such as visible light and hydrogen
peroxide. While TFNs alone exhibited notable adsorption capacity, complete

degradation of tetracycline was achieved within six minutes under optimized
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sonocatalytic conditions. The process demonstrated significantly reduced power input
and CO> emissions because of the use of converging and pulsed ultrasonic wave
compared to typical values reported in similar sonocatalytic studies. These findings
highlight the potential of optimized low-power sonocatalysis for efficient and

sustainable micropollutant removal.

3.1 Introduction

The presence of antibiotics such as tetracycline in wastewater remains a critical
environmental concern due to their persistence, resistance to biodegradation, and
potential to foster antibiotic-resistant bacteria. Although various AOPs have been
developed for micropollutant removal, many rely on chemical reagents or hybrid
systems that pose challenges in terms of operational complexity, secondary pollution,

or high energy consumption [130-132].

Sonochemical AOPs have emerged as a promising alternative, offering reagent-
free degradation driven by acoustic cavitation—a process in which collapsing
microbubbles produce localized hot spots with extreme temperatures and pressures.
These conditions generate highly reactive species, such as hydroxyl radicals, capable
of breaking down complex organic contaminants. Compared to other AOPs,
sonochemistry offers potential advantages in simplicity, selectivity, and adaptability to
complex water matrices [103]. However, its practical application remains limited by

suboptimal energy efficiency, incomplete degradation pathways, and lack of reactor
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standardization [85].

Researchers have typically focused on either reactor or catalyst design, with little
attention being given to the simultaneous use of an advanced acoustic system and a
cavitation agent. In addition, hybridization of different technologies [133] has often led
to excessive energy consumption and CO» emissions, rather than utilizing a stand-alone

system with optimal acoustic and sonochemical parameters.

This chapter presents a systematic experimental investigation into the sonocatalytic
degradation of tetracycline using a bespoke ultrasonic reactor and TFNs [100]. The
reactor is designed to generate a cylindrically focused acoustic field to enhance
cavitation intensity, while the TFNs serve as cavitation nuclei and catalysts, promoting
localized radical formation and mass transfer. This combination aims to overcome
current limitations by maximizing degradation efficiency without the need for chemical
oxidants. The experimental work includes a detailed parametric study, evaluating how

different factors influence degradation efficiency and energy consumption.

By identifying optimal operational conditions, this study aims to demonstrate a
more effective and potentially scalable sono-based AOP system. The results also
provide a data foundation for the environmental and economic assessments that follow

in Chapters 4 and 5.

40



3.2 Method

3.2.1 TiO;, fractured nanoshell synthesis

Synthesis of the catalyst was carried out using sol-gel templates in two primary
steps involving the synthesis of polystyrene (PS) beads and TFNs, which have been
reported before [100,134,135]. TFNs are hollow, spherical nanoparticles that are proven
to act as cavitation nuclei. A mixture of 5 mL styrene (Sigma) and 40 mL deionised
water was stirred at 200 RPM and degassed with Argon. A stock solution of potassium
persulfate (KPS, Sigma) was prepared at 160 mM, and 5 mL was added to the degassed
styrene/water mixture. The resulting solution was heated under reflux at 75°C for 5
hours, cooled to room temperature, and stored at 4°C. The concentration of polymerised
solids was approximately 10 wt.%, and the resulting particles were approximately 300

nm in size, given the use of 5 mL styrene in 45 mL H>O.

The PS particles were dispersed in absolute anhydrous ethanol (1:11 v/v) and
sonicated for 10 minutes. Titanium butoxide (Reagent grade, 97%, Sigma, 0.2:2 in
ethanol v/v) was added, dropwise, to the solution under stirring at 400 Revolutions per
minute (RPM). The resulting mixture was stirred for 2 hours at room temperature,
followed by three times washing with ethanol through centrifugation at 5000 RPM for
10 minutes. The particles were dried overnight at 60°C, and calcined at 500°C for 3
hours with a temperature ramp of 5°C/min. After cooling to ambient temperature, the

particles were collected and stored in a dry cabinet before use.
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3.2.2 Acoustic reaction system
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Figure 3.1. Schematic diagram of the cylindrical sonoreactor utilizing converging

ultrasound for sonocatalytic degradation of tetracycline

The sonoreactor was built from 316 stainless steel with two 45° bevel conical
reflectors to centralize the ultrasound to the top centre of the cylindrical reactor. Figure
3.1 shows a schematic cross-sectional representation of the bespoke sonoreactor to
facilitate the proposed sonocatalytic activity for tetracycline degradation [85,102].

Photos of the transducer and sonoreactor are shown in Figure A.2

A reaction tube (SmL polyethylene test tube) was positioned at the top centre of the
cylindrical sonoreactor to receive the ultrasound generated by the transducer located at
the bottom, after folding the acoustic wave 180 degrees. Hydrophone measurements
and subsequent experiments were conducted at 1.083 MHz. Ultrasound emitted by the
piezoelectric ceramic transducer (PZT, APC International, Ltd) was reflected by the

smooth conical reflector surfaces and directed to the reaction tube, which was
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surrounded by cooling liquid. The transducer was supplied with the desired electrical
signal using a function generator (Keysight Waveform Generator 33400A) and an
amplifier (Electronics & Innovation 1040L RF Amplifier). The acoustic field in the
reaction vessel was measured using a 0.2 mm diameter needle hydrophone (Precision
Acoustics, SN 3222), controlled by a 3D positioning system (3-Stepping Motor
Controller, Velmex VXM). The relationship between acoustic pressure and drive
voltage was measured at the focal point of the acoustic field within the reaction tube.
The pressure amplitudes reported were peak-to-peak amplitudes. The input voltage (a
sine wave signal), current, phase angle, and maximum/minimum/peak-to-peak
amplitudes were measured with an oscilloscope (LeCroy LT264). Power input, duty
cycle, and energy consumption of the transducer were then calculated using the
following equations (Eq 1,2,3). I and V denote the current and voltage of the ultrasonic
reactor. The burst period is the length of time for which the transducer is actively
sending out a burst of sound waves, and the number of cycles is the count of waves
within each of those short bursts. The duty cycle (in %) compares the burst period to

the entire period of one on/off pulse.

P = lLmsaVimsy cos (6) Eq3.1

Number of cycles | Frequency (Hz)

Duty cycle(%) = X 100% Eq3.2

Burst period (s)
Energy(Wh) = Power(W) * time(h) * Duty cycle(%) Eq3.3

Pulsed-wave ultrasound bursts were employed to enhance the cavitation
probability and reduce the energy consumption, rather than employ conventional

continuous wave excitations. The amplitude, frequency, number of cycles, and burst
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period of the ultrasound exposure were controlled by the waveform generator. Static
capacitance and impedance were measured using an LCR meter (BK precision 879B)
and an impedance analyser (Digilent Analog discovery 2), respectively. Table 3.1 lists

the base case experimental parameters.

3.2.3 Sonocatalytic degradation of tetracycline

To prevent cavitation outside the reaction tube and to protect the transducer crystal
from overheating, degassed water was used as the coupling and cooling medium. A
degassing system, consisting of a circulating positive-displacement diaphragm pump
feeding the lumenside of a membrane contactor (3M Liqui-Cel™ G54 1) with shellside
vacuum (<100 mbar), continuously degassed the cooling water for approximately 20
minutes until the oxygen concentration in the water reached 20% (Duo pH/lon/DO
meter SG98, Mettler Toledo). The degassed water was then introduced into the cooling

jacket at a low flow rate to avoid gas bubble formation.

To prepare the tetracycline solution, tetracycline powder (Fisher Scientific) and
type 1 water (Millipore Direct Q5-UV) were mixed. In base case experiments, the
concentration of the tetracycline was set to 40 mg/L. Even though the concentration of
tetracycline found in the wastewater is often much lower, this concentration was chosen
to ensure precise measurement with our HPLC equipment. It also allows for a direct
comparison with the methods and results of previous studies, which is necessary for the
life cycle and economic comparisons discussed in Chapters 4 and 5. To measure the

maximum catalyst adsorption, TFNs and the tetracycline solutions were mixed and
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stirred in a dark place over time and up to 180 minutes. The absorption portion at
different time and concentration will be subtracted from the degradation results. For the
sono-catalytic experiment, 1.5 mg of TFNs were added to a reaction tube followed by
3 mL of the tetracycline solution before sealing. Prior to the reaction, air was charged
into the tetracycline solution by shaking the reaction tube. If experiments proceeded for
longer durations, the solution was recharged with gas by shaking every two minutes.
After the reaction, the sample was collected, and nanoparticles were removed by

centrifugation at 12,200 rpm for ten minutes.

The supernatant was gathered and subjected to analysis through High-Performance
Liquid Chromatography (HPLC) using a Shimadzu LC-2030C 3D plus instrument. The
concentration of tetracycline was determined utilizing a well-established analytical
method from Sigma Aldrich [136], where tetracycline concentration was computed
based on the peak area observed at a retention time of 5.4 minutes. The catalytic
removal efficiency was calculated using equation 4 below. Both the adsorbed portion
by TFNs and the unreacted amount were subtracted from the initial concentration to
show the net removal efficiency by catalytic reactions. The % conversion in Eq 3.4 and
the following figures represents the removal of the parent rather than the mineralization

of tetracycline.

Catalytic % conversion = M Eq3.4
0

Furthermore, the degradation values are based on subtracting dark adsorption
measurements. The adsorption equilibrium under ultrasonic irradiation may differ from

static conditions, as ultrasound irradiation may alter the adsorption kinetics and capacity.
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This means the reported efficiencies are operational estimates of the sonocatalytic

contribution, which may still include a marginal uncertainty due to this dynamic.

All experiments were conducted in triplicate, and the error bars presented in the
graphs indicate the standard deviation of the replicates’ results. The used catalyst is
centrifuged at 10,000 RPM, and the supernatant is removed after centrifuge. The
separated catalyst was dried using a vacuum oven overnight to remove any liquid
residue and used for the reusability test. The intention of this aspect of the study was to
determine whether TFNs could maintain stable performance under optimum acoustic
parameters when collected, dried, and subsequently re-employed in degradation
reactions and whether the adsorbed tetracycline could poison the catalyst. Factors that
potentially affect tetracycline degradation were investigated, including initial
concentration, pH, catalyst dosage, and acoustic parameters. The pH was adjusted using

0.1M HCI or NaOH.

The effect of hybridized AOPs with the sono-catalytic process was also explored.
The impact of the external light source, provided by the most readily accessible and
affordable visible light, on photocatalysis was assessed by directly applying LED light
(EasyLED Microscopy Illumination, Schott) to the top of the reaction tube. To test the
existence of ROS and the effect of hydroxyl radicals, ethanol (pure, anhydrous, Sigma)
and H>O» (35% w/w in water, Sigma) were employed as the hydroxyl radical booster

and scavenger, respectively.

Table 3.1. Base case experimental parameters of tetracycline degradation
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Tetracycline concentration (mg/L) 40

Volume (mL) 3
Number of cycles 100
Burst period (ms) 1
Frequency (MHz) 1.083
Duty cycle (%) 9.23
Static capacitance (nF) 17.1
Impedance (Ohm) 9.6
Acoustic pressure (MPa pkpk) 12.9
Peak power (Watt) 225
Reaction time (minutes) 6
Temperature profile [85]
Catalyst dosage (mg/mL) 0.5

3.2.4 Preliminary energy and emission assessment

An environmental analysis was conducted to quantify the CO» footprints of various
sono/photo-based AOP technologies used to degrade low-concentration, i.e., <50 Parts
per million (mg/L) tetracycline. The conversion of tetracycline in the selected studies

should be at least 70% to ensure sufficient degradation. The optimal operation
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conditions were selected for each study, such as catalyst dosage and power input.
Embodied CO> and relative greenhouse gas (CHs, SOx, NO2) emissions from both
electricity generation and chemical production were also considered. The power input
included any equipment used, such as an ultrasound sonicator or a UV/Xenon lamp.
The carbon footprint for electricity generation was assumed to be Europe's average of
0.279 kg/kWh [137]. Based on the GREET® model, the overall COzeq produced in a
100-year global warming potential is 1.2 kg COzeq per 1 kg of hydrogen peroxide
produced [138]. The specific COzeq emission was calculated using the following

equation (Eq.5):

CO2yitrasound + COZlight"’ CO2chemical (k9) E 3 5
Trtracycline degraded (g) q°.

Specific CO, emission =

3.3 Results

3.3.1 Sonocatalytic degradation of tetracycline

The TEM image in Figure A.1 confirmed the shape of the TFNs, with an average
particle size of approximately 260 nm. The ratio of PS to Titanium Butoxide during
catalyst synthesis affected the shell thickness. The optimal 5:1 ratio for the conversion
was shown in Figure A.3.

Figure 3.2(a) shows the adsorption potential of tetracycline by the TFNs.
Surprisingly, TFNs continuously adsorbed tetracycline for two hours, instead of
reaching adsorption-desorption equilibrium in 30 minutes, as previously reported for

other catalysts [62,63,139,140]. Qg and Q; were the amount of tetracycline absorbed

48



(in % at the given concentration) at equilibrium and at a given time, respectively [141].
In the first six minutes, TFNs adsorbed around 8% of tetracycline (40 mg/L) and the
equilibrium adsorption was approximately 50%. The adsorption trend followed the
pseudo-first-order adsorption film model [25]. To show the net degradation, fresh

catalysts were used in experiments, and the adsorption portion was subtracted.
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Figure 3.2. Tetracycline adsorption and degradation over time with base case acoustic
parameters (experimental conditions given in Table 3.1)
(a) Linearized plot for Pseudo-first order adsorption in first two hours (Insert: long-term
adsorption (three hours) in a dark place until the adsorption-desorption equilibrium was
reached). (b) First-order degradation with and without catalyst for the initial eight
minutes (units of rate kinetics: min™).

The effect of employing the catalyst was compared to non-catalytic degradation,
and Figure 3.2(b) displays the results for both reaction scenarios over eight minutes.
Both exhibited linear first-order degradation. After 8 minutes, the non-catalytic reaction

degraded 10.1% of tetracycline, showing noticeable degradation without any catalyst
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or chemicals present. However, applying 0.5 mg/mL TiO> as a catalyst significantly
enhanced the final conversion to 40%, including 8% adsorption and 32% degradation,
which showed the promise in stimulating cavitation to increase the number of free

radicals and enhance the reaction rate.

The adsorbed tetracycline is not permanently retained. It can be subsequently
degraded on the catalyst surface by reactive oxygen species or desorbed back into the
bulk solution due to ultrasonic mixing and cavitational shear forces, where it is further

degraded. Thus, adsorption is a key intermediate step in the overall remediation process.

Micropollutants in wastewater are typically present at low concentrations, which
makes them difficult to remove. The sonocatalytic activity was found to be suitable for
various initial concentrations (5-40 mg/L) of tetracycline. Figure 3.3(a) shows that, at
a fixed reaction time, the percentage level of both adsorption and degradation gradually
decreased as the initial concentration increased. Tetracycline was no longer detectable
in the aqueous phase (i.e., 100% removal) at a low initial concentration of 5 mg/L within
a time of six minutes. The conversions were over 90% and 80% for initial
concentrations of 10 and 15 mg/L, respectively. The presented sonocatalytic activity

showed remarkable efficacy in the rapid treatment of low-concentration tetracycline.
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Figure 3.3. Tetracycline degradation under different conditions with base case acoustic
parameters (experimental conditions given in Table 3.1). (a) varying initial
concentrations (5-40 mg/L) (b) varying pH (3-8)

In Figure 3.3(b), the most significant difference in net conversion between catalytic
and non-catalytic degradation was 23% at pH 6 and 7. TFNs, across all pH levels,
substantially enhance the degradation rate. Compared to tetracycline degradation
relying solely on the stochastic homogeneous-phase inception of cavitation, TFNs are
cavitation nuclei. Specifically, the gas trapped on the TFNs facilitates the nucleation of
cavitation bubbles at sub-resonant frequencies, leading to the subsequent inertial
collapse of bubbles and the production of hydroxyl radicals. Therefore, TFNs ultimately
reduce the energy required for cavitation and ensure that cavitation occurs near TFNs.
The proximity of cavitation also activates the catalytic effects of the titanium dioxide
to further amplify the production of reactive oxygen species (ROS) [100,142]. These
heterogenous nuclei significantly enhance cavitation events and the generation of ROS,

thus greatly benefiting the degradation of tetracycline. This pH range between 5 and 6
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proved optimal for the TFNs to contribute the most to tetracycline conversion.
Tetracycline is characterized by three pKa values: 3.3, 7.7, and 9.7, attributable to the
presence of three distinct acidic functional groups [143]. The sonocatalytic activity was
found to be more effective when operating at the point of zero charge (pHpzc) of the
catalyst. Due to its functional groups, tetracycline can accept or donate protons. When
the pH was far below pHp.c, electrostatic repulsion was created between the cationic
tetracycline molecules and the positively charged catalyst surface, while a high pH
environment created the opposite case- electrostatic repulsion between anionic
tetracycline molecules and the negatively charged catalyst surface, thereby hindering
the degradation rate [70,82]. The previous XRD scan showed that the crystallographic
structure of TFNs was anatase [100]. The average pHp.c of anatase TiO, was 5.8, which

was in accordance with our observation above [144].
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Figure 3.4. Tetracycline degradation under different acoustic pressures in six minutes.

(experimental conditions given in Table 3.2)

Table 3.2. Acoustic parameters of tetracycline degradation under different power inputs
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and acoustic pressures

Parameters Sonoreactor
RMS voltage / Vrms 17.6 288 40.2 51.8 63
RMS Current / Arms 1.17 1.84 2.58 3.22 3.92
Phase angle / degree 10 32 100 320 1000
Peak Power / W 20.6 53 103.7 166.8 225
Acoustic Pressure / Mpa pkpk 3.7 6 8.3 10.6 12.9

Duty cycle measurements
Frequency / MHz: 1.083
Number of cycles: 100
Burst period / ms: 1

Duty cycle / %: 9.23

Table 3.3. Acoustic parameters of tetracycline degradation under different numbers of

cycles and burst periods at a fixed duty cycle.

Parameters Sonoreactor
Time / min 6 6 6 6 6
Frequency / MHz 1.083 1.083 1.083 1.083 1.083
Number of cycles 10 32 100 320 1000
Burst period / ms 0.1 0.32 1 3.2 10
Duty cycle / % 9.23 9.23 9.23 9.23 9.23

Power measurements
RMS voltage / Vrms: 63

RMS Current / Arms: 3.9
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Phase angle / degree: 23.73
Peak Power / W: 225

The current study also investigated the impact of acoustic pressure and the number
of cycles in the acoustic wave burst on the sonocatalytic degradation process.

Operational parameters are presented in Table 3.2 and Table 3.3.

Under a particular band and frequency, the higher acoustic pressure can produce
higher accumulated broadband noise amplitude, namely the inertial cavitation dose
[145]. Figure 3.4 illustrates the relationship between acoustic pressure and degradation
rate, indicating that higher acoustic pressure resulted in an increased degradation. The
minimum acoustic pressure required for detectable degradation was 6 MPa and the
curve is characterized by a moderate increase in conversion from 3.7 to 8.3 MPa,
whereas the degradation rate exhibited a significant increase from 8.3 MPato 10.6 MPa.
After 10.6 MPa, the conversion increased more slowly again. One possible explanation
for these observations is as follows. The increase in acoustic pressure from 3.3 to 6 MPa
initiated cavitation. The degradation rate then significantly increased from 6 MPa to
10.6 MPa, potentially due to the rapid increase in the amount and intensity of cavitation
in this regime. After reaching 10.6 MPa acoustic pressure, the rate of increase slowed
down, potentially due to the saturation of the inertial cavitation dose [145,146]. To
enhance economic competitiveness, it is crucial to exploit the regime of potential rapid
increase in degradation caused by cavitation, which lies below the saturation regime.
At 10.6 MPa, the sonocatalytic activity achieved the highest conversion per unit of

energy consumed (Wh), making it ideal for energy-efficiency purposes. Operating the
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reaction at the optimal acoustic pressure below the inertial cavitation dose saturation

regime resulted in the highest energy efficiency (18.5%/Wh 1073).
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Figure 3.5. Tetracycline degradation under different numbers of cycles (experimental

conditions given in Table 3.3)

The number of cycles in the acoustic wave burst was found to affect cavitation
performance, as shown in Figure 3.5. Testing was conducted using different numbers
of cycles ranging from 10 to 1000, and burst periods were adjusted to maintain a
constant duty cycle of 9.3% and a constant power input. The optimal duty cycle was
found to be 100 cycles, yielding the highest conversion. The degradation rate decreased
significantly at low cycle numbers, most likely due to insufficient acoustic pressure to
initiate inertial cavitation consistently and repeatedly within the sample volume.
Exceeding 100 cycles resulted in a lower conversion and had less pronounced effect
than was seen for bursts of less than 100 cycles. During longer cycle periods, it is
possible that cavitation only occurs in the early period of the burst and bubbles later

dissolve in the liquid, resulting in a decrease in the number of cavitation sites and a
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generally reduced cavitation efficiency [147]. Overall, the trend of degradation
performance at different cycle numbers was consistent with previously reported

research [85,148].

3.3.2 Influencing factors of the tetracycline degradation process

The investigation and discussion regarding TFNs' reusability and lifetime are
crucial for demonstrating their applicability in industrial wastewater treatment. This
information will further facilitate subsequent process-level optimization and economic
competitiveness analysis. Figure 3.6(a) exhibits the reusability of the TFNs, showing
that its catalytic performance remained stable, with less than a 1% change in the first
four runs of use, and it had an insignificant drop following the fifth run. In general, the
TFNs were found to be suitable for continuous work, although intensive short-time
decontamination was preferred due to the reduced efficiency associated with longer
bursts. It is a good sign that we do not need to remove the adsorbed tetracycline between
runs and have it still functioning. It suggests that the adsorbed tetracycline does not

appear to poison the catalyst.

The relationship between catalyst loading and degradation rate was studied. The
reaction rate was not linearly proportional to the catalyst dosage. Finding the optimum
catalyst loading rate was necessary to improve economic viability by avoiding catalyst
overdose. In Figure 3.6(b), the catalytic degradation rate at different catalyst dosages

was compared to non-catalytic degradation. The net degradation was calculated by
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subtracting the adsorption portion at different catalyst dosages. The results showed that
the catalytic degradation rate was significantly higher than the non-catalytic
degradation, even with only 0.3 mg/mL of catalyst added. The catalyst promoted inertial
cavitation by providing nuclei. However, an excessive catalyst dosage had a negative
effect, and the degradation percentage (conversion) gradually decreased when the
catalyst dosage was increased over 0.5 mg/mL. This suggested that the catalyst dosage
affected the relative degradation rate. The underlying reason for this could be that
insufficient micro gas bubbles in the solution were present and provided limited
cavitation potential. Also, excessive catalyst dosage made the sample turbid and viscous,
hampering both ultrasound transmission and the probability of cavitation.
Agglomeration can also occur, reducing degradation if the catalyst is overdosed
[82,139]. The optimal catalyst dosage is a trade-off between a satisfactory degradation

rate and a high economic viability.
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Figure 3.6. Catalyst performance of tetracycline degradation (a) The reusability of

TFNs. (b) Effect of different catalyst dosages (experimental conditions given in Table
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3.1)

The TiO» particles also responded photo-catalytically, particularly the anatase
TFNs which were the most active polymorph for photocatalytic performance [149]. A
photocatalyst is also a light-sensitive semiconductor with a band gap lying between the
valence and conduction bands, which varies with the material composition [91,92].
Under light irradiation, electrons in the valence band jump to the conduction band,
leaving behind holes (h+) that are highly reactive. The holes react with water and
generate hydroxyl radicals and hydrogen ions through a chain reaction [92]. In this
study, sono-photocatalytic degradation was observed to occur when external light
sources such as visible light were directly applied. In Figure 3.7, the conversion
increased by 2% when the external LED light and TNFs were used in combination, as

compared to the sonocatalytic degradation by the standalone TFNs.

As an emerging technology, sonocatalysis can be combined with conventional AOP
water treatment methods. Hydrogen peroxide (H20:) is a well-known oxidative
chemical used in wastewater treatment, and is considered the basic chemical AOP
because it decomposes to release hydroxyl radicals. Compared to the non-catalytic
benchmark test (0 mg/mL TFNs, six minutes), the addition of one pmol of H20:
increased the degradation rate from 6% to 22% in six minutes. When H2O> and TFNs
were used simultaneously, the degradation percentage further increased to 36%. With
the combined use of all boosters in terms of TFN, H>O», and light, the degradation

reaches 45%.
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Figure 3.7. Tetracycline degradation with different catalytic boosters and hole

scavengers (experimental conditions given in Table 3.1).

To confirm the existence of ROS, one umol of ethanol was utilized as a hydroxyl
radical scavenger. When ethanol was introduced into the reaction, it was observed that
the sonocatalytic conversion decreased significantly to 17%, in contrast to the value of
the conversion seen without adding the scavenger (32%), suggesting that the hydroxyl
radical was scavenged by ethanol thus limiting the ROS potential. An enhanced
conversion rate was observed upon the application of H>O» (36%), underscoring the
pivotal role played by hydroxyl radicals in the degradation of tetracycline. Another
potential explanation for the conversion decrease was that ethanol also acted as a hole
scavenger [150]. In comparison to the use of an external light source only, highly
intensive cavitation also generates light by itself, which is referred to as
sonoluminescence. Light emissions from sonoluminescence are known to have a high

intensity and a wide range of wavelengths, ranging from 200 to 700 nm [93]. When the
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energy of this light exceeds the band gap of the semiconductor catalyst, similar
photocatalytic phenomena are known to occur [91,92,94]. By incorporating TFNs, the
cavitation occurring in proximity to these nuclei may amplify the production of ROS.
Inertial cavitation in the designed system becomes less stochastically distributed
throughout the water but rather becomes concentrated around heterogeneous nuclei.
This localized and intensified cavitation may induce sonoluminescence and efficiently
activate the light-sensitive catalyst surface for further in-situ ROS generation [151].
This nanostructured catalyst has been shown effective in degrading methylene blue dye
with substantially reduced energy consumption, which was attributed to the synergistic
effects of both sonochemical and photochemical processes [100]. Ethanol can block the
hole, hinder the potentially existing sonoluminescence, and hamper ROS generation

from photocatalytic reactions.

We hypothesize that enhancing the sonoluminescent activation phenomena can
effectively improve the overall catalytic performance. Modification methods, such as
metal doping, can shift the band gap and affect catalytic performance, as shown in
Figure A.4, where the TiO2 shell doped with iron enhanced the conversion by 6%.
Compared to the direct application of external light sources, maximizing the efficiency
of sonoluminescence can help develop highly efficient and economically viable
technologies to address micropollutant persistence in wastewater, thereby enhancing

environmental protection [152].

Through the combination of multiple AOP technologies, free radicals were

generated from various sources, including the decomposition of the H>O» reagent, water
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pyrolysis, cavitation collapse, and photocatalytic action. The combined effects of
sonocatalytic activity, external light stimulation, and H>O; oxidation resulted in a
significant enhancement of overall conversion to 45.5% in Figure 3.7. These findings
indicate that combining these multiple AOP technologies simultaneously increases the

overall removal efficiency.

3.3.3 Preliminary energy and environmental assessment

Figure 3.8 presents a summary of the recently published studies on the
sonocatalytic degradation of tetracycline, comparing their energy efficiencies. The
efficiency denotes the amount of electrical energy required to degrade one gram of
tetracycline in a low-concentration (<50 mg/L) aqueous environment. The combined
use of converging ultrasound and TFNs required nearly one order of magnitude less
electricity than previous studies (Figure 3.8), regardless of whether external light was
applied or not. Furthermore, ultrasound frequency appears to correlate with specific
energy consumption per unit. Lower frequencies allow bubbles to grow for longer,
whereas higher frequencies generate more inertial cavitation bubbles with shorter
growth time. The efficiency of sonochemistry can be improved by designing advanced

sonoreactors that utilize high-frequency ultrasound.
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Figure 3.8. Comparative plot of specific energy consumption (kWh/g-TC) for
sonocatalytic degradation of tetracycline at low concentrations (<50 mg/L). Standalone:
[62—64,105]; External light applied:[71,73].

Studies suggest that the degradation efficiency can be significantly enhanced by
combining physically based AOPs with additional chemicals, such as the Fenton
process. The Fenton reaction, considered one of the most reliable AOP technologies,
was proposed over 100 years ago [55]. The Fenton process relies on hydrogen peroxide
solution as an oxidant, and ferrous iron as the catalyst [56,57]. Despite the advantages,
the environmental impact of hydrogen peroxide production remains a concern,

encouraging research to find more sustainable production methods.
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Figure 3.9. Total COzeq emission of different AOP methods to degrade tetracycline.

Sonocatalytic [62—65,105]. Sono-Fenton: [76]. Photocatalytic: [66—70]. Photo-Fenton:
[74,75]. Sono-photocatalytic: [71-73]. Plotted against power input. Note: Power input
is used here instead of energy consumption due to the unique nature of the sonoreactor
employed, which operates with a pulsed waveform and extremely low duty cycle
(9.23%) and power input (~21 W), unlike conventional continuous-wave systems such

as sono-tips/baths or UV/visible light sources.

Figure 3.9 indicates that while hybrid processes might improve degradation
performance, the CO> emission per unit pollutant degradation was sometimes higher
than the standalone physically based AOPs. Moreover, it was found that low specific
energy consumption was not achieved with high overall power input. For instance,
although the combination of a conventional lamp and ultrasound bath demands
significant power, it yields suboptimal results [71]. This finding applied to our proposed

process and other sono/photo-based AOPs, suggesting that constantly improving
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desired technologies was more effective than overloading different technologies
simultaneously. Operating the reaction with low power (21 W) in a suitable regime was
recommended. As shown in Figure 3.9, our proposed simple method, which used a
specially designed sonoreactor and sonocatalyst, received the highest environmental
credit based on CO; emissions compared to all other sono- and photo-based processes.
The utilization of free radicals in order to minimize the adverse effects of

micropollutants in the aquatic environment necessitates further investigation.

3.4 Discussion and outlook

While this chapter demonstrates the promising performance of a bespoke sono-
reactor and TFNs for tetracycline degradation, several limitations and constraints

should be acknowledged to frame the scope of the findings and guide further analysis.

First, the energy consumption and CO: emission estimates provided here are based
only on the operational phase of the reaction—specifically, the energy required to
power the ultrasound system and the use of chemical reagents such as hydrogen
peroxide. Although this offers a useful preliminary comparison with other AOP systems,
it does not include upstream or embodied emissions, such as those associated with
catalyst synthesis, material processing, or infrastructure. Furthermore, the CO:
emissions were calculated using simplified equations and fixed emission factors, rather

than through a comprehensive and standardized LCA framework.

Second, differences in experimental setups—including reactor design, ultrasound
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frequency, transducer power, and scale—pose challenges for comparing energy
efficiency across studies. Equipment specifications are often not standardized, and
discrepancies in acoustic field control, batch volumes, or power calibration introduce
uncertainties when attempting to benchmark performance against other sono/photo-

based systems in the literature.

Third, the comparative energy and emission assessments conducted here were
based on studies that varied significantly in their tetracycline concentrations, reaction
durations, and operational performance. As a result, while the current analysis provides
valuable insight into the relative energy performance of the proposed system, the
comparisons should be interpreted cautiously, as they may not fully reflect standardized

or “apple-to-apple” conditions.

In the next chapter (Chapter 4), these limitations will be systematically addressed
by applying a cradle-to-gate LCA This will allow for a more comprehensive evaluation
of the environmental and economic performance of the proposed system. The analysis
will include upstream emissions from catalyst production, embodied energy inputs, and
system-wide operational impacts. Optimization scenarios will also be explored to
identify design and operational strategies that reduce the environmental footprint while

maintaining or improving treatment efficiency.

Together, these subsequent assessments will complement the experimental findings
presented here and offer a broader view of the sustainability and practical viability of

sonocatalytic AOPs in wastewater treatment.
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3.5 Conclusion

This study demonstrated effective tetracycline degradation using a bespoke
sonoreactor coupled with TFNs. The optimized system achieved rapid removal of low-
concentration tetracycline (3 ml, 5 mg/L) within six minutes under a low power input
of 21 W. TFNs exhibited high adsorption capacity, strong catalytic performance, and
good reusability. The optimal degradation occurred near the pHpzc of anatase TiO», and

the role of hydroxyl radicals was confirmed through scavenger and booster experiments.

Energy efficiency was maximized by operating just below the saturated inertial
cavitation regime (~10.6 MPa), emphasizing that optimizing reactor and catalyst design
is more effective than hybridizing multiple AOP methods. Compared to similar studies,
the proposed system achieved the lowest reported power input and CO; emissions for

tetracycline degradation.

However, this chapter focused only on operational-phase energy use and emissions.
Embodied emissions from catalyst synthesis, such as upstream emissions of metal used,
chemical consumption during the synthesis, electricity and heat demand, were not
considered. The degradation performance under different scenarios was studied with a
focus on degradation performance-oriented metrics, but an environment-oriented
comparison was not conducted. These aspects will be addressed in the next chapter
through an LCA-based optimization, providing a more comprehensive evaluation and
pathway for system-level improvement.
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Chapter 4: Process-level environmental-oriented
case study of sonochemical degradation of

tetracycline

Part of the following results were presented at the conference.

Zong, Zhiyuan, and Nicholas P. Hankins, “Sonochemical catalytic removal of

antibiotics using converging ultrasounds and cavitation agent with life cycle
assessment”. VI Iberoamerican Conference on Advanced oxidation Technologies (6™

CIPOA), Florianopolis, Brazil, October 7% -11'" | 2024

All the work that reported in this chapter have been done by Zhiyuan Zong

The conceptual framework of modelling and analytical methods is supported by a

published paper in Water Research.

Zong, Zhiyuan, Omar Daoud, Nicholas P. Hankins, Qianhong She, and Christian D.

Peters. "Valorising Desalination Brine for Green Cement Production: Toward

Mitigating Global CO2 Emissions." Water Research (2025): 123930. [19]

Abstract

This chapter presents a process-level environmental evaluation of sonochemical

AOPs for the degradation of tetracycline in wastewater. Building on experimental
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results from Chapter 3, multiple operational scenarios—including blank cavitation,
TFN-based sonocatalysis, and HxO;-assisted systems—were analyzed using
standardized life cycle inventory benchmarking and LCA tools and methods (SimaPro,
Ecoinvent, IPCC 2021, CED 1.1). The results showed that although TFNs enabled
faster degradation with lower energy input, the embodied emissions from catalyst
synthesis became dominant under low-carbon electricity conditions. Sensitivity
analysis revealed that TFNs offer better environmental performance in most current
national electricity grids, but H2O2 may become preferable with wider access to ultra-
low-carbon electricity. To mitigate catalyst-related emissions, a continuous-flow
system using metal foams as cavitation agents was proposed and evaluated. Despite the
slower rate, this system achieved a 29% reduction in CO; emissions due to minimal
material processing needs. These findings emphasize the importance of environmental-
informed design in wastewater treatment and highlight the trade-offs between

performance, materials, and system configuration.
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4.1 Introduction

As demonstrated in Chapter 3, the sonocatalytic degradation of tetracycline using
a bespoke ultrasonic reactor and TFNs offers promising potential for antibiotic removal
from wastewater. However, while degradation efficiency and operational performance
are often the primary focus of experimental studies [62,72,103,105,153], these
performance metrics alone do not capture the full environmental implications of the
treatment process. In real-world applications, the goal is not only to eliminate pollutants
but to do so in a way that minimizes the overall environmental burden. A process that
achieves rapid degradation but requires large energy inputs, rare materials, or intensive
chemical usage may ultimately compromise the environmental benefits it aims to

deliver.

To address this critical gap, this chapter presents a process-level, environment-
oriented case study that reinterprets the experimental scenarios from Chapter 3 through
the lens of environmental sustainability. Rather than focusing solely on removal rates
or reaction mechanisms, this analysis quantifies and compares the climate change
impacts—specifically, greenhouse gas emissions measured in terms of global warming
potential (GWP)—associated with different tetracycline degradation scenarios. GWP
was selected as the primary metric because climate change is one of the most
universally recognized and policy-relevant environmental challenges. Additionally,
greenhouse gas (GHG) emissions data are more consistently available across the
assessed processes, enabling a more robust and comparable analysis. While other

impact categories—such as toxicity, eutrophication, or resource depletion—are also
69



important, they often require more detailed chemical fate modelling or data that are not
readily available for early-stage experimental systems. These additional metrics are
recommended for future, more comprehensive assessments. The goal is to identify
configurations that strike an optimal balance between degradation performance and

environmental footprint.

This study responds to a broader challenge in the field: the lack of integration
between laboratory-scale experimental research and life cycle-based environmental
assessment. While many existing studies evaluate treatment technologies based on
either performance or sustainability [21-23,27], few have attempted to combine these
perspectives within a unified decision-making framework. This chapter aims to fill that
gap by using LCA principles to contextualize experimental results, thereby enabling a

more holistic understanding of process efficiency.

In addition to scenario-level comparisons, a sensitivity analysis is performed to
examine how key operational factors—such as energy source, catalyst reuse, and
system configuration—influence the overall carbon footprint. The outcomes are
intended to inform both researchers and practitioners on how to select or modify

sonochemical treatment processes under different real-world constraints.

Finally, the chapter presents a system-level improvement strategy in which the
original batch system is modified into a continuous-flow design. Alongside this, a
simplified metal-based cavitation agent is substituted for the synthesized TFNs to

reduce emissions associated with material preparation. The environmental performance

70



of this improved setup is benchmarked against the original design to explore trade-offs

between process complexity, material intensity, and sustainability.

The outcomes of this chapter contribute to a broader understanding of how
sonochemical AOPs can be optimized not only for performance but for environmental
sustainability. While this study focuses on process-level comparisons within a single
technology, further cross-technology benchmarking will be addressed in the next stage

of the research.

4.2 Method

4.2.1 Benchmarking the life cycle inventory assessment

In order to conduct a meaningful and comparable LCA across different
technologies and operational scenarios, it is essential to establish a standardized
approach to constructing the LCI [118,154]. One of the core challenges in
environmental impact assessment—particularly in experimental and lab-scale
studies—is the lack of consistency in reporting energy and material usage [155]. The
heterogeneity in experimental setups, catalyst synthesis protocols, and laboratory-scale
equipment usage makes direct comparison of environmental performance between

studies inherently unreliable.

For example, common equipment used during catalyst synthesis and experimental
preparation—such as furnaces, drying ovens, vacuum dryers, ultrasonic baths,

magnetic stirrers, centrifuges, and filtration units—can vary widely in capacity,
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efficiency, and operation time. Simply comparing the rated power or process duration
across studies is insufficient. One laboratory may use a 10,000 W furnace to produce 1
g of catalyst, while another may use a 100 W unit for the same mass. However, the
energy consumed per gram of catalyst cannot be directly inferred from these figures
alone, as equipment utilization, loading capacity, and thermal transfer efficiency differ

significantly between systems.

To address this, a benchmarking framework was developed to normalize energy and
resource consumption associated with common equipment and synthesis steps. All
equipment and processes are evaluated based on standardized energy consumption

metrics (Table B.1), such as:
e kWh/kg of solid material treated (e.g., drying and grinding),
e kWh/L of liquid chemical processed (e.g., centrifuge and filtration),

e or W per unit volume of equipment capacity multiplied by the operating time.
The operating time for each relevant step can be found in the respective
literature, and this depends on the type of operation (e.g., furnace, stirrer, and

ultrasonic bath).

Practical assumptions regarding equipment utilization were also introduced to
reflect realistic laboratory practices. For heat-transfer-based processes (e.g., calcination
in furnaces, drying in ovens), an effective capacity utilization of 10% was assumed.
This refers to the proportion of a device’s nominal capacity that can be realistically used
under operational constraints. In thermal processes, materials (e.g., solids or powders)

require sufficient space for uniform heat distribution and effective energy transfer—
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meaning, for example, that a 1 L furnace cannot process 1 L of material efficiently. For
all other operations, such as stirring, sonication, or centrifugation, a more conservative
30% utilization was applied to reflect typical laboratory-scale limitations and prevent
overloading. These values were selected to represent typical experimental conditions

and to avoid overstating the throughput capacity of lab-scale equipment.

In addition, routine operations such as washing and filtration were standardized. A
single-use baseline was adopted for catalysts due to the absence of consistent reusability
data in the literature. The influence of catalyst lifetime was further evaluated through a

sensitivity analysis to quantify its effect on environmental impacts.

A three-step wash cycle (e.g., using ethanol or deionized water) was assumed for
all catalyst washing procedures. For particle-based catalysts, three filtration cycles were
included to account for solid-liquid separation stages commonly performed after

synthesis or reaction.

Average consumption values for each type of equipment and process were compiled
from a combination of peer-reviewed literature, equipment technical datasheets, and
vendor specifications. These data are summarized in Appendix Table B.1 and form the
basis of the life cycle inventory for each scenario evaluated in this chapter. It is
important to note that the objective of this benchmarking framework is not to provide
exact measurements for each individual study or lab configuration, but to establish a
transparent, reproducible, and reasonably accurate set of assumptions that allow for
comparative analysis. While some of the energy consumption values were derived from

laboratory-scale data, others were sourced from pilot- or industrial-scale systems. These
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values were normalized per functional unit and selected to represent typical operational
conditions for each process. Although industrial-scale systems may offer greater
efficiencies, particularly through improved heat integration or higher capacity
utilization, the current assumptions provide a reasonable and transparent basis for
comparative analysis—especially at this early stage of technology assessment. This
analysis focuses on the environmental impact of the operating stage, which is more
readily scalable to larger systems. Operating energy consumption can be proportionally
adjusted based on system capacity, allowing for straightforward extrapolation to pilot-

or industrial-scale scenarios.

By applying these standardized inventory metrics across all cases, this framework
enables an “apple-to-apple” comparison of environmental impacts between different
AOP systems and process configurations—thus supporting more robust conclusions

about their relative sustainability.

4.2.2 Environmental impact comparison

The LCA process, as delineated by ISO 14044/40 guidelines, comprises four
fundamental stages: goal and scope definition, inventory analysis, impact assessment,
and results interpretation [116]. The objective is to evaluate and compare the
environmental impacts associated with three operational scenarios for tetracycline
degradation using sono-based AOPs:

1. Blank cavitation (no chemical additives or catalyst),

2. H»O»-assisted cavitation, and
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3. TFNs-assisted cavitation using fractured TiO» nanoshells as cavitation-

enhancing catalysts.

The goal is to determine the environmental performance of each scenario in
degrading tetracycline under realistic operating conditions. The functional unit is
defined as the treatment of 1 L of tetracycline-contaminated wastewater (40 mg/L) to
achieve 90% degradation efficiency. The overall concentration of the solution is 40
mg/L to make consistent with the previous sections. The concentration for each
antibiotic is 20 mg/L. This common endpoint allows for an apple-to-apple comparison
across the three scenarios, regardless of differences in operational performance or
process inputs. To enable fair comparison, degradation kinetics from Chapter 3 are used
to estimate the reaction time required for each scenario to achieve the 90% degradation
target. These values are then combined with measured power input and duty cycle
settings to calculate total energy consumption per scenario. The catalyst-related
emissions include both the material and process energy required for TFNs synthesis as
benchmarked in Section 4.2.1 and detailed in Appendix Tables B.3 to B.5. TFNs dosage
is set at 0.5 mg/mL, as determined from the experimental optimization in Chapter 3,
and is assumed to be sufficient to reach the target degradation without re-dosing. A
sensitivity analysis on TFNs reusability is conducted later in this chapter to evaluate
how catalyst lifespan affects the overall environmental impact. The system boundary is
cradle-to-gate (Figure B.1), covering all upstream processes associated with material

and energy inputs, including:

o Electricity used during sonochemical operation,
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e Emissions from chemical production and usage (when applicable),

o Emissions from TFNs catalyst synthesis (e.g., Ti-precursor, DI water, ethanol
wash, calcination, drying etc),

o Indirect emissions associated with preparation steps (e.g., stirring, washing,

filtration, etc.).

The production of raw materials and the energy expenditure associated with
sonochemical degradation will be considered. In cases where nanoparticles are reused,
it is assumed that filtration is performed three times, and the associated energy
consumption is included in Table B.1. A cradle-to-gate boundary is used, excluding end-
of-life stages such as waste disposal, equipment retirement, and recycling. These are
acknowledged as important for future work. All raw material data were sourced from
the Ecoinvent 3.9 database via SimaPro v9.5 software. Two characterization methods

are employed:

o [PCC 2021 GWP 100 to assess greenhouse gas emissions in terms of CO.-

equivalents [156,157], and

e Cumulative Energy Demand (CED) v1.11 to quantify the total primary energy

input (renewable and non-renewable) associated with each scenario [158].

The emission factors from chemicals used in this study are based on UK/EU
datasets to ensure consistency across international case studies and to minimize regional
bias in electricity grid emissions or chemical production pathways. The electricity
consumption was predicted based on both UK-based grid and projected 2050 electricity

supply as proposed by International Energy Agency (IEA) [159].
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4.2.3 Alternative Reactor Configuration for Impact-Oriented Optimization

To complement the environmental analysis of previously tested sonochemical
degradation scenarios, a modified reactor configuration was developed with the aim of
exploring potential process-level optimizations. While the earlier experiments (Chapter
3) utilized a batch sonoreactor coupled with nanoscale TFNs as cavitation agents, this
section introduces a continuous-flow sonoreactor system employing structured metallic

foams as an alternative cavitation medium.

Although the two reactor systems differ in their operation mode—batch versus
continuous-flow—their core design and acoustic mechanism remain fundamentally the
same. Both rely on the generation of converging ultrasound fields to induce cavitation,
with the primary distinction being how the liquid is introduced and how the cavitation-
supporting medium is retained within the reactor. The acoustic and reaction parameters
are listed in Appendix Table B.2. The continuous-flow setup enables the reactant
(tetracycline solution) to pass through the reactor chamber, making the use of
suspended nanoparticles impractical due to flushing and recovery challenges. As such,
fixed-position porous metal foams (Cu, FeosNios, Ti, Ni, ZnO) were employed as a
passive, reusable cavitation agent, placed in the reactor's acoustic focal region. The
metal foams were purchased from a commercial supplier (Yiminglong Co., Ltd, CN).
Their general porous and three-dimensional structure is as provided by the supplier and
is standard for such materials. The metal foam has a nominal pore density around 100

pores per inch (100 PPI). The size of the metal foam used in the reaction is listed in
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Table B.2.

Reaction tube Out

— = = P Pulsed ultrasound pathway

Figure 4.1. Schematic diagram of the continuous sonoreactor utilizing converging

ultrasound and metal foam as the cavitation agent

The rationale behind this configuration shift is to evaluate an alternative that
minimizes material inputs and avoids synthesis-related emissions, while still facilitating
effective cavitation for pollutant degradation. Although this change inherently alters the
operating dynamics—particularly in terms of catalyst type—it remains conceptually
aligned with the sonochemical principles explored in earlier experiments. The same life
cycle inventory framework and environmental impact assessment methodology
(outlined in Sections 4.2.1 and 4.2.2) are applied here to ensure consistency and

comparability of results.
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In addition, preliminary experiments were conducted using this continuous-flow
system to evaluate its capacity for the simultaneous degradation of multiple antibiotics,
namely tetracycline and ciprofloxacin. While this multi-contaminant scenario extends
slightly beyond the primary scope of this chapter, it is included here to illustrate the
broader applicability and potential versatility of the optimized reactor configuration.
The environmental implications and performance outcomes of these extended tests are
discussed later in the chapter to maintain clarity and coherence in the methodological

presentation.

This section thus serves to introduce the rationale, configuration, and
methodological consistency of the alternative setup, without presenting results or
conclusions prematurely. By maintaining alignment with the environmental
benchmarking framework, the chapter continues its focus on impact-oriented process
design and sets the stage for a more holistic evaluation of sustainability trade-offs in

the following sections.

4.3 Results
4.3.1 CO; emissions and cumulative energy demand

To evaluate the environmental performance of the three sono-based degradation
scenarios—blank cavitation, TFNs-assisted cavitation, and H>O»-assisted cavitation—
we quantified both the CO:-equivalent emissions, and the CED associated with

achieving 90% tetracycline degradation in 1 Litre of wastewater. The degradation times
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were estimated from kinetic data obtained in Chapter 3, with corresponding treatment
durations of 191 minutes for blank cavitation, 28 minutes for TFNs, and 47 minutes for

H>0s.

Figure 4.2 presents the cumulative energy demand per Litre of treated wastewater
under two electricity grid conditions: Current UK electricity mix, and 2050 projected
electricity mix, as outlined by the IEA Net Zero Scenario, which includes a substantially
higher share of renewable energy sources. Under the current UK electricity scenario,
blank cavitation exhibits the highest energy consumption, exceeding 200 MJ/L. This is
primarily due to its prolonged treatment time and the lack of catalytic enhancement. In
contrast, the TFNs-assisted process demonstrates the lowest energy requirement,
attributed to its accelerated degradation kinetics and efficient radical generation. The
H0»-assisted process performs moderately, with energy demand between the other two

scenarios.

When switching to the 2050 low-carbon electricity mix, all scenarios benefit from
a marked reduction in cumulative energy demand. All scenarios show a reduction in
Cumulative Energy Demand (CED) under a low-carbon electricity mix because the life-
cycle energy cost of producing electricity from renewable sources (e.g., solar, wind) is
significantly lower than that of fossil fuels. Although the operational energy consumed
remains unchanged, the upstream energy required for fuel procurement, processing, and
plant operation is drastically reduced, thereby lowering the total embedded energy
footprint. CED values drop by approximately 50%, but the relative ranking remains

unchanged: blank cavitation remains the most energy-intensive, while TFN-based
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treatment remains the most efficient. This result reinforces the importance of
operational performance in determining environmental performance, even in a

decarbonized energy future.

While electricity consumption quantifies the electrical input required for a process,
it does not directly equate to the total energy input, which may include thermal or other
forms of energy. Moreover, the source of electricity plays a critical role in determining
environmental impact. Electricity generated from fossil fuels typically involves lower
conversion efficiencies and higher upstream energy losses, resulting in greater overall
energy consumption and significantly higher carbon emissions. In contrast, renewable
electricity is not only more efficient in terms of generation but also substantially greener
per unit of energy delivered. In contrast, renewable electricity systems demonstrate
superior life-cycle energy efficiency, as they avoid the continuous energy expenditure
required for fossil fuel extraction, transportation, and processing, which leads to greener
energy per unit delivered. Therefore, assessing carbon emissions requires a nuanced
understanding of both the quantity of electricity consumed and the carbon intensity of

1ts source.

In both electricity scenarios, non-renewable fossil energy constitutes the largest
share of total energy demand, especially in the current grid. The projected 2050 mix
substantially reduces the contribution from fossil sources, replacing them with
renewables such as wind, solar, and hydro, as shown in the three right bars of Figure
4.2. However, even with a cleaner energy mix, the synthesis steps and operational

duration continue to influence overall impact. The future electricity scenarios may also
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benefit from improved generation efficiency, meaning that less primary energy is
required to produce the same amount of usable electricity. This dual improvement—
cleaner sources and higher efficiency—can significantly reduce the cumulative energy

demand associated with the operation.
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Figure 4.2. Cumulative Energy Demand (MJ/L) of Sonochemical Scenarios for
tetracycline Degradation under current UK electricity (left group) and projected IEA
2050 low-carbon electricity (right group). The detailed breakdown of catalyst synthesis

and operation regarding CO» emissions are listed in Figure 4.3 below.

A deeper breakdown of CO2 emissions for the TFNs-assisted scenario is presented
in Figure 4.3. The upper pie chart represents emissions under the current UK electricity

mix (>300 g/kWh), while the low pie chart reflects the projected 2050 low-carbon grid
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(~50 g/kWh). Although the electricity consumption remains constant between the two
cases, the emission contribution shifts significantly due to the difference in electricity
source. In the current scenario, the reactor's electricity use—calculated using region-
specific emission factors (kg CO»z-eq/kWh)—accounts for 77% of total emissions,
making it the dominant contributor to the overall footprint. This highlights how the
carbon intensity of the electricity grid, rather than the quantity of energy consumed,

drives the variation in emissions.

However, with a decarbonized energy supply, its share drops to 44.1%, and the
catalyst-related emissions—including contributions from ethanol, styrene, titanium
precursor, heating, and washing—emerge as the predominant contributors, collectively
over 50%. This transition highlights the increasing importance of upstream emissions
from material synthesis in low-carbon futures, where direct electricity-related impacts
are significantly diminished. These results show a critical insight: while future energy
decarbonization will significantly reduce total energy-related emissions, optimizing
process design—especially minimizing reaction time and chemical inputs—remains
crucial for long-term sustainability. The results also justify the exploration of alternative
cavitation agents or reactor configurations, as discussed in Section 4.2.3, to further

reduce upstream material burdens.
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Figure 4.3. Breakdown of CO. Emissions by Source for TFN-Based tetracycline
Degradation. (a) current UK grid-mixed electricity and (b) projected 2050 low-carbon
electricity scenario. (the CO; emissions from other chemicals are very minor, i.e., <0.1%

and not listed in this figure)

These findings reinforce the need to evaluate not only operational energy but also
the embodied emissions of catalyst production. To explore this further, a sensitivity
analysis is presented in Section 4.3.2 to investigate how variations in key parameters

influence the environmental profile of the sonocatalytic process.

84



4.3.2 Sensitivity analysis of CO, emissions

To explore how electricity sourcing affects the overall environmental performance
of each treatment scenario, a sensitivity analysis was performed to evaluate the
influence of the carbon intensity of electricity on the total carbon footprint of the
process. To assess the impact of grid decarbonization, this parameter was varied across
a plausible range from 50 (2050 NZE) to 300 (current UK grid) g CO:-eq/kWh,
encompassing potential future scenarios from a highly renewable grid to a fossil-fuel-
intensive one. The model was run iteratively at each value within this range, and the
corresponding total carbon footprint was calculated and compared. The total electricity
consumption required to achieve 90% tetracycline degradation was estimated at 22.3
kWh for blank cavitation, 5.5 kWh for the H,O,-assisted process, and 3.3 kWh for the
TFNs-assisted scenario. As expected, blank cavitation consistently resulted in the
highest CO2 emissions across all grid intensities due to its prolonged operating time and

high energy demand.

At typical carbon intensities above 100 g CO2eq/kWh, the TFN-based process
demonstrated the lowest total GWP (see Figure 4.4), owing to its significantly lower
energy input. Since carbon intensity is directly influenced by the electricity generation
mix—such as fossil fuels versus renewables—this highlights the advantage of low-
energy processes under carbon-intensive grids. In low-carbon energy systems such as

wind and solar-based electricity (e.g., <100 g CO2eq/kWh), the H>O»-assisted scenario
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outperformed TFNs in terms of total emissions. It is worth noting that the carbon
intensity of electricity for all kinds of renewable sources is below 100 g CO2eq/kWh.
The detailed carbon intensity of UK-based electricity from different sources is
calculated by the IPCC 2021 method, and these values are exhibited in Appendix Figure
B.2. This crossover occurs because emissions from catalyst synthesis in the TFNs
scenario become dominant and are less affected by grid decarbonization. In the case of
ultra-clean electricity grids (e.g., <11 g CO2eq/kWh, specifically nuclear and hydro-
based electricity, see Figure 4.4), the TFNs process actually becomes the least
favourable option among the three, as its material-related emissions are largely fixed
and no longer offset by lower operational energy. These results suggest that the optimal
strategy for antibiotic degradation depends not only on operational performance but
also on the carbon profile of the local electricity grid and the chemical/metal used for

catalyst synthesis.
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S

Figure 4.4. Sensitivity analysis of GWPigo to carbon intensity of electricity across
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different degradation scenarios

To contextualize the influence of electricity CO» intensity globally, Figure 4.4 maps
the preferred degradation pathway—either TFNs-assisted or H>O»-assisted—across
countries based on their current national grid carbon intensities. As previously
discussed, 100 g CO2eq/kWh is identified as a key threshold: above this level, the TFN-
based process exhibits lower emissions; below it, H>O, becomes the more
environmentally favourable option, due to its minimal synthesis-related footprint. The
decarbonization of the electrical grid would also indirectly reduce the carbon footprint
of non-electricity inputs, such as the embodied emissions in chemicals and equipment

manufacturing, which are often produced using electricity.

According to current real-world electricity data, TFNs are preferred in the majority
of countries (shown in green), while H>O» is favoured in 19 countries (marked in
orange), primarily those with low-carbon electricity grids such as Norway, Iceland, and
several EU member states [137]. None of the countries in Asia, North America, or
Oceania achieved a low electricity CO> intensity below the threshold of 100 g
CO2eq/kWh. This geographic distribution underscores the importance of location-
specific considerations when evaluating the environmental impact of AOP technologies.
While the TFNs system currently offers a broader advantage under the current grid with
moderate carbon intensity, the number of countries favouring H>O» is expected to
gradually increase as grid decarbonization advances to meet global net-zero targets.
These findings emphasize that focusing solely on operational performance or removal

efficiency is insufficient; environmental context must also guide technology selection
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and optimization.

[ TFNs Preferred

I H,O, Preferred
Figure 4.5. Geographical preference of tetracycline degradation scenarios based on the
up-to-date and localized CO: intensity of electricity (TFNs are currently preferred

except for those countries with a high nuclear or renewable energy input.)

Figure 4.6 presents the sensitivity analysis of global warming potential as a
function of TFNs reusability under projected 2050 low-carbon electricity conditions.
With an assumed CO; intensity, the carbon footprint of the TFNs-assisted process is
0.372 kg-COzeq, which is higher than the H>O; scenario (0.276 kg-CO2eq), but the
embodied emissions from catalyst synthesis are still considerable. However, as TFNs
are reused across more treatment cycles, the levelized CO; emissions (i.e., amortized
over a greater treated volume) decline significantly, and the critical point here is 1.9 L
in order to surpass the H>O> case in terms of CO> emissions. If TFNs are reused to treat
100 Liters or more, their CO2 emissions fall to approximately 0.166 kg-CO.eq/L,
representing a 40% reduction compared to the H2O: scenario. This analysis highlights
the pivotal role of material reusability in improving the environmental profile of

catalyst-based AOP systems, especially under low-carbon energy conditions.
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Figure 4.6. Sensitivity analysis of catalyst reusability on CO2 emissions for TFN-based

degradation

Figure 4.7 illustrates the wide variation in GWP associated with the production of
different catalytic metals, highlighting the importance of material selection in AOP
system design. While common metals such as aluminium, copper, and TiO2 exhibit
relatively low CO2 emissions per kilogram of metal produced (typically under 10 kg-
CO2eq/kg), precious and rare metals like palladium (Pd) and platinum (Pt) can emit up
to 10,000-100,000 kg-CO»eq per kilogram—several orders of magnitude higher [160—
162]. This stark contrast underscores a critical trade-off between performance and
sustainability. Even if catalysts based on high-GWP metals offer enhanced degradation
rates, their upstream environmental burdens can significantly offset operational gains.
Therefore, the selection of metal-based materials must consider not only catalytic
activity but also life cycle emissions, especially under future low-carbon electricity

scenarios where upstream material impacts become more dominant.
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Regarding the reactor itself, its material impact was not included in detail, as is
common in early-stage LCAs where operational emissions dominate. Most reactors are
assumed to be constructed from conventional materials such as stainless steel, which
have significantly lower life cycle emissions compared to high-GWP metals used in
catalysts (e.g., Pt or Pd). Moreover, when amortized over a typical 20-year lifespan, the
construction-related emissions are relatively minor compared to ongoing inputs like
energy and chemical use. Nonetheless, these impacts can be considered in future studies

focused on full system infrastructure.
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Figure 4.7. Comparison of cradle-to-gate global warming potential (GWP1o) for

various metals commonly used in catalytic applications [163]

4.3.3 Environmental-oriented system improvement

Building on the findings of the sensitivity analysis, it is clear that system-level

design choices, including catalyst selection and reactor configuration, play a pivotal
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role in determining overall environmental performance. While previous scenarios relied
on nanoparticle-based catalysts in batch systems, these approaches may face practical
limitations such as catalyst recovery challenges and synthesis-related emissions. To
address this, the next section explores an alternative continuous-flow sonoreactor
design using non-synthesized metal structures as cavitation agents. This setup aims to
reduce upstream emissions while maintaining satisfactory operational performance,

particularly for recalcitrant antibiotics like tetracycline and ciprofloxacin.
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Figure 4.8. Degradation kinetics of ciprofloxacin and tetracycline under non-catalytic

conditions (blank cavitation) using a continuous-flow sonoreactor

The kinetic plot (Figure 4.8) illustrates the degradation behaviour of ciprofloxacin
and tetracycline over a short time period without the use of any metal catalyst, serving
as a baseline for comparison. The linearity of both trends on a In(C/Co) versus time plot
confirms that the degradation follows pseudo-first-order kinetics under these conditions.

Ciprofloxacin degrades faster than tetracycline, with a rate constant (k) 0f 0.0518 min™!
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compared to 0.0369 min~ for tetracycline. The high R? values (0.99 for ciprofloxacin
and 0.96 for tetracycline) indicate strong model fits, suggesting that the kinetics are
well described by a first-order model and likely governed by unimolecular, single-step

and simple reaction mechanisms such as hydrolysis or photolysis in this setup.

The difference in degradation rates may be due to the inherent chemical structures
and stability of the two antibiotics. Ciprofloxacin, a fluoroquinolone, contains
functional groups such as a piperazine ring and a carboxylic acid moiety, which are
theoretically prone to oxidative or hydrolytic cleavage [164]. In contrast, tetracycline
features a more complex and stable polycyclic structure with multiple hydroxyl and
amide groups, and is harder to complex with metal ions under acidic conditions [165].
Consistent with this structural analysis, numerous studies have reported tetracycline to
be more readily degraded by conventional advanced oxidation processes (AOPs) than

ciprofloxacin [166—168].

However, in this specific sonocatalytic system, we observed the opposite trend:
ciprofloxacin degraded significantly faster than tetracycline (see Fig. 4.8 and 4.9). This
suggests that the degradation pathway catalyzed by the metal foam/ultrasound
combination uniquely targets the vulnerable sites in ciprofloxacin's structure more
effectively than those in tetracycline. This reversal of the expected reactivity order
underscores the novel and selective mechanism of our approach, which differs

fundamentally from traditional AOPs.

Figure 4.9 presents the degradation efficiency of two mixed antibiotics—
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ciprofloxacin and tetracycline—when exposed to different metal sheets over a one-
minute interval. The metals tested include copper (Cu), iron-nickel alloy (FeNi),
titanium (Ti), nickel (Ni), and zinc oxide (ZnO), with an "empty" control included for
comparison. The results clearly show that ciprofloxacin underwent significantly more
degradation than tetracycline across all tested materials. Among them, ZnO exhibited
the highest degradation efficiency, especially for ciprofloxacin, which reached around
50% degradation within just one minute, while tetracycline showed a lower but still
notable degradation of about 15%. Titanium also performed well, degrading
approximately 40% of ciprofloxacin, though its impact on tetracycline remained below

10%.
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Figure 4.9. Degradation performance of ciprofloxacin and tetracycline using various
catalytic metal-based cavitation agents in a continuous-flow sonoreactor (Total

concentration 40 mg/L, Co rc=Co,cp, Residence time=1 minute)
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The superior performance of ZnO and Ti may be attributed to their photocatalytic
or redox-active properties [169,170]. ZnO, in particular, is known for its strong
photocatalytic behaviour under light exposure, generating ROS such as hydroxyl
radicals that can rapidly degrade organic compounds, including antibiotics. Even if light
was not used intentionally in this experiment, ambient light or surface catalytic effects
could have contributed. Titanium, often used in the form of TiO> in photocatalysis, may
exhibit similar properties, facilitating oxidative degradation through electron transfer
reactions. In contrast, metals like Ni and the FeNi alloy show much lower activity,
possibly due to their limited ability to generate ROS or participate in effective redox

reactions over short exposure times.

Ciprofloxacin's higher degradation compared to tetracycline may also be
influenced by the differences in their molecular structures, as discussed above.
Ciprofloxacin is more susceptible to oxidative cleavage under catalytic conditions [171].
However, tetracycline is more complex and possibly more stable molecule under mild

conditions [172].

The results suggest that materials like ZnO and Ti could be promising candidates
for rapid removal of certain antibiotics from contaminated water, which is particularly
relevant in the context of antibiotic pollution and the rise of antimicrobial resistance.
Further studies involving different light conditions, pH levels, and extended time
frames could provide deeper insights into the mechanisms and scalability of these
degradation processes. Overall, this data provides a foundational understanding of the

antibiotics' natural decay profiles, serving as a reference point for evaluating the
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enhanced degradation observed in the presence of metal sheets—especially ZnO and
Ti. This comparison also helps identify materials that perform well under different
environmental conditions such as treating different antibiotics, making them more

suitable for real-world applications.

04
)
o
%
Q
o 03
g 0.2%
o
=
g 02
o
O
o
£
E
S 01
T
o
[
o
0

TFNs-Batch ZnO-PFR

m Electricity-Operating  m Catalysis synthesis

Figure 4.10. Global warming potential (GWP1p0) of tetracycline degradation using

TFNs in a batch reactor versus ZnO-based metal foam in a continuous-flow reactor

Figure 4.10 compares the GWP of the batch reactor using TFNs with the
continuous-flow system utilizing ZnO metal foam. Based on the previously shown
reactor configuration and degradation performance, ZnO is capable of degrading 90%
of 0.314 mL of tetracycline within 2.3 minutes, resulting in total energy consumption
of 5.25 kWh per Litre of wastewater treated. Although the TFN-based system achieved
faster kinetics and consumed 38% less electricity, its catalyst synthesis contributed

significantly to the total CO. emissions—accounting for 39% of the total impact. In
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contrast, the ZnO-based continuous reactor, while slightly less energy-efficient,
exhibited an almost negligible catalyst-related footprint, with synthesis emissions
contributing only 0.2% of the total. As a result, the overall GWP was reduced by
approximately 29% in the ZnO with continuous reactor scenario. The much lower
emissions from the ZnO metal foam are primarily due to its simple composition and
minimal processing requirements. Unlike TFNs, which involve complex
nanostructuring, multiple chemical precursors, and energy-intensive synthesis steps,
ZnO foams are fabricated through straightforward metallurgical processes with far
fewer inputs. Additionally, while this comparison assumes single use for both materials,
metal foams are far easier to recycle in practice. Being a single solid piece, they can
often be reused or recovered without additional separation steps, unlike nanoparticles,
which typically require filtration, chemical treatment, or loss-intensive recovery
methods. These practical and environmental advantages contribute to the significantly
lower life cycle footprint of ZnO foams. Further studies should focus on metals with
low embodied emissions, durable and reliable structures, and high catalytic activity to

further reduce the overall emissions of the process.

Beyond environmental metrics, this comparison also underscores a practical
engineering consideration: highly decorative or complex nanostructured catalysts like
TFNs, while offering superior performance, are often more susceptible to damage,
deactivation, and reduced reusability in real-world applications [173,174]. In contrast,
simple and robust materials such as metal foams not only have lower embodied

emissions but also offer greater mechanical stability and operational reliability. This
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reinforces the broader takeaway that degradation efficiency alone should not dictate
process selection. Environmentally informed design—balancing performance,
durability, and life cycle trade-offs—is essential for developing truly sustainable and

scalable treatment solutions.

4.3.4 Social Considerations in Scenario Optimization

Although the primary focus of this chapter has been on reducing the environmental
impact of a sono-based AOP system through scenario optimization, it is important to
recognize that sustainability in water treatment also encompasses social dimensions.
Incorporating such a broader lens can help to guide system-level decisions beyond

environmental performance alone.

For instance, the use of TFN nanomaterials in cavitation enhancement, while
effective in improving degradation rates, involves complex synthesis procedures that
may be less accessible in low-resource settings. The use of engineered nanomaterials
raises concerns about occupational exposure and long-term health effects, especially
through inhalation or dermal contact during synthesis, handling, or disposal stages.
These risks are amplified in poorly regulated or resource-limited environments, where
protective infrastructure may be lacking. In contrast, scenarios utilizing conventional
metal foam (e.g., ZnO) may offer lower material costs, reduced reliance on rare
chemicals, and more straightforward preparation protocols, aligning better with equity
and localization goals. These differences have implications for technological
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accessibility, especially in regions where local production capacity and skilled labour

are limited.

Additionally, the continuous-flow reactor configuration, while demonstrating
environmental advantages over batch processing in some scenarios, may require more
advanced infrastructure and higher operator skill levels. In contrast, batch systems—
though less optimized—could be more suitable for decentralized applications, where
ease of use and minimal training are critical for social acceptance and practical
deployment. Meanwhile, it is well established that large-scale chemical processes are
best carried out using continuous operation. While batch processing remains common
in specialized sectors such as pharmaceuticals, the production of bulk chemicals—such
as polymers, ammonia, and similar commodities—is typically conducted using
continuous systems due to their superior efficiency, scalability, and resource utilization.
The choice between batch and continuous reactors involves trade-offs, and each offers
specific advantages and limitations depending on the operational context and process

requirements.

From an occupational safety standpoint, all scenarios involving sonication must
account for potential noise hazards and chemical exposure, particularly where reactive
species or cleaning solvents (e.g., ethanol) are used. Designing systems with shielding,
automation, and safe handling protocols is therefore essential to support social

sustainability.

While these aspects were not quantitatively assessed, the comparative insights
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across scenarios suggest that simpler, reusable materials and accessible operating
conditions may support better integration with social equity and deployment objectives.
Future work could consider incorporating qualitative or semi-quantitative social
indicators—such as ease of fabrication, labour intensity, and occupational risks—into

the scenario optimization framework.

4.4 Discussion and outlook

This study presented a process-level environmental sustainability analysis of
different sonochemical degradation scenarios for tetracycline removal, with a focus on
energy demand, CO2 emissions, and system optimization. Beyond the technical efficacy
shown in Chapter 3, this chapter highlights how environmental metrics and trade-offs
should also be considered alongside operational performance metrics. Several key

insights emerged from this evaluation.

Firstly, it was evident that energy demand—particularly the electricity
consumption, plays a dominant role in the environmental profile of sono-based AOP
systems, especially using the current grid electricity with moderate carbon intensity. In
this context, electricity use translates directly into significant carbon emissions. While
TFN-based systems demonstrated high degradation rates and lower energy usage (3.27
vs 5.25 kWh/L), their embodied emissions from catalyst synthesis could offset the
operational gains when green electricity becomes widely available. This relationship
between energy consumption (kWh) and its associated carbon emissions (kg CO»-eq)
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becomes crucial: as cleaner electricity reduces the emissions impact of reactor operation,
upstream synthesis emissions increasingly dominate. The effect of this change on the
dominant emission source illustrates the dynamic nature of environmental hotspots,
which evolve in parallel to the broader energy systems’ decarbonization. Thus, the
sustainability of a process is not static, but context-dependent, and should be evaluated

accordingly.

The continuous-flow reactor configuration using Zn-based metal foams represents
an important step toward practical system integration. Although the operational
performance was somewhat lower when compared to the TNF-nanoshells, the system
achieved a more favourable environmental balance due to its minimal material footprint
and simplified catalyst preparation. This case underscores a broader paradigm shift:
from maximizing operational performance toward optimizing system durability,
simplicity, and life-cycle performance. It also demonstrates that materials with modest
activity, but low synthesis burdens and high stability, may offer the most practical

solutions in a decarbonizing world.

The behaviour in the mixed solution (e.g., tetracycline and ciprofloxacin)
highlights a key consideration for real-world applications, as wastewater contains
complex pollutant mixtures. The degradation rate of individual components may differ
in a competitive environment compared to single-solute systems due to factors such as
scavenging of reactive species or competition for active sites. Future design strategies
could focus on enhancing catalyst selectivity to better target specific pollutants within

complex matrices. This finding underscores the importance of moving beyond single-
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pollutant models to evaluate the technology's potential under more realistic conditions.

Moreover, these findings support the idea that more intricate nanostructured
catalysts, while academically appealing, may not always be justified when considering
real-world trade-offs in environmental and operational reliability. In contrast, common
metal structures such as foams or meshes, though less “sophisticated,” tend to offer

higher durability and ease of handling, making them attractive for scaling up.

Despite these valuable insights, several limitations must be acknowledged. First,
while the degradation efficiency of tetracycline was assessed, this study did not
explicitly evaluate the fate of the degradation by-products. Incomplete mineralization
or formation of potentially toxic intermediates could introduce environmental risks that
are not captured in this CO2 and energy-focused analysis. Although identifying all
degradation products is analytically complex, future studies incorporating this

dimension would offer a more holistic environmental risk profile.

Second, in the continuous-flow scenario, the environmental burden of the metal
foam was conservatively estimated using data for scrap metal. In practice,
manufacturing metal foam may require additional energy or chemical processing steps,
which could marginally increase its actual carbon footprint. While this does not
invalidate the main conclusions, it introduces some uncertainty that warrants further
refinement when more specific data becomes available. The analysis suggests that both
the reactor configuration and catalyst type are significant factors in the observed

performance. The superior reaction kinetics in the continuous-flow reactor, compared
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to the batch system, are attributed to enhanced cavitation from the possibly existing
turbulent flow and the continuous generation of cavitation nuclei. Concerning the
catalysts, the enhanced activity of the Ternary Functional Nanoparticles (TFNs) over
the metal foam can be reasonably ascribed to their nanoscale size, which offers a higher
density of cavitation nucleation sites and potentially greater synergy with
sonoluminescence. It is crucial to note, however, that this performance gain is
counterbalanced by a life-cycle assessment indicating the TFN catalyst has an
environmental impact more than two orders of magnitude larger than the metal foam.
Ultimately, the present data does not allow for a definitive decoupling of the individual
effects of reactor configuration and catalyst morphology. Future studies should
systematically isolate these variables to quantify their specific contributions to the

performance differential.

Moreover, conducting a life cycle assessment based on lab-scale data introduces
inherent uncertainties when extrapolating to industrial relevance. Key challenges
include scaling effects on energy and material efficiency, the exclusion of ancillary
industrial equipment (piping, control systems, infrastructure), and the difficulty of
accurately forecasting the performance and lifetime of materials at a larger scale. While
this study provides a valuable comparative assessment of processes, the absolute
environmental impacts should be interpreted as preliminary, highlighting the most

promising pathways rather than predicting exact commercial footprints.

Lastly, this analysis focused solely on the global warming potential and cumulative

energy demand. Other impact categories, such as human toxicity, ecotoxicity, or water
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use, were not assessed in this chapter. These could be particularly relevant for AOP
systems involving chemical additives or complex materials. Expanding future
assessments to include these dimensions would provide a more complete sustainability

picture.

Social sustainability considerations suggest that while advanced nanomaterials and
high-intensity sono-reactors may offer improved operational performance, they can
introduce notable occupational and public health risks, particularly related to
nanoparticle exposure and solvent handling. Simpler alternatives such as metal foam
catalysts and batch-mode operation may offer more socially robust solutions by
enhancing safety, accessibility, and ease of use, especially important for decentralized

or small-scale water treatment scenarios.

Overall, this chapter serves not only as a comparative life cycle assessment study
of sonochemical tetracycline degradation, but also as a methodological bridge between
lab-scale innovation and system-level environmental assessment. The results offer
practical guidance for environmentally sustainable design and lay the groundwork for
the broader cross-technology benchmarking presented in the next chapter. Building on
the findings of this case study, Chapter 5 will extend the analysis to a comparative life
cycle and techno-economic evaluation across multiple AOP technologies. The
benchmarking framework developed here serves as a conceptual foundation for that
analysis, where the focus will shift from single-process sustainability optimization to

system-level sustainability comparison across different treatment methods.
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4.5 Conclusion

This chapter has demonstrated that environmental impact must be integrated as a
core sustainability metric in evaluating and optimizing advanced oxidation processes,
and in particular for sonochemical degradation processes. Among the tested
sonochemical scenarios, TFNs-enabled systems delivered high degradation efficiency
and low energy demand but carried significant embodied carbon and material emissions
from material synthesis (0.37 kg-COze/L). Sensitivity analysis confirmed that the
environmental performance of each approach is highly dependent on contextual
factors—particularly the carbon intensity of electricity generation (up to 71% CO»
reduction) and the environmental impact of the reuse times of catalysts (up to 54% CO.
reduction). While reusability of the metal foams was not experimentally assessed in this
study, their simple and robust structure suggests potential for greater durability and
reuse compared to more complex nanomaterials. The robust, monolithic structure of the
metal foams allows them to be easily retrieved from the reaction mixture through simple
physical means, such as sieving, for direct reuse. At the end-of-life, the metal foams
can be fully recycled via standard smelting processes, aligning with circular economy

principles.

To address the emission issue associated with catalyst fabrication, a continuous-
flow reactor using simple metal foam was introduced. While this alternative system

required more energy due to a slower degradation rate, it eliminated most synthesis-

104



related emissions and ultimately reduced the overall CO: footprint (~29% CO-
reduction). This finding supports a shift in focus from purely reaction-based
performance metrics toward broader environmental efficiency. Moreover, the
distinction between batch and continuous processing also influences emissions. It is
well established that, beyond a certain capacity, continuous systems are inherently more
efficient—producing more output with less material, time, and energy, which typically

leads to lower overall emissions.

In summary, this case study illustrates the need for a balanced, system-level
perspective when designing and selecting AOP technologies. It provides both a
methodology and rationale for environmentally optimized process configurations,
forming a bridge between experimental innovation (Chapter 3) and cross-technology

sustainability benchmarking (Chapter 5).

105



Chapter 5: Standardized Benchmarking of
Advanced Oxidation Processes for Tetracycline
Degradation Using Life Cycle Assessment and

Techno-Economic Analysis

Published as: Zong, Zhiyvuan, Yihao Huang, James Kwan, and Nicholas P. Hankins.

"Standardized benchmarking of advanced oxidation processes for tetracycline
degradation with life cycle assessment and economic evaluation." Chemical

Engineering Journal (2025): 170664. [175]

All the work that reported in this chapter have been done by Zhiyuan Zong

Abstract

This chapter presents a comparative life cycle and techno-economic analysis of
five AOPs—sonolysis (the method in chapter 3), photolysis, sonophotolysis, Fenton-
like oxidation, and electrochemical treatment—for tetracycline degradation in water.
All processes were evaluated under a harmonized functional unit (1 L of wastewater
with single-component tetracycline treated to 90% removal) and combined with
monetized environmental value (USD 2023) and operating cost metrics. The previous
results showed that the sono-based system (the sonochemical method in chapter 3)
achieved the fastest degradation rate but also the highest environmental burden under

the current electricity grid. In contrast, Fenton oxidation exhibited a lower degradation
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rate but the lowest CO> footprint and the most favourable economic profile (section
5.3.4, Figure 5.10). Platinum-based electrochemical treatment had the highest life cycle
impact, with electrode-related emissions exceeding 80% of total burden. Sensitivity
analysis indicated that increasing catalyst reusability could cut CO2 emissions by 70%,
and that electricity carbon intensity strongly influenced AOP sustainability rankings.
Monetization of environmental damage revealed that indirect costs comprised up to 55%
of total process costs. The findings highlight the critical need for life cycle-informed
assessment frameworks to guide AOP technology development, ensuring sustainability

is evaluated beyond reaction operational performance alone.
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5.1. Introduction

While AOPs have been widely studied for their pollutant removal efficiency, there
remains a critical lack of systematic, standardized comparison between technologies in
terms of their life cycle environmental and economic performance [176]. Many studies
report high degradation rates or rapid reaction kinetics but often overlook or
inconsistently account for the embodied energy, materials, and chemical inputs required

to achieve those outcomes [176—178]

For instance, a photolysis system may demonstrate strong antibiotic degradation
under intense UV irradiation, but with high electricity use and frequent lamp
replacement [102]. Similarly, a catalyst showing high activity in a sono-photo-Fenton
process might involve the use of rare metals or toxic dopants with high embodied
environmental costs [57]. Conversely, processes that appear slower or less efficient may
be more sustainable overall if they rely on milder operational conditions, reusable
catalysts, or lower energy inputs [165,179]. These complexities highlight the need for

holistic assessment frameworks that go beyond isolated performance metrics.

Building on the case study presented in Chapter 4, which evaluated multiple
scenarios within a single sono-based AOP system, this chapter expands the scope to
include cross-technology benchmarking. The methodology developed previously—
integrating experimental insights with life cycle-based environmental analysis—now
serves as a foundation for comparing fundamentally different AOP strategies under

standardized conditions. One of the core challenges in comparative AOP studies is the
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variability in experimental conditions, system scales, and reporting metrics across the
literature. This chapter addresses that challenge by applying a harmonized functional
unit and impact categories, allowing for more meaningful cross-study comparison

despite inherent uncertainties.

To address this need, this chapter presents a comparative TEA/LCA study of five
representative AOP technologies for the treatment of tetracycline-contaminated
wastewater: Sonolysis, Photolysis, Fenton-like oxidation, Sono-photo hybrid, and
Thermal-assisted oxidation. Each technology is analysed under a harmonized
functional unit: the treatment of 1 Litre of wastewater containing tetracycline at 40
mg/L, with a target removal efficiency of 90%. This single-component setup represents
an idealized scenario with a clearly defined functional unit for the LCA. It was chosen
to isolate the performance of each technology without the confounding effects of
complex real wastewater matrices, which often contain variable and interacting
pollutants that are difficult to model consistently. This enables a direct, apple-to-apple

comparison of each system’s performance in terms of:

e Environmental indicators: carbon footprint (t-CO> eq), energy demand (MJ),

human/ecological toxicity, resource depletion [117,118,128].

o Economic indicators: direct operational costs (e.g., electricity, reagents, catalyst
use) and monetized environmental impact (e.g., environmental damage and

remediation costs, climate-related costs) [126,127,180].

A cradle-to-gate system boundary is adopted (Figure B.1), capturing all upstream
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inputs—from raw material extraction and catalyst synthesis to process operation—
while recognizing that end-of-life impacts (e.g., catalyst disposal, reactor retirement)
are outside the scope of the current study but important for future work. This boundary
choice reflects the current maturity of AOP-based technologies, which are primarily
studied at the reaction and degradation stage. Downstream processes such as reactor
decommissioning, catalyst disposal, and broader system integration are either
insufficiently characterized or not yet demonstrated in practice, making their inclusion
in LCA highly uncertain [21-23]. As such, a cradle-to-gate approach allows for a more
reliable and focused assessment based on available experimental data, with the
understanding that a cradle-to-grave analysis will be essential in future, more complete

evaluations.

Representative case studies are selected for each technology based on the
availability of detailed data on energy input, chemical usage, catalyst preparation, and
degradation kinetics. For each, a LCI is constructed, forming the basis for LCA. TEA
is then conducted using consistent cost parameters, including energy tariffs, reagent

pricing, and environmental damage costs.

This integrated framework serves three key purposes:

1. Benchmarking: It identifies which AOPs are not only effective in removing

tetracycline, but also environmentally and economically sustainable.

2. Trade-off analysis: It allows for quantification of environmental vs. economic
trade-offs, supporting more informed decision-making.
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3. Framework validation: It demonstrates a modular, scalable methodology that

can be extended to other pollutants, treatment scales, or system configurations.

Ultimately, this chapter seeks to shift the conversation from narrow performance
evaluations toward life cycle-informed technology development, ensuring that AOPs
chosen for future deployment are both technically sound and aligned with broader
sustainability goals. The findings aim to inform both researchers and practitioners
seeking to implement AOPs in real-world antibiotics treatment settings, where
sustainability trade-offs are often overlooked in favour of performance under idealized

lab conditions.

5.2 Method

5.2.1 Technology selection criteria

To ensure a robust and meaningful comparison of AOPs for tetracycline
degradation, five representative technologies were selected from recent peer-reviewed
literature. These cases were chosen to reflect the diversity of AOP mechanisms and to
align with the core research scope established in Chapters 3 and 4. All selected studies
target the degradation of tetracycline in aqueous solutions, allowing consistency with

the pollutant of interest across the analysis.
The technologies included in this study span five major AOP categories:
e Sonolysis-based (Sono [17])

e Photolysis-based (Photo [181])
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e Sono-photolysis hybrid (Sonophoto [153])
o Fenton-based (Fenton [182])
e Electrochemical oxidation (Electro [183])
The selection process was governed by several key criteria:

1. Relevance and reliability: All selected studies were published in reputable, peer-
reviewed journals within recent years, ensuring both scientific credibility and

contemporary relevance.

2. Consistent degradation kinetics: Only studies reporting first-order reaction
kinetics were included, with the rate constant falling within a comparable range
(i.e., no more than one order of magnitude apart). This prevents the distortion
of comparative metrics due to extreme performance outliers and enables a fair

assessment of trade-offs between performance and sustainability.

3. Comparable initial conditions: The initial tetracycline concentrations reported
in the studies were generally cantered around 40 mg/L, with slight variations
above or below. No cases with significantly higher or lower concentrations (i.e.,
outside one order of magnitude) were included to preserve consistency in

functional unit definition and ensure meaningful comparisons.

4. Diverse dependency profiles: The selected cases represent a range of
operational dependencies. Some rely more heavily on chemical inputs (e.g.,
reagents or oxidants), others emphasize catalyst synthesis, while some are
dominated by energy-intensive operating conditions such as heating or

ultrasound. This diversity enables cross-technology trade-off analysis between
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environmental and economic burdens across different input types.

Explicit reporting of energy inputs: A key inclusion criterion was the availability
of clearly reported energy consumption data for the treatment setup. Only
studies that documented power input or energy use during the reaction stage
were considered, as this information is critical for calculating environmental
impacts and performing LCA. To ensure comparability, a consistent electricity
mix (e.g., average UK grid mix and projected 2050 grid) were applied across all
cases; distinctions between fossil and renewable energy sources were

standardized in the LCA modelling stage.

Catalyst synthesis transparency: All selected cases provide sufficiently detailed
descriptions of the catalyst preparation steps. Although not every specific
precursor may be present in the life cycle inventory database, suitable proxy
materials with similar environmental profiles are available and were used to

approximate the emissions associated with synthesis.

These carefully defined criteria ensure that the selected technologies are not only

representative of the AOP field, but also sufficiently aligned in scope and granularity to

allow for harmonized environmental and economic assessment. The resulting dataset

forms the basis for the LCI and TEA presented in the subsequent sections. The related

kinetics and lifecycle inventory data are presented in the Appendix Tables C.2 to C.6.

The key assumptions regarding reusability in our model were: (1) Constant

Performance: We assumed no loss in catalytic activity or degradation efficiency over

the number of reuse cycles. (2) No Material Loss: We assumed the catalyst could be
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recovered and reused with 100% mass yield, neglecting physical losses during recovery
(e.g., during filtration, washing, and handling). (3) Simple Regeneration: We assumed
that a simple washing step (e.g., with water or solvent) would be sufficient to fully
restore catalytic activity, neglecting the potential energy or chemical cost of a more
intensive regeneration process. (4) Arbitrary Lifetime: The number of reuse cycles (e.g.,
10, 50, 100 cycles) was selected based on a plausible range for sensitivity analysis

rather than on experimental data from long-term testing.

5.2.2 Life cycle assessment

The LCA approach adopted in this study follows the ISO 14040 and ISO 14044
standards, encompassing four core stages: goal and scope definition, inventory analysis,
impact assessment, and interpretation. This methodology is applied to evaluate and
compare the environmental performance of five AOP technologies used for tetracycline
degradation, expanding the framework introduced in Chapter 4 to a broader, cross-

technology assessment.

1. Goal and Scope Definition

The primary objective of this comparative LCA is to assess the environmental
trade-offs and sustainability implications of different AOPs for antibiotics degradation.
The focus is placed on tetracycline removal from aqueous media, maintaining
consistency with the experimental and case-study focus of previous chapters.

The system boundary (Figure B.1), scope and the unit functions are described in
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the previous section 5.1.

2. LCI and Data Sources

a. Material acquisition and synthesis
The inventory includes inputs related to catalyst synthesis, reagent use, and preparation
steps. Material and energy flows were extracted primarily from the Ecoinvent 3.9
database using the SimaPro v9.5 platform. In cases where exact materials were
unavailable, proxy compounds with similar production pathways and environmental
profiles were selected. All processes were scaled and normalized to the functional unit,

ensuring methodological consistency.

b. Energy consumption during reaction
Electricity and thermal energy used during each AOP treatment process were calculated
based on reported power ratings and reaction durations needed to reach the 90%
degradation benchmark. First-order kinetic assumptions enabled a uniform basis for
determining reaction time across technologies. All energy data are evaluated under a
consistent electricity grid profile (UK grid-mixed), with a sensitivity analysis provided

later in the chapter.

c. Assumptions and harmonization strategy
To ensure comparability and minimize bias, only studies meeting the following criteria
are describe in section 5.2.1. This harmonized approach allows for a meaningful
"apples-to-apples" comparison of environmental impacts despite differences in process
mechanisms and experimental conditions.
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3. Impact Assessment: ReCiPe 2016 Midpoint and Endpoint Methods

Environmental impacts were evaluated using the ReCiPe 2016 method [117],
which provides both midpoint and endpoint indicators. The midpoint assessment covers
a broad range of 18 environmental categories, including climate change i.e., GWP,

freshwater and marine ecotoxicity, human toxicity, ozone depletion, resource depletion,

and more. This enables a detailed evaluation of specific environmental stressors.

Table 5.1. The 18-midpoint environmental impact category indicators

Nomenclature | Midpoint impact category Indicators
GW Global warming kg COzeq
SOD Stratospheric ozone depletion kg CFClleq
IR Ionizing radiation kBq Co-60 eq
OFH Ozone formation, Human health kg NOx eq
FPM Fine particulate matter formation kg PM2.5 eq
OFT Ozone formation, Terrestrial ecosystems kg NOx eq
TA Terrestrial acidification kg SOz eq
FE Freshwater eutrophication kg Peq

ME Marine eutrophication kg N eq

TEt Terrestrial ecotoxicity kg 1,4-DCB
FEt Freshwater ecotoxicity kg 1,4-DCB
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MEt Marine ecotoxicity kg 1,4-DCB
HCT Human carcinogenic toxicity kg 1,4-DCB
HNCT Human non-carcinogenic toxicity kg 1,4-DCB
LU Land use m?a crop eq
MRS Mineral resource scarcity kg Cu eq
FRS Fossil resource scarcity kg oil eq
wC Water consumption m?

Meanwhile, the ReCiPe 2016 Endpoint method is also used to quantify the different
environmental impacts into three major categories, in terms of resources, human health,
and ecosystem. Table C.1 in Appendix C shows the 22-endpoint environmental impacts
that are associated with the three major categories. The endpoint (damage-oriented)

analysis aggregates midpoint impacts into three overarching damage categories:
e Human Health (e.g., DALY due to toxicity or air pollution)
e Ecosystems (e.g., species loss from land use, ecotoxicity, and climate change)
e Resources (e.g., economic value loss due to fossil or mineral depletion)

These three damage categories provide a higher-level, decision-relevant view of
the environmental burden. In addition, this endpoint framework supports monetization,
enabling the conversion of environmental damage into implicit economic costs via

damage-to-cost factors—discussed in the subsequent section.

All impact assessments were conducted using characterization factors and
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weighting models built into ReCiPe 2016 within the SimaPro software environment.
Results are presented in both absolute and relative terms, allowing for direct

comparison across technologies and highlighting key environmental trade-offs.

5.2.3 Economic evaluation

Economic performance is a crucial factor in the broader assessment of wastewater
treatment technologies, particularly when considering potential scale-up and real-world
implementation. In this study, the economic evaluation focuses on operating costs for
antibiotic degradation processes. This approach reflects the early-stage, low-TRL
(Technology Readiness Level) status of the selected AOP technologies, for which

reliable CAPEX data is either unavailable or highly uncertain.

While standard TEAs at industrial or pilot scale typically include both CAPEX and
OPEX—often using methods like Internal Rate of Return (IRR) or Net Present Value
(NPV)—such frameworks rely on mature system designs where equipment costs and
scaling factors can be quantified. For novel, lab-scale processes, CAPEX estimation is
speculative due to the variability in lab setups, custom configurations, and lack of
standardization. Therefore, this study focuses on operating costs, which are more

consistently reported and comparable across technologies.

It is also worth noting that operating costs often dominate total expenditure at larger
scales, as amortized capital costs decrease with scale (e.g., per the 6/10 scaling rule),
while unit consumption of utilities and chemicals typically remains constant. Thus,

while this TEA is based on lab-scale data, the emphasis on OPEX maintains relevance
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for future scale-up scenarios.
1. Direct Operating Costs
The direct operating cost includes [184]:

o Utility costs, primarily electricity prices, are taken from the recent LCA/TEA

studies [185,186].

o Material costs, encompassing chemicals and reagents used in the reaction (e.g.,
H>O> ($1/kg [187]), anode (Pt-$33/g) and cathode (carbon-$0.15/kg [188])

materials).

These values are drawn from standardized market prices or reputable databases,
and assumptions regarding chemical consumption and process repetition are

harmonized across technologies.
2. Indirect (Monetized Environmental) Costs

In addition to direct operational expenses, this analysis incorporates indirect costs
through the monetization of environmental damage, derived from the ReCiPe 2016
endpoint method [117]. As outlined in the previous section, ReCiPe translates multiple
environmental impacts into three damage categories: Human health, Ecosystem quality,
Resource depletion. Each of these categories can be monetized using established
conversion factors, often used in sustainability and policy analysis. These conversion
factors, expressed in $/DALY, $/species.year, and $/USD resource loss, enable the
estimation of a monetized environmental burden that reflects the impact not captured
in direct market prices. The environmental impact monetization is calculated by

multiplying each endpoint damage assessment by its corresponding index, resulting in
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values expressed in 2019 USD [126,189]. CEPCI stands for the Chemical Engineering
Plant Cost Index. It is a widely used index for inflating capital costs of chemical plants
from a past year to a current dollar value. Considering the rise of CEPCI, the monetary
value is scaled to the 2023 value [190,191]. The methodology for applying
monetization coefficients is detailed in Table 5.2.

Table 5.2. Monetization factors of the three-endpoint damage assessment value.

Endpoint indicator Unit Monetization factor (USD 2023)
Human health DALY 2x 10

Ecosystem Species.yr 5.33x 107

Resources depletion USD2013 1.44

This two-tiered approach—combining explicit (direct) operating costs and implicit
(indirect) environmental costs—aims to offer a more holistic understanding of the true
cost of each AOP technology. This framework supports the identification of trade-offs
between degradation efficiency, operational expenditure, and environmental impact,
ultimately guiding the selection of sustainable and economically viable treatment

strategies.
3. Indirect (carbon tax) Costs
In addition to monetized environmental damage derived from ReCiPe endpoint

indicators, this study also considers the economic implications of carbon taxation

policies, which are increasingly being adopted across the globe. Carbon taxes place a
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direct cost on GHG emissions—primarily CO>—with the objective of internalizing the
environmental impact associated with fossil energy consumption. Many studies have
incorporated carbon tax into comprehensive economic analyses across various fields,
including hydrogen production, methanol synthesis, syngas generation, and biopolymer

manufacturing [185,186,192—-194].

To reflect this policy-driven economic burden, the total CO»-equivalent emissions
associated with each AOP process (as calculated in the life cycle inventory) are
multiplied by a representative carbon price. For this study, a moderate carbon tax of
$100 per metric ton of CO; is applied, consistent with carbon pricing scenarios
projected by institutions such as the IEA [195], and various national regulatory bodies

targeting net-zero commitments.

This carbon cost represents an additional indirect operational burden that aligns
with current and emerging environmental policies. Including this component allows for
a more policy-relevant economic evaluation, offering insight into how each technology
might perform under realistic regulatory conditions. Moreover, it complements the
monetized ReCiPe-based approach by specifically isolating the economic impact of
climate-related emissions, which are often a major contributor in high-energy AOP

systems.

Together, the incorporation of direct operating costs, monetized environmental
impact, and carbon taxation scenarios provides a comprehensive and forward-looking
framework to evaluate the economic sustainability of AOP technologies under both

current market conditions and future policy environments.
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5.3 Results

5.3.1 Kinetic and degradation performance

Figure 5.1 compares the degradation kinetics of tetracycline across five
representative AOPs, including sonolysis, photolysis, sonophotolysis, electrochemical
oxidation, and Fenton-like oxidation. All treatment processes were fitted to a first-order
kinetic model, and the corresponding rate constants were used to estimate the time

required to achieve 90% degradation.

Among all systems, the sono-based process (TFNs + H>O») demonstrated the
fastest degradation kinetics, requiring approximately 28 minutes to reach the 90%
removal target. This high performance is attributed to the synergistic effect of acoustic
cavitation, cavitation-enhancing nanostructured TFNs, and in situ radical generation via
H>0O; activation, as discussed in Chapters 3 and 4. The photolysis-based process and
the electrochemical oxidation process showed similarly fast reaction rates, completing
90% degradation in less than 30 minutes. These technologies utilize high-energy light
or electrochemical potential to continuously generate reactive species, but are typically
associated with high electricity consumption and potential electrode or lamp
degradation over time. The sonophotolysis case demonstrated slower kinetics than
individual photolysis or sonolysis, possibly due to suboptimal synergy or higher energy
distribution losses in hybrid operation. In contrast, the Fenton-like process exhibited

the slowest kinetics, requiring more than 120 minutes to achieve comparable
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degradation. Despite its slower rate, this method does not require direct electrical input
and remains one of the most established and chemically straightforward AOPs, relying

on iron-catalysed H>O» decomposition to generate hydroxyl radicals.
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Figure 5.1. Time-dependent tetracycline degradation performance based on first-order

reaction kinetics of five studied AOP processes

While degradation kinetics offer important insights into treatment performance,
they do not reflect the complete sustainability profile of a given process. A fast-acting
AOP may rely heavily on electricity, rare or toxic chemicals, or intensive catalyst
synthesis steps, all of which contribute to environmental burdens that are not captured
by kinetics alone. Conversely, a slower process may have a lower environmental
footprint due to simpler inputs or less energy demand. Therefore, it is crucial to
complement kinetic evaluation with a comprehensive environmental assessment that
accounts for the full spectrum of process-related impacts—including electricity and

chemical consumption during operation, as well as upstream emissions from catalyst
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synthesis and material acquisition. This gap underscores the need for the life cycle-

based comparison presented in the following section.

5.3.2 Environmental impact distribution of each process

This section aims to analyse midpoint environmental performance across 18 impact
categories of five studied processes using the ReCiPe 2016 method. The following
Figures 5.2-5.6 present the characterization results for the 18 midpoint impact
categories and expressed in percentage terms to highlight the relative contribution of
each component to the total environmental burden. For readers interested in the

corresponding normalized values, detailed numerical data are provided in Tables C.7—

C.11 in the Appendix C.

Figure 5.2 presents the detailed environmental impact distribution of the Sono-
based process. Across nearly all categories, the electricity used during operation stands
out as the dominant contributor, accounting for more than 80% of the impact in
categories such as Stratospheric Ozone Depletion, Ionizing Radiation, and Marine
eutrophication. This reflects the high energy input required for ultrasound-driven
cavitation in the sonoreactor [196,197]. Despite using a relatively short treatment time
compared to other AOPs (as shown in Section 5.3.1), the instantaneous power demand

remains a critical driver of the environmental footprint.

The second-largest contributor is ethanol, which is used in multiple stages—
catalyst synthesis, chemical preparation, and washing. Ethanol-related impacts are

particularly notable in categories such as Fossil Resource Scarcity, Ozone formation
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regarding human health and Terrestrial ecosystems, and Terrestrial Acidification. This
is due to its solvent properties, volatility, and the upstream processes involved in ethanol

production [198].

The titanium precursor (used for synthesizing TFNs) contributes moderately to
categories linked to resource scarcity (e.g., Mineral Resource Scarcity), and Human
Carcinogenic Toxicity, but its influence is far less significant than energy or ethanol
inputs. Other materials such as styrene (used as a template agent in catalyst fabrication),
potassium sulphate, and deionised water show minor contributions, generally below 5%
in all categories. Their limited impact is due to the relatively small quantities used per
unit of wastewater treated and the less energy-intensive nature of their production

compared to solvents and electricity.

This analysis underscores that while the Sono process achieves superior
degradation performance (as shown in Section 5.3.1), its environmental cost is heavily
influenced by the operational electricity and ethanol usage. Optimizing the sonoreactor
to improve energy efficiency and power it with renewable electricity would
significantly enhance the environmental performance. It also reinforces the necessity
of considering multi-dimensional environmental indicators when evaluating AOP

technologies—since improvements in one category may come at the cost of another.
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Figure 5.2. Detailed distribution of 18 midpoint environmental impacts in the Sono-

based process

Figure 5.3 presents the midpoint environmental characterization of the photolysis-
based process. The energy consumption during both catalyst synthesis and operation
remains dominant, especially the energy consumption during the complicated catalyst
synthesis steps, collectively contributing nearly two-thirds of the total impact across
most environmental categories. This high burden stems from the lengthy and energy-
intensive hydrothermal and drying procedures, including autoclave-based treatments,

required to fabricate the catalyst.

Following energy contributions, sodium hydroxide emerges as the next major
contributor, particularly in categories such as Terrestrial Acidification and
Eutrophication due to its chemical intensity and common use in catalyst precipitation
steps. The impact of TiO2 nanoparticles is especially prominent in Human Carcinogenic
Toxicity and Mineral Resource Scarcity [199]. This is because nanostructured TiO:
materials, unlike Ti-salt or bulk TiO,, require additional post-processing and finer

control over morphology, increasing the embodied emissions during synthesis [200].
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Glucose, while a relatively minor component overall, contributes noticeably to the
ecotoxicity and land use indicator, reflecting the upstream agricultural and refinement

burdens of biobased precursors.

In summary, although the photolysis process avoids reliance on exotic or rare
materials, its broad material consumption and energy-intensive synthesis route led to a
widespread environmental footprint. This highlights the importance of not only
evaluating chemical efficiency but also optimizing process intensification and

simplification when targeting sustainability improvements in catalyst-based photolytic

i
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Figure 5.3. Detailed distribution of 18 midpoint environmental impacts in the Photo-

based process

Figure 5.4 presents the midpoint-based environmental characterization for the
sonophotolysis process, which combines ultrasonic and photonic energy inputs. A
distinct feature of this process is the substantial contribution from tungsten

precursors—used in the synthesis of the sonophoto catalyst—which dominate several
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categories such as Marine Ecotoxicity, Human non-carcinogenic toxicity, Ecotoxicity-
related indicators and Mineral Resource Scarcity [201,202]. This reflects the high
environmental cost of mining and refining tungsten-based materials, and the intensive
production and potential ecotoxicity of materials, especially when used in conjunction

with carbon nanotube supports.

Energy for operating the combined sonophoto system contributes significantly
across categories like Global Warming, Stratospheric Ozone Depletion, and Ionizing
Radiation, due to the dual input of ultrasound and UV light. This elevates the power
demand compared to single-mode AOPs, such as photo or sono alone. Catalyst
synthesis energy—including high-temperature processing—further adds to the impact,
particularly in Ionizing radiation. The use of ethanol and deionised water, while present
across categories, has a relatively moderate contribution except in Water Consumption
and certain toxicity indicators. Additionally, carbon nanotubes, though used in small
quantities, made considerable contributions to impacts such as Water consumption, due

to the use of liquid nitrogen and water during the CNT fabrication process [203,204].

Overall, this case illustrates the trade-off between improved operational
performance and increased environmental burden, due to both high operating energy
demand and the synthesis of complex, nanostructured materials. While the system
performs well in terms of degradation, its sustainability is challenged by its material
and energy footprint, emphasizing the importance of weighing performance gains

against environmental costs.

For energy-intensive AOPs—such as sono, photo, and sonophoto methods—the

128



environmental impact is dominated by electricity consumption, both during operation
and catalyst synthesis. Consequently, under current grid conditions with medium to
high carbon intensity, these processes may be less environmentally favourable than
conventional alternatives like Fenton oxidation. However, their performance is poised

to improve significantly as electricity generation becomes more sustainable.
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Figure 5.4. Detailed distribution of 18 midpoint environmental impacts in the

Sonophoto-based process

Figure 5.5 displays the midpoint characterization of the Fenton-based process.
Distinct from energy-intensive systems, this method demonstrates negligible
environmental burden from operational energy consumption, as the core reaction is
chemically driven and does not require significant external electricity or thermal input.
This is reflected by the minimal contribution of operating energy across all 18 impact
categories. However, the energy required for catalyst synthesis remains a significant
contributor, particularly due to precursor processing steps. More critically, the
environmental footprint of this process is dominated by chemical inputs, especially

ethanol and ethylene glycol, which are widely used as solvents or stabilizers during
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material preparation. These two inputs substantially affect categories such as
acidification and eutrophication-related terms, Ozone formation-related terms, and

Freshwater Resource Scarcity [205].

Hydrogen peroxide, a primary reagent for radical generation in the Fenton process,
contributes modestly to the total impact—most notably in Water consumption—but
does not dominate any specific category. Other reagents such as iron chloride, sodium
hydroxide, and acetic acid show minimal impact contributions, highlighting the

relatively low material intensity of the inorganic components involved.

In summary, while the Fenton process appears environmentally benign from an
energy standpoint, its dependence on high-volume organic chemicals during catalyst
synthesis introduces notable environmental burdens. Process improvements should thus
prioritize solvent replacement or reduction, which could significantly enhance its

sustainability profile without sacrificing performance.
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Figure 5.5. Detailed distribution of 18 midpoint environmental impacts in the Fenton-

based process
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Figure 5.6 presents the midpoint-level environmental impact breakdown of the
electrochemical oxidation process. The most striking finding is the dominant
contribution of platinum (assuming 10,000 hours lifetime, four times the conservative
estimation [206]), which accounts for over 80% of the impact across nearly all
categories. As the anode material in this system, platinum’s extremely high embodied
emissions—stemming from its mining, refinement, and scarcity—lead to significant
burdens in Global Warming, Human and Ecotoxicity, Resource Scarcity, and

Freshwater Eutrophication [160,161].

The second largest contributor is energy used during catalyst synthesis, followed
by operating electricity, which together account for most of the remaining burden. This
shows that while the system may rely less on frequent chemical inputs during operation,

the upstream material intensity and synthesis-related energy demands are substantial.

Although operating electricity is a relatively small contributor in this case compared to
other AOPs, it still meaningfully affects categories. The overall energy consumption
contributes significantly too, such as Ionizing Radiation, Terrestrial ecotoxicity, and

Water Consumption, especially when non-renewable grids are considered.

Among the remaining factors, ethylenediaminetetraacetic acid (EDTA) appears
prominently in the Marine Ecotoxicity category, likely due to its persistence and
chelation behaviour in aquatic systems. Similarly, nickel nitrate has noticeable
contributions in Terrestrial Ecotoxicity and Water Consumption, reflecting its toxicity

profile and manufacturing intensity.

In summary, the electrochemical oxidation process is heavily influenced by the
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environmental cost of platinum use, which dwarfs even energy-related impacts. This
highlights a key trade-off: although such systems may offer high degradation efficiency
and minimal reagent use, their overall sustainability is highly constrained by the choice
of electrode material, reinforcing the need for alternative, lower-impact anode options

in future designs.
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Figure 5.6. Detailed distribution of 18 midpoint environmental impacts in the Electro-

based process

Across the analysed AOP technologies, a clear pattern emerges: energy
consumption—both during operation and catalyst synthesis—is consistently one of the
dominant contributors to environmental impact, especially in sonochemical and photo-
driven processes. This reinforces the importance of considering total energy use rather
than operational performance alone when evaluating sustainability. Additionally, while
the direct impact from the metal content of catalysts is often perceived as minor, the
associated chemical inputs, such as ethanol, play a disproportionately large role in
several impact categories (e.g., human health and ecotoxicity). Ethanol, though

commonly regarded as a benign solvent, can introduce significant burdens due to its
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upstream production and usage volumes. Notably, the use of novel or high-impact
metals such as tungsten and platinum—even in small quantities—can substantially
elevate the environmental footprint, particularly in resource scarcity and toxicity
categories. In contrast, catalysts based on conventional, low-impact metals (e.g., iron
or copper) demonstrate more favourable environmental profiles. These findings suggest
that material selection and process simplification are key levers for reducing the life

cycle burden of AOP technologies.

5.3.3 Life cycle comparison across AOPs

Figure 5.7 presents a sensitivity analysis of GWP as a function of catalyst
reusability for the five AOP technologies evaluated. Across all processes, increasing the
number of reuse cycles significantly lowers CO> emissions per Lire of wastewater
treated, particularly within the first 10-50 cycles, where the most substantial reductions
are observed. This is due to the amortization of emissions associated with catalyst

synthesis across more treated volume.

Among the five, the sono process initially shows the highest GWP at low reuse but
converges closer to the electro process beyond ~5 cycles. In contrast, the Fenton process
consistently achieves the lowest emissions as reuse increases, driven by its inherently
low reliance on energy input and simplified chemical demands. Photo and sonophoto
perform comparably well, especially as catalyst reusability improves, reflecting their

moderate synthesis-related burdens and reasonable energy efficiency.
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This analysis underscores that catalyst durability is a key driver of environmental
sustainability and should be prioritized alongside performance metrics in AOP design.
Processes with higher initial synthesis burdens (e.g., sono and electro) can still be viable
if long-term reuse is ensured. Notably, when the number of reuse cycles reaches 100 or
more, the CO, emissions from most AOPs can be reduced by over 60-80% compared
to single-use scenarios. For example, the GWP of the sono-based process drops from
approximately 0.37 kg CO»/L at first use to below 0.12 kg CO,/L after 100 reuses—
representing a ~70% reduction. Similarly, photo and sonophoto processes show GWP
reductions of over 65% at 100 reuses, while Fenton can achieve up to 90% CO.
mitigation when reused extensively. These findings emphasize that catalyst reusability
is not only economically beneficial but also a powerful strategy for minimizing climate-

related impacts in AOP systems.
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Figure 5.7. Sensitivity analysis of catalyst reusability on CO; emissions in tetracycline
134



degradation via selected AOP processes

The next sensitivity analysis (Figure 5.8) highlights the influence of electricity
source carbon intensity on the overall CO; emissions (GWP) of different AOP
technologies for tetracycline degradation. Among all five processes, sono exhibits the
steepest slope, meaning its GWP is highly dependent on the carbon intensity of
electricity. At very low CO: intensity (e.g., ~50 g-CO2/kWh), the sono process can
achieve emissions below 0.2 kg-CO-/L. However, if powered by a carbon-intensive grid
(~300 g-CO2/kWh), emissions exceed 1.2 kg-CO»/L—roughly a 6-fold increase. This
suggests that while sono may be effective under clean energy grids, its sustainability
deteriorates rapidly under fossil-dominant energy grids. The photo and sonophoto
processes also show strong dependency on electricity emissions, with their GWP values
more than tripling across the tested range. Sonophoto sits between sono and photo in

sensitivity, reflecting its dual reliance on both light and ultrasound energy inputs.

In contrast, the electro process maintains nearly flat GWP performance regardless
of electricity intensity. This is because its total emissions are dominated by the
embodied emissions of materials—particularly platinum, used as the anode. The
minimal slope here implies that even when ultra-low-carbon electricity is available, the
benefit is limited due to the large, fixed emissions burden from materials. This
observation aligns with the breakdown analysis in the previous section, where platinum
alone contributed over 80% of the total impact. Fenton, while also relatively energy-
lean during operation, shows a moderate slope. This is mainly due to its minimal

electricity input combined with chemical reagents like H>O, and Fe-based catalysts. As
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electricity becomes cleaner, the Fenton process benefits incrementally, though the

improvement is not as significant as for sono/photo processes.

Importantly, this analysis underscores that energy-efficient systems are not always
environmentally superior unless the upstream electricity is decarbonized. In cleaner
grid contexts (e.g., <100 g-CO2/kWh), all five processes converge to relatively low
GWP values, allowing room for performance-based selection. However, in current or
fossil-dominant electricity grids, energy-intensive processes may inadvertently negate
their treatment benefits by introducing high indirect emissions. Therefore, matching the
AOP technology to regional electricity contexts is essential. In regions with fossil-
dominant grids, lower-energy or material-efficient methods (e.g., Fenton or modified
electro systems with less critical metals) may be preferable. In contrast, in areas with
renewable-based electricity or when long-term decarbonization is assumed (e.g., under
2050 net-zero targets), high-performance, energy-intensive options like sono or

sonophoto become more justifiable.

This insight supports the need for geo-contextual and time-evolving sustainability

evaluations, rather than fixed conclusions based on laboratory-scale performance alone.
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Figure 5.9 illustrates the endpoint environmental damage of five selected AOP
technologies—sono, photo, sonophoto, Fenton, and electro—based on the ReCiPe 2016
method, categorized into impacts on ecosystems, human health, and resource
availability. Panel (a) presents the assessment under the current UK grid-mixed

electricity scenario, while panel (b) reflects the projected low-carbon electricity
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scenario proposed by the IEA for 2050. The detailed characterized 22 endpoint
environmental impacts of selected AOP processes are presented in the appendix C,

Figures C.1 and C.2, and the normalized results are shown in Tables C.12 and C.13.

Under the current grid mix, the sono-based process demonstrates the highest
environmental damage, particularly in the ecosystems and resource categories, due to
the excessive electricity demand. The photo and sonophoto processes also show notable
impacts across all three damage categories due to their elevated electricity demands and
complex catalyst synthesis procedures, which often involve energy-intensive steps and
organic solvents. Although the photo process performs slightly better than its hybrid or
ultrasound-assisted counterparts, it still suffers from significant upstream emissions
related to chemical usage and material fabrication. In contrast, the Fenton process
shows the lowest damage potential across all three categories. Its relatively low reliance
on external energy input and the use of more conventional reagents results in a notably

smaller environmental footprint under current energy conditions.

When the electricity scenario shifts to the projected IEA 2050 grid-mix, which
emphasizes a decarbonized energy supply, a substantial decrease in endpoint
environmental damage is observed for the sono (52-65%), photo (55-79%), and
sonophoto (36-61%) processes. This demonstrates the high sensitivity of these
electricity-intensive technologies to the carbon intensity of the grid. Under this future
scenario, the environmental gap between the Fenton process and the other AOPs begins
to narrow. However, the electro process still remains among the least favourable options.

This is largely attributed to its reliance on platinum as an anode material, which carries
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an exceptionally high embodied environmental burden, indicating that material-related
emissions are less affected by electricity source improvements. Overall, while grid
decarbonization plays a critical role in improving the sustainability of AOP systems,
this analysis highlights that material selection—especially the avoidance of rare or
high-impact metals—is equally crucial for minimizing damage across human health,

ecosystems, and resource depletion domains.

Each of the three endpoint categories captures a distinct aspect of environmental
harm that extends beyond immediate emissions or resource consumption. Human
health damage accounts for the potential burden of toxic emissions and pollutants that
contribute to diseases, respiratory issues, or carcinogenic effects. In this context,
processes involving solvents like ethanol, hazardous synthesis reagents, or high energy
use (especially from fossil-dominant grids) tend to score poorly. For example, both sono
and electro processes exhibit elevated human health impacts, due to either energy
demands or high-impact materials like platinum. Ecosystem damage, on the other hand,
reflects long-term risks to biodiversity, terrestrial and aquatic ecosystems, and land use
disturbance. The use of ecotoxic or persistent chemicals—such as certain metal salts,
acids, or nanomaterials—can drive this impact. Technologies relying on novel or poorly
degradable materials (e.g., carbon nanotubes or advanced doped catalysts) are
especially prone to higher ecosystem stress. Finally, the resource scarcity indicator
reflects the depletion of non-renewable minerals and fossil resources. Electro and
sonophoto processes score higher here due to their dependency on scarce metals like

platinum or tungsten, which require energy-intensive extraction and processing, often
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from geopolitically constrained sources.

These distinctions emphasize that no single process is optimal across all
sustainability dimensions, and improvements in one domain (e.g., lower energy use)
may inadvertently increase burdens elsewhere (e.g., rare metal use). Thus, integrated
assessments that capture the broader environmental and societal consequences are
essential to inform rational, context-sensitive decisions in advanced oxidation process

(AOP) deployment.

5.3.4 Economic analysis

Figure 5.10 illustrates the hybrid operating costs of five selected AOP technologies,
combining direct costs (electricity and chemical use) with monetized environmental
damage (categorized under human health, ecosystems, and resource depletion) and
policy-related carbon tax cost. This approach allows for a more holistic understanding
of each process’s actual cost by capturing not only market expenditure but also

environmental impact which traditionally ignored in conventional economic analysis.

Among all processes, the electrochemical method exhibits the highest overall cost,
reaching approximately $0.85/L. Strikingly, over 65% of this total comes from the
monetized damage to human health, largely due to the use of platinum electrodes and
associated upstream impacts. While its direct electricity and chemical costs appear

modest, these hidden burdens significantly inflate its societal footprint.

The sono-based process follows with a total cost of around $0.57/L, of which

electricity accounts for roughly 25.7%, and the combined environmental damages add
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nearly $0.38/L. These high values highlight how electricity-intensive systems—despite
strong degradation performance—may become unsustainable under carbon-intensive

grids unless mitigation strategies are introduced.

On the other hand, the Fenton-based process, though slower kinetically,
demonstrates the lowest hybrid cost, at just $0.29/L, with nearly 90% of that stemming
from monetized costs from environmental and relatively minor direct operating cost
due to minimal energy use and relatively benign reagents. The photo and sonophoto

processes present balanced profiles at $0.31 and $0.40/L, respectively.

This hybrid cost analysis demonstrates that relying solely on traditional cost
metrics (e.g., electricity and reagent prices) may lead to underestimation of a
technology’s full impact. By quantifying environmental damages in monetary terms,
decision-makers can directly compare trade-offs and identify technologies that balance
performance, affordability, and long-term sustainability. In this context, photolysis and
Fenton processes emerge as promising options—not only for their economic
affordability but also for their relatively low environmental impact when assessed

comprehensively.
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Figure 5.10. Operating costs of selected AOP processes, accounting for utilities,

chemical use, and monetized environmental impacts

Additionally, carbon tax contributions, although relatively small compared to other
categories, are non-negligible—particularly in the sono and electrochemical processes.
For the electrochemical method, the carbon tax ($0.027/L) adds a measurable burden
due to its upstream energy and material inputs, further compounding its already high
societal cost. In the sono process, the carbon tax component ($0.037/L represents 6.4%
of the total cost) reflects the significant electricity demand, underscoring the sensitivity
of energy-intensive technologies to decarbonization policies. Conversely, the
photolysis and Fenton processes exhibit minimal carbon tax penalties, aligning with
their lower energy consumption and overall environmental impact. These findings
reinforce the importance of integrating carbon pricing into economic evaluations,

especially under scenarios aiming for climate-aligned transitions.
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5.3.5 Social Considerations in Comparative AOP Evaluation

Beyond technical and environmental metrics, the sustainable deployment of
advanced oxidation processes (AOPs) also hinges on their social viability. This includes
factors such as occupational safety, public health implications, accessibility in low-
resource settings, and alignment with principles of equity and fair labour. While these
elements are often overlooked in early-stage technology assessment, they are pivotal

for ensuring a just transition to sustainable water treatment systems.

The sono-based process, particularly when employing nanostructured catalysts
such as TFNs (TiO;-functionalized nanomaterials), introduces concerns in terms of
occupational safety and long-term health impacts. Operators may be exposed to high-
intensity ultrasound fields, which can lead to hearing damage without proper protection.
Moreover, handling and synthesizing nanomaterials raises questions about nanoparticle
release into air or water, posing inhalation or dermal exposure risks to workers.
Although the process may be chemically efficient, these factors could limit its
acceptability in settings without stringent health and safety protocols. Additionally, the
synthesis of these nanomaterials often involves multi-step procedures using chemicals
like ethanol and styrene, some of which are flammable or toxic. This elevates the need
for trained personnel and increases fire and chemical hazard risks, particularly in non-

industrial or decentralized facilities.

Photolysis relies heavily on long-duration hydrothermal synthesis and the use of

nanostructured photocatalysts, which can complicate technology transfer to low-
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resource settings. The process typically requires specialized equipment such as UV
lamps or autoclaves, which demand stable electricity and technical training. The
synthesis procedure often includes alkaline treatments (e.g., NaOH) and carbonaceous
templates (e.g., glucose), raising waste handling and exposure concerns. In terms of
social equity, photolysis systems may be more feasible in urban or centralized plants
with the infrastructure to handle complex materials and operate under controlled
conditions. However, their limited portability and maintenance complexity could pose

challenges for deployment in rural or developing regions.

As a hybrid of the above, the sonophotolysis process inherits many safety and
accessibility issues from both ultrasound and UV systems. The simultaneous use of
multiple high-energy devices increases the need for electrical safety standards,
equipment reliability, and operator training. While the technology might offer
synergistic degradation performance, its complex operational requirements make it less
suitable for informal sectors or low-skill environments. Furthermore, the need for
continuous monitoring and precise control over reaction conditions (e.g., pH, light
intensity, sonication power) demands higher operational sophistication, which may not

be universally available or affordable.

The Fenton process, based on iron salts and hydrogen peroxide, offers several
social advantages. It is low-cost, relatively easy to implement, and operates under mild
conditions without requiring complex infrastructure. These attributes make it more
accessible to decentralized or resource-limited communities. However, chemical

handling still poses risks. Hydrogen peroxide, while common, is reactive and can cause
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skin and eye irritation. Additionally, the iron sludge generated during the process must
be handled properly to avoid secondary pollution or occupational exposure. Despite
these concerns, the Fenton system remains one of the most socially inclusive options
among the evaluated AOPs, especially when simple catalyst regeneration strategies are

adopted.

Electrochemical oxidation processes (EAOPs) are often seen as scalable and
effective, but their social sustainability is highly dependent on material choices. The
use of platinum as an anode, as in the case assessed here, introduces ethical and social
equity concerns tied to rare metal extraction, including labour exploitation, geopolitical
conflicts, and ecosystem disruption in mining regions. Moreover, the high voltage
requirements and potential gas evolution (e.g., oxygen, chlorine) demand strict safety
procedures, including ventilation and electrical insulation, which may not be available
in all operational contexts. The high cost of platinum also limits technology transfer to

low-income areas unless alternative, earth-abundant materials are employed.

Across all technologies, the resilience of the workforce, fair labour conditions, and
technology accessibility play central roles in long-term success. A process that is
environmentally clean but requires rare chemicals or intensive labour under hazardous
conditions may fail to gain community acceptance or regulatory approval.
Incorporating life cycle social analysis (LCSA) in future studies would help quantify

these dimensions more systematically.
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5.4 Discussion and outlook

This chapter has demonstrated a comparative life cycle and economic evaluation
of five representative AOPs for tetracycline degradation. While the results provide
valuable insights into environmental trade-offs, it is important to reiterate that the
primary objective of this study was not to declare a singular “best” AOP technology,
but rather to explore how different processes perform from an environmental and
economic perspective under standardized assessment criteria for a particular task, the
degradation of the micropollutant tetracycline. Given the vast number of AOP
configurations and catalyst formulations in literature, any attempt to rank them
definitively would overlook the diversity of conditions, system scales, and research
scopes. Instead, this work offers a framework for performance assessment that extends
beyond operational performance, aiming to incorporate broader sustainability

considerations often neglected in conventional evaluations.

The findings clearly indicate that while sonochemical processes tend to exhibit the
fastest degradation rates, their environmental performance is heavily dependent on
electricity input. In scenarios where carbon-intensive grids are in place, the sono-based
process can result in the highest global warming potential (GWP) among the five
technologies evaluated. In contrast, Fenton-like processes, although slower,
demonstrated lower overall environmental footprints under current energy systems, due

to minimal energy input and the use of simpler reagents.

One of the most impactful insights from this study is the recognition that

environmental damage does not scale linearly with operational performance. For
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instance, the marginal improvements in operational performance often pursued through
the use of novel or complex catalyst systems may incur significant environmental
burdens, particularly through energy-intensive synthesis routes or the use of scarce or
toxic materials. Therefore, this work advocates a more balanced research focus: one
that weighs performance gains against the life cycle impacts of catalyst production and
operation. The use of ethanol—typically considered a benign solvent—was found to be
a major contributor to environmental burdens, reinforcing the need to scrutinize even

"commonplace" chemicals in sustainability evaluations.

Despite the contextual nature of process viability, several trends emerged that offer
generalizable recommendations. Sonochemical and photochemical systems are more
viable in low-carbon electricity scenarios, such as those anticipated in future grid
projections. Conversely, under current grid mixes, Fenton-based systems may be more
favourable due to their limited energy demands. The electrochemical process, while
promising, hinges critically on the choice of electrode materials; using precious metals
like platinum significantly elevates the embodied environmental and economic costs.

Sustainable electrode alternatives must therefore be a priority in future development.

To improve the environmental profile of all catalyst-dependent processes,
simplifying synthesis routes, minimizing unnecessary precursor use, and improving
catalyst reusability are crucial. For sono-based systems in particular, enhancing
cavitation efficiency—such as through reactor design optimization or intelligent
deployment of cavitation agents—will be essential to reduce energy consumption per

unit pollutant degraded.
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While each AOP technology presents its own environmental and economic profile,
their social sustainability varies widely. Simpler, low-energy systems like the Fenton
process offer broader accessibility and lower operational risk, whereas advanced
systems relying on nanomaterials or rare metals may raise concerns related to
occupational safety, equity, and ethical sourcing. A comprehensive sustainability
assessment must therefore extend beyond metrics of degradation and cost to include

social implications such as safety, material justice, and deployment fairness.

Nevertheless, this study is not without limitations. The end-of-life treatment of
catalysts was not included in the LCA boundaries, due to the lack of consistent data and
the variability in disposal practices. Although its exclusion may lead to some
underestimation of environmental impacts, its influence is expected to be smaller than
those from operating inputs in many cases. Relying on data from a single or limited
number of studies introduces uncertainty and potential bias into the LCA/TEA results.
This limitation may affect the representativeness of the inventory data (e.g., energy
consumption, material use, catalyst lifetime) and consequently influence the accuracy
and generalizability of the environmental and economic impacts reported. To mitigate
this, sensitivity analyses were conducted where possible to assess the influence of key
assumptions and data variability on the final outcomes. Future work should prioritize
integrating broader datasets, especially for industrial-scale processes, to enhance the
robustness of the analysis. Furthermore, several novel or complex chemical inputs used
in catalyst synthesis were not available in the Ecoinvent database. Where possible,

similar substitutes were used, or the contributions were excluded via a cut-off approach
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if their quantities were deemed negligible. However, these choices may introduce minor
uncertainty into the analysis. Lastly, while sensitivity analysis was performed on
catalyst reusability, the true reusability in practical settings remains uncertain,
especially for systems with high degradation potential but low long-term stability. This
remains a challenge not just for this study but for the broader LCA community in

assessing lab-scale technologies with limited durability data.

Going forward, expanding LCA databases to include emerging materials,
integrating end-of-life modelling, and establishing standardized experimental reporting
for sustainability metrics will be essential to close the gap between environmental
modelling and experimental development. More importantly, it is hoped that the
framework demonstrated here can guide researchers and policymakers toward AOP
strategies that are not only technically effective but also environmentally responsible

and economically realistic.

5.3 Conclusion

This chapter conducted a standardized life cycle and economic comparison of five
AQP technologies—sonolysis, photolysis, sonophotolysis, Fenton-like oxidation, and
electrochemical oxidation—for tetracycline degradation, using a unified 90% removal

target per 1 L of wastewater at 40 mg/L.

Despite offering the highest degradation rate, the sono-based process incurred the
highest CO2 emissions when operated under the current UK grid, and its electricity
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consumption contributed over 2/3 of the impact of many environmental categories.
Conversely, the Fenton process, with the slowest kinetics, had nevertheless the lowest
carbon footprint, due to negligible electricity requirements and reliance on simpler
reagents. The electrochemical process showed the highest total environmental burden,
with platinum anodes contributing over 80% of emissions in multiple midpoint
categories, including resource scarcity and toxicity. In contrast, environmental burdens
in photolysis and sonophotolysis were primarily driven by electricity and catalyst

synthesis, with ethanol use contributing up to 30—40% of toxicity-related categories.

The sensitivity analysis highlighted several critical drivers: catalyst reusability
significantly affects life cycle emissions; green electricity greatly enhances the
sustainability of energy-dependent AOPs; and the choice of synthesis route and input
chemicals can outweigh the impact of the active metal itself. Incorporating
environmental endpoint monetization alongside direct utility and chemical costs
enabled a more comprehensive understanding of each process’s true economic impact.
The inclusion of carbon tax further highlights the vulnerability of energy-intensive
processes to climate-related policies, reinforcing the comparative advantage of low-

emission AOPs in future sustainable applications.

Ultimately, this study demonstrates that operational performance alone is an
insufficient measure of sustainability. Instead, the life cycle, environmental and
economic trade-offs must be considered to inform responsible technology development

and deployment of AOPs.

151



Chapter 6: Conclusions and perspectives
6.1 Summary of the PhD study and key contributions
6.1.1 Summary of main work accomplished

This DPhil research systematically explored the development and environmental
assessment of AOPs for the degradation of tetracycline, with a primary focus on sono-
based technologies and broader cross-comparative sustainability evaluations. The work

can be divided into three major phases, corresponding to the core chapters of the thesis.

In the first phase (Chapter 3), a novel sono-based AOP system was designed,
developed, and experimentally validated. The system featured a bespoke pulsed
sonoreactor in conjunction with a specially synthesized TFNs catalyst. Detailed
experimental investigations were conducted to evaluate the effects of catalyst dosage,
acoustic parameters, radical generation, solution chemistry, and operational
configurations. The process achieved rapid tetracycline degradation, with up to 90%
removal in just 6 minutes under optimized conditions, and demonstrated improved
energy efficiency compared to conventional sonocatalytic setups. The study also
showed synergistic effects with co-treatments such as hydrogen peroxide and visible

light.

The second phase (Chapter 4) extended this investigation through a system-level
environmental assessment using LCA. Following ISO 14040/44 standards, the
environmental performance of different reaction scenarios—such as blank cavitation,

H>0»-assisted cavitation, and TFNs-assisted cavitation—was quantitatively compared.
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Critical environmental hotspots were identified, particularly emissions associated with
electricity use and catalyst synthesis. A continuous-flow sonoreactor using metal foam
as a cavitation-enhancing structure was subsequently introduced and evaluated as a
low-impact alternative. Although this configuration exhibited slower reaction kinetics,
it reduced total CO> emissions by 29% by eliminating the need for complex catalyst
synthesis, highlighting the importance of holistic environmental optimization beyond

operational performance alone.

The third phase (Chapter 5) expanded the scope of analysis to include a cross-
technology benchmarking study of five AOP technologies: sonolysis, photolysis,
sonophotolysis, Fenton-like oxidation, and electrochemical oxidation. These
technologies were assessed under harmonized conditions using a unified functional unit
(treatment of 1 L of wastewater to 90% tetracycline removal). Environmental impact
was quantified using the ReCiPe 2016 method at both midpoint and endpoint levels,
capturing 18 detailed impact categories and aggregated damage across human health,
ecosystems, and resource scarcity. The analysis revealed that the fastest process (sono-
based) had the highest environmental burden under current grid electricity (1.2 kg-
COy/L), while the Fenton process, though slower, had the lowest CO; emissions (0.478
kg-CO»/L) due to its minimal energy demand. The electrochemical process was heavily
penalized by the environmental cost of platinum anodes, which contributed over 80%

of total impact in several categories.

To complement the LCA, a detailed economic evaluation was also conducted,

focusing on operating costs. A hybrid costing approach was adopted by monetizing
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environmental damage indicators from the endpoint LCA results. This allowed for a
more comprehensive assessment of true operating costs, beyond direct expenditure on
chemicals and utilities. Notably, monetized environmental costs comprised up to 55%
of total process cost in some cases, demonstrating the economic relevance of

sustainability trade-offs.

Collectively, the work accomplished in this DPhil bridges the gap between
laboratory-scale AOP development and real-world sustainability assessment. It
contributes a modular framework that integrates experimental data, environmental
modelling, and cost analysis—offering both methodological rigour and practical

guidance for the development of next-generation water treatment technologies.

6.1.2 Key learnings and outcomes

This DPhil study provided several important learnings that extend beyond technical
performance, offering insights into both experimental development and system-level
sustainability assessment of AOPs. At the core, it underscored that reaction efficiency
alone and operational performance in general is an insufficient metric for evaluating
wastewater treatment technologies—particularly when the ultimate goal is practical,

environmentally responsible, and economically viable implementation.

From the experimental perspective, a key takeaway was the realization that
optimized reactor design—particularly the integration of cavitation-enhancing

materials—can significantly influence degradation efficiency. The tailored sonoreactor
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developed in this study demonstrated that cavitation intensity, agent geometry, and
acoustic field parameters can be strategically manipulated to achieve high degradation
rates with reduced energy input. A more effective reactor design could further enhance
degradation rates, thereby lowering the energy consumption and associated with carbon
emissions per unit of treated wastewater. Future reactor designs could focus on several
key improvements to enhance degradation efficiency. Firstly, employing a multi-
transducer configuration operating at dual frequencies could generate a more uniform
and intense cavitation field. Secondly, immobilizing the catalyst onto fixed surfaces
within the reactor would place it directly at the cavitation source, maximizing its
activity while simplifying recovery and reuse. Finally, transitioning from a batch to a
continuous-flow system with optimized internal geometry would improve mixing and
mass transfer, significantly reducing the energy input and treatment time per unit
volume of wastewater. Such improvements would likely reinforce the main conclusions
of this study, particularly regarding the trade-offs between degradation efficiency,
energy use, and material-related environmental impacts. The study also highlighted the
performance potential of TFNs, not only in terms of catalytic activity but also

reusability, although practical reuse remains a challenge.

A critical system-level learning emerged from the LCA. While sono-based
processes yielded rapid tetracycline degradation, they often carried a higher
environmental burden due to intensive electricity usage, particularly under
conventional fossil-dominated grid conditions. This revealed a broader lesson:

technologies with better operational performance may still underperform
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environmentally, unless paired with green electricity or low-impact synthesis routes.
Conversely, slower yet simpler methods—such as Fenton-based processes—
demonstrated significantly lower emissions and environmental impacts, due to their

reliance on basic, well-understood reagents and low energy demand.

Another major insight was the disproportionate contribution of catalyst synthesis—
especially chemical solvents like ethanol and complex reagents—to overall
environmental burden. In several cases, the environmental impact of the synthesis stage
exceeded that of the active catalytic metal itself. This highlighted the need for designing
synthesis routes with minimal material intensity, reduced heating requirements, and

greater process efficiency.

The study also affirmed that reusability, scalability, and raw material selection play
pivotal roles in determining the life cycle footprint of AOPs. Sensitivity analysis
showed that improving catalyst reusability could reduce CO, emissions by over 70%,
while substituting rare metals (e.g., Pt) with abundant alternatives significantly lessened

the impacts of resource scarcity and toxicity.

Finally, the incorporation of economic monetization of endpoint environmental
impacts enabled a more comprehensive understanding of true process costs. This
integration bridged the often-separated domains of technical performance,
environmental sustainability, and economic decision-making, providing a multi-

dimensional framework for future research and industrial practice.

Overall, this research advocates for a paradigm shift—from optimizing AOPs
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purely for efficient pollutant removal, toward designing systems that are energy-
efficient, material-conscious, and environmentally justified throughout their life cycles.
This holistic approach represents an important contribution to the sustainable

development of water treatment technologies.

6.2 Limitations and future perspectives
6.2.1 Limitations

While this DPhil study provides a novel and systematic integration of experimental,
environmental, and economic assessments for AOPs, several limitations must be

recognized to properly contextualize its findings and encourage future improvements.

First, the LCA conducted in Chapters 4 and 5 excluded the end-of-life (EoL)
treatment of catalysts and reactors. This omission was due to the lack of consistent and
standardized data on catalyst disposal pathways, recycling rates, and system
decommissioning practices. While this boundary truncation is common in lab-scale
LCA studies and likely introduces only marginal errors compared to operational-phase

emissions, its inclusion would yield a more complete environmental picture.

Second, several chemical inputs used in catalyst synthesis—particularly novel
reagents or materials developed in the laboratory—were not available in the Ecoinvent
database. In these cases, similar compounds were substituted, or cut-off criteria were
applied when quantities were small. Although this approach aligns with standard

practice in early-stage LCA, it introduces some uncertainty into impact calculations and
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highlights the need for more comprehensive LCA databases that capture emerging

materials.

Third, while sensitivity analyses were performed to evaluate catalyst reusability,
the actual durability and reuse cycles of the catalysts are highly uncertain at this stage.
Real-world operational longevity may vary widely based on system configuration,
fouling, and catalyst deactivation mechanisms. As such, some assumptions were
necessary for modelling reusability, which may not reflect performance under industrial

or long-term operating conditions.

Additionally, although the cross-comparison of AOP technologies was conducted
under harmonized functional units and degradation targets, inherent differences in
experimental reporting (e.g., lab vs. pilot scale, reactor geometry, or local grid
conditions) may still introduce inconsistencies. Moreover, some minor upstream
impacts, such as land use for chemical production or indirect emissions from

infrastructure, were not included.

Finally, while this work integrates environmental and economic metrics, broader
sustainability dimensions—such as social acceptability, regulatory feasibility, or risk of
toxic by-product formation—were outside the scope of this study but remain critical for
real-world technology adoption. Despite these constraints, the methodological
framework and insights developed here remain robust and transferable, offering a
foundation for further investigation and refinement as data availability and technology

maturity improve.
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6.2.2 Future work

The findings and limitations of this DPhil study open several promising avenues
for future research and development. These directions can support the evolution of
AOPs from high-potential lab-scale systems into environmentally and economically

viable solutions for large-scale water treatment.

1. Comprehensive Life Cycle Inventory Expansion:

As identified in this study, the limited availability of emerging materials in existing
LCA databases introduces uncertainties. Future work should prioritize the development
and integration of detailed LCI data for novel chemicals, nanomaterials, and synthesis
methods commonly used in AOPs. Collaborative efforts between LCA researchers and

material scientists can help close this data gap and improve impact accuracy.

2. Inclusion of End-of-Life and By-Product Analysis:

Future studies should include the end-of-life stage of catalyst and reactor systems. This
includes potential regeneration, recycling, or safe disposal scenarios, along with their
associated impacts. Furthermore, a detailed fate analysis of degradation by-products is
needed to assess potential toxicity or secondary pollution—an important factor in

ensuring that environmental burden is not simply shifted downstream.

3. Integration of Social and Regulatory Dimensions:
While this thesis emphasizes environmental and economic metrics, future work should
include broader sustainability assessments encompassing social, health, and policy

dimensions. Public acceptance, regulatory compatibility, and occupational safety of
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different AOPs—especially those involving reactive intermediates or metal-based
catalysts—should be studied using qualitative and quantitative tools (e.g., social LCA

or multi-criteria decision analysis).

4. Technology Scale-Up and Real-World Application:

The performance of AOPs in real wastewater matrices can differ significantly from
controlled lab experiments, due to matrix complexity, fouling, and dynamic flow
conditions. Therefore, pilot-scale testing under realistic operational settings is essential.
This will also allow for better estimation of reusability, maintenance cycles, and energy
integration opportunities—crucial for scaling from lab concepts to commercial
technologies. The life cycle and economic assessments in this work are based on lab-
scale data, which introduces inherent uncertainties in scaling up processes where energy
and mass transfer efficiencies may change. Furthermore, relying on data from a limited
number of studies adds variability to inventory assumptions. These limitations
emphasize that the results are most suitable for comparative analysis rather than
absolute prediction, highlighting the need for pilot-scale validation and broader data

integration in future studies.

5. Reactor and Process Optimization:

In sono-based systems, particular attention should be paid to optimizing reactor design
to enhance cavitation efficiency, minimize energy consumption, and improve mass
transfer. Design improvements such as continuous-flow configurations, modular
reactor systems, and cavitation zone control can enhance both degradation performance

and sustainability. Integration with low-carbon energy sources remains essential for
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minimizing environmental impacts. To achieve this, future system designs should
prioritize operational flexibility—scheduling high-energy processes during periods of
high renewable availability—and optionally incorporate energy storage or hybrid
renewable systems to address intermittency. While implementation poses
infrastructural challenges, these strategies are critical for realizing the low-carbon

benefits demonstrated in this study.

6. Effects of Complex Wastewater Matrices:

While this study focused on single contaminants, real wastewater contains mixtures of
compounds that may compete for reactive species or active sites, potentially reducing
the removal efficiency of target pollutants. This suggests that the performance observed
under ideal conditions may represent a best-case scenario, and further research under
complex, realistic conditions is essential for accurately evaluating the practical

applicability of the proposed AOP systems.

7. Catalyst reusability:

To move from these necessary assumptions to more accurate data, future work should
focus on: (1) Long-Term Stability Testing: Conducting extended reuse experiments to
empirically determine the catalyst's lifespan, tracking the gradual deactivation rate and
identifying the primary deactivation mechanisms (e.g., fouling, leaching, structural
change). (2) Realistic Recovery Studies: Quantifying the actual mass loss of catalyst

during a realistic recovery and regeneration process scaled from the lab.

8. Hybrid and Modular Treatment Systems:
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Future research could explore hybrid combinations of AOPs with biological or physical
treatment methods, aiming to create modular systems that can adapt to varying pollutant
loads and regulatory requirements. Process integration with energy recovery or resource
recovery units (e.g., nutrient reclamation) may further enhance sustainability and

circularity.

9. Development of Decision-Making Tools:
Building on the TEA/LCA integration in this study, the creation of user-friendly
decision-support tools can help stakeholders—from engineers to policymakers—
evaluate the trade-offs between different AOP technologies in specific contexts. These
tools could incorporate regional electricity mix, chemical availability, water quality,
and sustainability goals.

Overall, future work should move toward a more holistic and scalable evaluation
of AOP systems, combining robust environmental and economic modelling with
practical engineering design and policy awareness. These directions will help ensure

that AOPs contribute effectively and responsibly to global water pollution challenges.
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Appendix A: Supplementary Information for Chapter 3

Figure A.1. TEM image of TiO; fractured nano-shell (to confirm the shape matches that

in the previously reported paper [100])

Figure A.2. The most recent photo of the sonoreactor (a) internal view of the transducer
(b) external view (adapted from [85]). The cylindrical reactor has an internal height of
12 cm and a diameter of 16 cm, with a wall thickness of 1 cm. An ultrasonic transducer
(4 cm in diameter, 3 cm in height) is mounted on the reactor. The transducer is cooled
by a water jacket with a total volume of 800 mL.
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Figure A.3. The effect on sonocatalytic performance of the ratio of PS to titanium

butoxide during catalyst preparation (Reaction conditions: Table 3.1)
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Figure A.4. Tetracycline degradation in six minutes with basic case TFNs and 2% Fe-
doped TFNs (Reaction conditions: Table 3.1)

In this case, Titanium butoxide (Reagent grade, 97%, Sigma) and Iron (III) chloride
hexahydrate (Sigma), which accounted for two mol% of Iron, were co-added dropwise

(0.2:2 in ethanol v/v) to the prepared PS solution under stirring at 400 RPM.
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Appendix B: Supplementary Information for Chapter 4

Table B.1. Benchmarking of energy consumption of equipment and chemicals used
during catalyst synthesis and reuse. The power-based unit is required to multiply by the

operational time indicated in each study.

Hypothesis space used (%) | Energy Unit
Furnace [207] 10 300 W/L at 1200 C

Heating oven [208] 10 1.4 kWh/kg
Vacuum Dryer [208] 10 5.8 kWh/kg

Stirrer [209] 30 10 W/L

US bath [210] 30 20 W/L
Centrifuge [211] 30 0.01 kWh/L

Wash 3 times for all cases

Filtration [212] 3 times for all cases 0.001 kWh/L
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Table B.2. Experimental parameters of continuous-flow sonoreactor

Residence time (min) 1
Volume (mL/min) 0.314
Metal sheet size (L*W*T in mm) 28,4,1.25
Number of cycles 100
Burst period (ms) 2.381
Frequency (kHz) 840
Duty cycle (%) 5
Input power (Watt) 197
Current (A) 4.7
Phase angle 20
Electric Power (W) 43

AOP Treatment (System Boundaries)

| Energy Consumption |

|

Catalyst Synthesis Reaction Operation Catalyst Filtration

[

| Water Consumption |

1L Tetracycline
of 40 mg/L

1L Tetracycline
at 90% removal

| Chemical Consumption |

| Metal Consumption I—' Oﬂ;r;. d(;:a;l:;d ©:

Figure B.1. System boundaries of Chapter 4 and Chapter 5.
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Figure B.2. CO; intensity (kg-CO2/kWh) of various electricity generation sources [163].

Including natural gas combined cycle (NGCC), UK grid average, photovoltaic,
geothermal, projected IEA 2050 mix, and renewable sources such as wind, nuclear, and
hydroelectric (river). The figure illustrates the dramatic reduction in carbon intensity
achievable through the transition to low-carbon and renewable electricity, highlighting

the environmental benefits of green energy adoption in energy-intensive processes.
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Table B.3. Life cycle inventory of reaction stage for Batch reactor

Batch processes no cata H202 cata
Volumn (ml) 3 3 3
Kinetic (min-1) 0.012 0.049 0.081
time (min) 191 47 28
Time (h) for 1L 1061.11 261.11 155.56

power (kW) 0.021 0.021 0.021
energy 22.28 5.48 3.27
H202 usage (g) 0.00 0.01 0.00
catalyst (g/L) 0.00 0.00 0.50

Table B.4. Life cycle inventory of reaction stage for continuous reactor

Continous processes no cata Ti ZnO
Volumn (ml) 0.314 0.314 0.314
Kinetic (min-1) 0.0887 0.63 1
time (min) 26 3.6 2.3
Time (h) for 1L 1380.04 191.08 122.08
power (kW) 0.043 0.043 0.043
energy 59.34 8.22 5.25

Table B.5. Life cycle inventory of catalyst (TFNs) synthesis steps (Empty cells indicate

that the information is not applicable or not material to the context)

Chemlce:foiezﬁznmental Volume (ml) | density (g/ml) | concentration (M) molar mass mass (g) Time (h) energy (KWh)
PS bead
Styrene 5 0.9 4.5
DI water 40 1 40
stir 0.33 0.0005
potassium persulfate 5 0.16 270 0.216
heat 0.62
Total 50
TFNs
ethanol 550 433.95
Sonication 0.17 0.0067
Titanium butoxide mixture 110
ethanol 100 78.9
Titanium butoxide 10 340 10
stir 2 0.044
ethanol washing 225 177.53
centrifuge 0.033
dry 100 0.86
calcination 3 0.056
Filtration 0.003
Final TFNs Production 2.35
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Appendix C: Supplementary Information for Chapter 5

Table C.1. The 22-endpoint environmental impact category indicators

(Resources: Red; Human health: Blue; Ecosystems: Black) [117]

Nomenclature | Midpoint impact category Indicators
FRS Fossil resource scarcity USD2013
MRS Mineral resource scarcity USD2013
WC Water consumption, Human health DALY
HNCT Human non-carcinogenic toxicity DALY
HCT Human carcinogenic toxicity DALY
FPM Fine particulate matter formation DALY
OFH Ozone formation, Human health DALY
IR lonizing radiation DALY
SOD Stratospheric ozone depletion DALY
GW Global warming, Human health DALY
WCAE Water consumption, Aquatic ecosystems species.yr
WCTE Water consumption, Terrestrial ecosystem species.yr
LU Land use species.yr
MEt Marine ecotoxicity species.yr
FEt Freshwater ecotoxicity species.yr
TEt Terrestrial ecotoxicity species.yr
ME Marine eutrophication species.yr
FE Freshwater eutrophication species.yr
TA Terrestrial acidification species.yr
OFTE Ozone formation, Terrestrial ecosystems species.yr
GWFE Global warming, Freshwater ecosystems species.yr
GWTE Global warming, Terrestrial ecosystems species.yr
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Table C.2. Comparison of Advanced Oxidation Processes: Kinetic Performance (first-

order), Treatment Time, and Energy Consumption per Litre (Empty cells indicate that

the information is not applicable or not material to the context)

Processes Reaction Kinetic Time for 90% Time required |Power| Energy | Catalyst
volumn (mL) | (min-1) | conversion (min) for 1L (h) (W) | (KWh/L) | (g/L)
Sono 3 0.091 25 138.89 21 2.92 0.5
Photo 100 0.07404 32 5.33 155 0.83 1.5
sonophoto 300 0.0472 50 2.78 440 1.22 0.7
Fenton 30 0.01767 132 73.33 0 0.5
Electro 200 0.0828 28 2.33 38.2 | 0.09 0.06

Table C.3. Life cycle inventory of catalyst (photo) synthesis steps (Empty cells indicate

that the information is not applicable or not material to the context)

Photo Volume (ml) | density (g/ml) | concentration (M) | molar mass | mass (g) | Time (h) | Power | energy (kWh)
TiO2 1
Sodium hydroxide 30 10 40 12
stir 2 0.002
Autoclaved 0.42
HCI 200 0.1 36.5 0.73
DI water 199.27
Centrifuge 0.0077
Washing DI water 30 1 30
Vaccum Dryer 0.29
Calcination 6 0.026
DI water 70 1 70
Copper sulfate 160 0.192
NaOH 24 1 40 0.096
Glucose 2
Stir 1 0.0023
thermal bath 12 78 1.24
wash DI water 22.88
wash DI ethanol 22.88
dry 0.13
Filtration 0.003
Catalyst synthesized 217
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Table C.4. Life cycle inventory of catalyst (sonophoto) synthesis steps (Empty cells

indicate that the information is not applicable or not material to the context)

Sonophoto Volume (ml) | density (g/ml) | concentration (M) | molar mass mass (g) Time (h) Power | energy (kWh)
tungstate salt 1
CNT 0.070
DI water 60
stir 0.42 0.0008
lactic acid 1 1.2 90 1.2
stir 0.67 0.0013
autoclave 0.86
Ethanol 68.11
centrigfuge 0.0043
autoclave 0.032
Catalyst synthesized 0.77

Table C.5. Life cycle inventory of catalyst (fenton) synthesis steps (Empty cells indicate

that the information is not applicable or not material to the context)

Fenton Volume (ml) | density (g/ml) | concentration (M) | molar mass mass (9) Time (h) | Power | energy (kWh)
Iron chloride 0.43
sodium citrate dihydrate 0.2
Acetic acid 0.84
Sodium hydroxide 0.48
Ethylene glycol 20 1.1 22.2
stir 1 0.0008

autoclave 0.34
Wash Ethanol 58.5

Dry 0.11
Catalyst synthesized 0.25

Table C.6. Life cycle inventory of catalyst (electro) synthesis steps (Empty cells

indicate that the information is not applicable or not material to the context)

Electro Volume (ml) | density (g/ml) | concentration (M) | molar mass mass (g) Time (h) | Power | energy (KWh)
calcium nitrate tetrahydrate 1.64
iron(ll) nitrate nonahydrate 9.12
nickel(ll) nitrate hexahydrate 1.98
DI water 100 100
EDTA 5.84
citric acid 8.4
Heating to 80 0.02
12h stir 12 0.05
12h heat loss 12 0.43
drying 7.32
Calcinate 700 0.03
Calcium salt 1.45
sodium sulfate 0.05 142 71
C 100 use 0.00
Pt 100 use 0.00
Catalyst synthesized 1.45
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Table C.7. Midpoint environmental impact of Sono-based process under current UK grid electricity scenario

Unit Total Styrene | Potassium sulfate | Titanium precursor | Ethanol | Water | Energy, synthesis | Energy, operating
kg CO2 eq GW | 1.20E+00 | 3.62E-03 5.04E-05 1.03E-02 1.84E-01 | 4.63E-06 1.07E-01 8.97E-01
kg CFClleq [ SOD | 5.70E-07 | 3.38E-10 1.74E-11 4.04E-09 1.14E-08 | 4.19E-12 5.88E-08 4.95E-07
kBq Co-60eq| IR [ 6.55E-01 | 3.41E-05 1.90E-06 3.94E-04 2.87E-03 | 3.07E-07 6.92E-02 5.83E-01
kg NOxeq | OFH | 2.17E-03 | 7.36E-06 1.88E-07 2.71E-05 4.06E-04 | 1.09E-08 1.83E-04 1.54E-03
kg PM2.5eq | FPM | 7.28E-04 | 4.37E-06 1.73E-07 2.02E-05 1.54E-04 | 1.20E-08 5.83E-05 4.91E-04
kg NOxeq | OFT | 2.30E-03 | 8.01E-06 1.93E-07 2.77E-05 4.72E-04 | 1.13E-08 1.90E-04 1.60E-03
kg SO2 eq TA | 2.07E-03 | 1.06E-05 4.79E-07 4.76E-05 4.45E-04 | 3.00E-08 1.66E-04 1.40E-03
kg P eq FE | 1.80E-04 | 6.44E-07 2.66E-08 6.47E-06 7.09E-05 | 2.08E-09 1.09E-05 9.16E-05
kg N eq ME | 2.05E-05 | 4.95E-08 1.54E-09 2.71E-07 1.28E-06 | 1.61E-10 2.01E-06 1.69E-05
kg 14-DCB | TEt | 2.25E+00 | 8.65E-03 1.25E-03 2.43E-02 4.95E-01 | 6.86E-05 1.82E-01 1.54E+00
kg 1,4-DCB FEt | 3.22E-02 | 6.12E-05 1.17E-05 1.18E-03 5.39E-03 | 6.75E-07 2.72E-03 2.29E-02
kg 14-DCB | MEt | 4.13E-02 | 8.37E-05 1.53E-05 1.66E-03 7.05E-03 | 8.83E-07 3.45E-03 2.91E-02
kg 1,4-DCB | HCT | 4.15E-02 | 1.09E-04 6.52E-06 5.32E-03 6.41E-03 | 5.17E-07 3.14E-03 2.65E-02
kg 1,4-DCB | HNCT | 5.76E-01 | 1.51E-03 2.15E-04 1.10E-02 9.43E-02 | 1.34E-05 4.98E-02 4.19E-01
m2acropeq | LU | 1.06E-01 | 3.95E-05 2.99E-06 4.62E-04 2.07E-03 | 1.15E-07 1.10E-02 9.24E-02
kg Cueq MRS | 2.89E-03 | 4.20E-06 8.67E-07 4.98E-04 4.28E-04 | 5.56E-08 2.08E-04 1.75E-03
kg oil eq FRS | 4.83E-01 | 2.07E-03 1.27E-05 2.28E-03 1.42E-01 | 1.09E-06 3.57E-02 3.01E-01
m3 WC | 6.18E-03 | 3.47E-05 8.29E-07 7.63E-05 1.36E-03 | 9.23E-06 4.98E-04 4.20E-03
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Table C.8. Midpoint environmental impact of Photo-based process under current UK grid electricity scenario

Unit Total | TiO2 nanoparticle | NaOH HCl | Water, deionised | Copper salt | Glucose | Ethanol | Energy, synthesis | Energy, operating
kg CO2 eq GW [ 9.52E-01 1.83E-02 4.37E-02 | 1.75E-03 1.72E-04 5.32E-04 [ 2.09E-03 | 1.95E-02 6.06E-01 2.60E-01
kg CFCll eq | SOD [ 5.41E-07 4.19E-09 4.41E-08 | 2.40E-09 1.58E-10 5.06E-10 | 1.08E-08 | 1.12E-09 3.34E-07 1.43E-07
kBqCo-60eq| IR | 5.69E-01 5.03E-04 4.87E-03 | 5.09E-04 1.54E-05 4.22E-05 | 1.86E-04 | 2.99E-04 3.94E-01 1.69E-01
kg NOxeq | OFH | 1.70E-03 3.98E-05 1.17E-04 | 3.93E-06 3.60E-07 4.13E-06 | 5.72E-06 | 4.15E-05 1.04E-03 4.47E-04
kg PM2.5eq | FPM | 6.22E-04 2.61E-05 8.94E-05 | 4.19E-06 4.85E-07 7.92E-06 | 3.50E-06 | 1.61E-05 3.32E-04 1.42E-04
kg NOxeq | OFT | 1.77E-03 4.19E-05 1.19E-04 | 4.12E-06 3.73E-07 4.22E-06 | 5.95E-06 | 4.87E-05 1.08E-03 4.63E-04
kg SO2 eq TA | 1.67E-03 6.66E-05 1.61E-04 | 1.17E-05 1.30E-06 2.45E-05 | 1.10E-05 | 4.70E-05 9.46E-04 4.06E-04
kg P eq FE | 1.28E-04 6.83E-06 2.04E-05 | 1.14E-06 6.45E-08 2.58E-06 | 8.99E-07 | 7.65E-06 6.18E-05 2.65E-05
kg N eq ME | 2.01E-05 2.94E-07 1.83E-06 | 1.67E-07 6.13E-09 4.31E-08 | 1.35E-06 | 1.25E-07 1.14E-05 4.89E-06
kg 14-DCB | TEt | 1.98E+00 3.49E-02 1.93E-01 | 1.64E-02 1.16E-03 1.92E-01 | 1.29E-02 | 4.67E-02 1.04E+00 4.45E-01
kg 1,4-DCB FEt | 2.86E-02 1.21E-03 2.29E-03 | 1.81E-04 1.14E-05 2.13E-03 | 1.42E-04 | 5.73E-04 1.55E-02 6.62E-03
kg 14-DCB | MEt | 3.66E-02 1.70E-03 3.02E-03 | 2.37E-04 1.51E-05 2.73E-03 | 1.76E-04 | 7.46E-04 1.96E-02 8.41E-03
kg 14-DCB | HCT | 3.49E-02 5.21E-03 2.87E-03 | 1.93E-04 1.83E-05 2.37E-04 | 1.45E-04 | 6.68E-04 1.79E-02 7.66E-03
kg 14-DCB | HNCT | 5.15E-01 1.22E-02 5.10E-02 | 3.55E-03 2.46E-04 3.11E-02 [ 2.59E-03 | 9.87E-03 2.83E-01 1.21E-01
m2acropeq | LU [ 9.17E-02 4.70E-04 1.05E-03 | 6.39E-05 3.86E-06 6.70E-05 | 6.55E-04 | 2.01E-04 6.24E-02 2.68E-02
kg Cueq MRS | 2.49E-03 4.80E-04 1.52E-04 | 1.31E-05 1.21E-06 9.50E-05 [ 1.24E-05| 4.51E-05 1.18E-03 5.07E-04
kg oil eq FRS [ 3.25E-01 7.68E-03 1.06E-02 | 5.41E-04 4.08E-05 1.33E-04 | 4.87E-04| 1.52E-02 2.03E-01 8.71E-02
m3 WC | 6.04E-03 1.91E-04 1.04E-03 | 5.81E-05 3.69E-04 1.43E-05 | 1.69E-04 | 1.47E-04 2.83E-03 1.21E-03
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Table C.9. Midpoint environmental impact of Sonophoto-based process under current UK grid electricity scenario

Unit Total Tungsten precursor [ CNT | Water, deionised | Lactic acid | Ethanol | Energy, synthesis | Energy, operating
kg CO2 eq GW 7.38E-01 2.81E-02 1.23E-02 2.45E-05 4.71E-03 | 7.99E-02 2.53E-01 3.60E-01
kg CFClleq | SOD 3.70E-07 2.20E-08 4.26E-09 2.25E-11 9.45E-10 | 4.96E-09 1.40E-07 1.99E-07
kBq Co-60eq| IR 4.05E-01 1.23E-03 4.32E-03 2.19E-06 3.25E-04 | 1.25E-03 1.64E-01 2.34E-01
kg NOxeq | OFH 1.43E-03 1.73E-04 1.80E-05 5.14E-08 7.47E-06 | 1.76E-04 4.35E-04 6.19E-04
kg PM2.5eq | FPM 5.50E-04 1.31E-04 1.15E-05 6.92E-08 4.58E-06 | 6.68E-05 1.39E-04 1.97E-04
kg NOxeq | OFT 1.50E-03 1.77E-04 1.90E-05 5.33E-08 8.01E-06 | 2.05E-04 4.52E-04 6.42E-04
kg SO2 eq TA 1.80E-03 6.05E-04 2.88E-05 1.85E-07 1.29E-05 | 1.93E-04 3.95E-04 5.62E-04
kg P eq FE 2.18E-04 1.17E-04 6.86E-06 9.20E-09 1.25E-06 | 3.08E-05 2.58E-05 3.67E-05
kg N eq ME 3.11E-05 1.79E-05 5.08E-07 8.75E-10 6.70E-07 | 5.54E-07 4.77E-06 6.78E-06
kg 1,4-DCB TEt 1.60E+00 3.01E-01 2.52E-02 1.66E-04 1.34E-02 | 2.15E-01 4.33E-01 6.16E-01
kg 1.4-DCB FEt 6.58E-02 4.71E-02 5.08E-04 1.63E-06 1.63E-04 | 2.34E-03 6.45E-03 9.18E-03
kg 14-DCB | MEt 8.34E-02 5.95E-02 6.82E-04 2.16E-06 2.14E-04 | 3.06E-03 8.19E-03 1.17E-02
kg 14-DCB | HCT 3.01E-02 8.36E-03 6.46E-04 2.61E-06 2.08E-04 | 2.78E-03 7.46E-03 1.06E-02
kg 1,4-DCB | HNCT| 2.29E+00 1.95E+00 1.52E-02 3.51E-05 3.16E-03 | 4.09E-02 1.18E-01 1.68E-01
m2acropeq | LU 6.71E-02 2.70E-03 2.66E-04 5.50E-07 5.73E-05 | 8.96E-04 2.61E-02 3.71E-02
kg Cu eq MRS 1.15E-02 1.00E-02 3.43E-05 1.73E-07 1.19E-05 | 1.86E-04 4.94E-04 7.02E-04
kg oil eq FRS 2.79E-01 6.73E-03 3.75E-03 5.82E-06 1.82E-03 | 6.15E-02 8.49E-02 1.21E-01
m3 WC 4.47E-03 3.09E-04 5.89E-04 5.27E-05 6.44E-05 | 5.92E-04 1.18E-03 1.68E-03
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Table C.10. Midpoint environmental impact of Fenton-based process under current UK grid electricity scenario

Unit Total | Iron chloride | Acetic acid | NaOH | Ethylene glycol | Ethanol | H202 | Sodium salt | Energy, synthesis | Energy, operating
kg CO2 eq GW | 478E-01 [ 3.34E-03 3.31E-03 | 1.55E-03 6.63E-02 1.26E-01 | 4.02E-03 | 1.28E-03 2.71E-01 9.23E-04
kg CFClleq | SOD | 1.74E-07 | 2.16E-09 6.26E-10 | 2.34E-09 9.61E-09 7.25E-09 [ 9.84E-10| 5.15E-10 1.50E-07 5.09E-10
kBqCo-60eq| IR | 1.91E-01 | 3.44E-04 3.14E-04 | 6.74E-04 1.07E-02 1.93E-03 | 5.62E-04 | 1.16E-04 1.76E-01 5.99E-04
kg NOxeq | OFH | 8.84E-04 [ 1.06E-05 7.22E-06 | 3.38E-06 1.16E-04 2.69E-04 | 6.57E-06| 3.17E-06 4.67E-04 1.59E-06
kg PM2.5eq | FPM | 3.36E-04 | 7.68E-06 4.01E-06 | 2.55E-06 6.30E-05 1.05E-04 | 3.63E-06| 1.92E-06 1.49E-04 5.05E-07
kgNOxeq | OFT [9.59E-04 | 1.08E-05 7.82E-06 | 3.49E-06 1.26E-04 3.15E-04 | 7.23E-06 | 3.28E-06 4.84E-04 1.65E-06
kg SO2 eq TA | 9.46E-04 | 1.53E-05 9.94E-06 | 6.14E-06 1.72E-04 3.04E-04 | 9.57E-06 | 4.28E-06 4.24E-04 1.44E-06
kg P eq FE | 1.04E-04 | 1.79E-06 1.36E-06 | 1.25E-06 2.06E-05 4.95E-05 | 1.51E-06 | 4.44E-07 2.77E-05 9.42E-08
kg N eq ME | 8.15E-06 | 1.26E-07 7.79E-08 | 1.12E-07 1.38E-06 8.12E-07 | 2.64E-07 | 2.52E-07 5.11E-06 1.74E-08
kg 14-DCB | TEt |[1.08E+00| 3.83E-02 1.03E-02 [ 9.27E-03 2.35E-01 3.02E-01 | 1.59E-02 | 5.01E-03 4.65E-01 1.58E-03
kg 14-DCB | FEt | 1.50E-02 | 4.35E-04 1.74E-04 | 1.29E-04 3.23E-03 3.71E-03 | 2.83E-04 | 5.57E-05 6.92E-03 2.35E-05
kg 14-DCB | MEt | 1.93E-02 | 5.67E-04 2.21E-04 | 1.68E-04 4.20E-03 4.83E-03 | 3.73E-04 | 7.35E-05 8.79E-03 2.99E-05
kg 1,4-DCB | HCT | 1.72E-02 | 4.14E-04 1.54E-04 | 1.46E-04 3.43E-03 4.32E-03 | 6.53E-04| 6.85E-05 8.00E-03 2.72E-05
kg 14-DCB | HNCT | 2.71E-01 | 7.67E-03 2.88E-03 | 2.76E-03 6.01E-02 6.39E-02 | 5.64E-03 | 1.18E-03 1.27E-01 4.31E-04
m2acropeq | LU |3.07E-02 | 1.25E-04 6.40E-05 | 5.57E-05 9.57E-04 1.30E-03 [ 7.55E-05| 2.50E-05 2.80E-02 9.51E-05
kg Cu eq MRS | 1.13E-03 [ 3.36E-05 1.13E-05 | 8.54E-06 2.30E-04 2.92E-04 | 1.60E-05| 4.13E-06 5.29E-04 1.80E-06
kg oil eq FRS | 2.36E-01 | 8.24E-04 1.59E-03 | 4.03E-04 4.20E-02 9.85E-02 | 1.36E-03 | 3.36E-04 9.10E-02 3.10E-04
m3 WC | 4.04E-03 [ 4.96E-05 1.52E-04 | 1.15E-04 1.22E-03 9.50E-04 | 2.59E-04 | 2.98E-05 1.27E-03 4.32E-06
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Table C.11. Midpoint environmental impact of Electro-based process under current UK grid electricity scenario

Unit Total EDTA | Calcium nitrate | Iron nitrate | Nickel nitrate | Citric acid [ Activated carbon | Platinum | Energy, synthesis | Energy, operating
kg CO2 eq GW | 2.90E-01 | 1.06E-03 1.14E-04 1.38E-04 4.19E-04 9.82E-04 3.71E-06 1.60E-01 9.99E-02 2.74E-02
kg CFClleq | SOD | 3.68E-07 | 2.99E-10 4.03E-10 6.13E-11 3.63E-10 3.48E-09 6.94E-13 2.93E-07 5.51E-08 1.51E-08
kBqCo-60eq| IR | 891E-02 | 7.77E-05 3.55E-06 1.03E-05 1.31E-04 1.30E-04 2.05E-07 6.06E-03 6.49E-02 1.78E-02
kg NOxeq | OFH | 2.49E-03 | 1.72E-06 1.60E-07 7.57E-07 1.18E-06 2.03E-06 9.37E-09 2.26E-03 1.72E-04 4.71E-05
kg PM2.5eq | FPM | 2.41E-03 | 1.04E-06 1.16E-07 1.02E-06 2.27E-06 1.65E-06 6.42E-09 2.34E-03 5.47E-05 1.50E-05
kg NOxeq | OFT | 2.55E-03 | 1.84E-06 1.71E-07 7.76E-07 1.24E-06 2.12E-06 9.52E-09 2.32E-03 1.78E-04 4.88E-05
kg SO2 eq TA | 8.33E-03 | 2.74E-06 4.68E-07 2.98E-06 7.09E-06 5.92E-06 1.91E-08 8.11E-03 1.56E-04 4.27E-05
kg P eq FE | 2.13E-04 [ 3.05E-07 2.21E-08 1.18E-07 2.44E-07 3.90E-07 2.16E-09 1.99E-04 1.02E-05 2.79E-06
kg N eq ME | 1.15E-05 | 8.88E-07 1.31E-09 5.42E-09 3.97E-08 4.85E-07 1.37E-10 7.63E-06 1.88E-06 5.16E-07
kg 14-DCB | TEt | 6.52E-01 | 3.34E-03 8.93E-04 7.70E-03 2.61E-02 3.55E-03 2.39E-06 3.93E-01 1.71E-01 4.69E-02
kg 1,4-DCB FEt | 8.52E-02 | 4.05E-05 9.61E-06 6.95E-05 1.05E-04 3.97E-05 7.92E-08 8.17E-02 2.55E-03 6.98E-04
kg 14-DCB | MEt | 1.08E-01 | 5.24E-05 1.25E-05 9.08E-05 1.42E-04 5.02E-05 1.09E-07 1.04E-01 3.24E-03 8.86E-04
kg 14-DCB | HCT | 2.61E-02 [ 6.06E-05 8.39E-06 2.50E-05 4.51E-05 5.24E-05 1.65E-07 2.22E-02 2.95E-03 8.07E-04
kg 1,4-DCB | HNCT | 3.44E+00 | 7.57E-04 1.53E-04 1.30E-03 2.75E-03 8.76E-04 4.09E-06 3.37E+00 4.67E-02 1.28E-02
m2acropeq | LU | 1.81E-02 | 1.35E-05 2.25E-06 7.95E-06 1.44E-05 2.23E-04 4.19E-08 4.74E-03 1.03E-02 2.82E-03
kg Cu eq MRS [ 2.01E-02 | 3.05E-06 8.20E-07 1.25E-05 1.66E-04 3.40E-06 1.82E-09 1.96E-02 1.95E-04 5.34E-05
kg oil eq FRS | 9.56E-02 | 3.83E-04 2.59E-05 3.63E-05 1.40E-04 2.38E-04 1.08E-06 5.21E-02 3.35E-02 9.18E-03
m3 WC | 1.58E-03 [ 1.42E-05 1.68E-06 5.04E-06 8.62E-05 4.22E-05 8.35E-09 8.36E-04 4.67E-04 1.28E-04
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Figure C.1. Characterized 22 endpoint environmental impacts of selected AOP

processes using current UK grid-mixed electricity
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Figure C.2. Characterized 22 endpoint environmental impacts of selected AOP

processes using [EA projected electricity
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Table C.12. Characterized 22 endpoint environmental impacts of selected AOP
processes using current UK grid-mixed electricity

Unit Sono Photo Sonophoto Fenton Electro
USD2013 | 1.72E-01 1.09E-01 9.74E-02 8.86E-02 2.48E-02
USD2013 | 6.68E-04 5.75E-04 2.65E-03 2.60E-04 4.65E-03
species.yr | 2.88E-15 2.50E-15 2.08E-15 2.57E-15 1.54E-15
species.yr | 5.68E-11 3.85E-11 3.78E-11 5.31E-11 1.64E-11
species.yr | 9.40E-10 8.13E-10 5.95E-10 2.72E-10 1.62E-10
species.yr | 4.34E-12 3.85E-12 8.76E-12 2.02E-12 1.14E-11
species.yr | 2.23E-11 1.98E-11 4.55E-11 1.04E-11 5.93E-11
species.yr | 2.57E-11 2.26E-11 1.83E-11 1.24E-11 8.05E-12
species.yr | 3.49E-14 3.42E-14 5.29E-14 1.39E-14 1.99E-14
species.yr | 1.21E-10 8.57E-11 1.46E-10 6.98E-11 1.45E-10
species.yr | 4.39E-10 3.55E-10 3.81E-10 2.01E-10 1.78E-09
species.yr | 2.97E-10 2.28E-10 1.94E-10 1.24E-10 3.31E-10
species.yr | 9.19E-14 7.28E-14 5.64E-14 3.66E-14 2.25E-14
species.yr | 3.37E-09 2.67E-09 2.07E-09 1.34E-09 8.25E-10

DALY 1.39E-08 1.00E-08 8.98E-09 1.01E-08 2.27E-09
DALY 1.31E-07 1.17E-07 5.23E-07 6.19E-08 7.85E-07
DALY 1.38E-07 1.16E-07 9.98E-08 5.72E-08 8.82E-08
DALY 4.58E-07 3.91E-07 3.46E-07 2.11E-07 1.53E-06
DALY 1.97E-09 1.55E-09 1.30E-09 8.05E-10 2.28E-09
DALY 5.56E-09 4.82E-09 3.44E-09 1.62E-09 7.63E-10
DALY 3.02E-10 2.87E-10 1.97E-10 9.22E-11 1.96E-10
DALY 1.12E-06 8.83E-07 6.85E-07 4.44E-07 2.74E-07
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Table C.13. Characterized 22 endpoint environmental impacts of selected AOP

processes using current UK grid-mixed electricity

Unit Sono Photo Sonophoto Fenton Electro

FRS | USD2013 | 7.20E-02 | 2.25E-02 3.64E-02 6.15E-02 2.21E-02
MRS | USD2013 | 7.21E-04 | 6.21E-04 2.69E-03 2.75E-04 4.65E-03
WCAE | species.yr | 4.19E-15 | 3.62E-15 2.88E-15 2.92E-15 1.58E-15
WCTE | species.yr | 7.32E-11 | 5.26E-11 4.79E-11 5.76E-11 1.69E-11
LU | species.yr | 3.08E-10 | 2.68E-10 2.09E-10 1.00E-10 1.45E-10
MEt | species.yr | 4.35E-12 | 3.86E-12 8.77E-12 2.03E-12 1.14E-11
FEt | species.yr | 2.18E-11 | 1.94E-11 4.52E-11 1.02E-11 5.93E-11
TEt | species.yr | 3.57E-11 | 3.13E-11 2.45E-11 1.51E-11 8.32E-12
ME | species.yr | 1.91E-14 | 2.06E-14 4.33E-14 9.58E-15 1.94E-14
FE species.yr | 9.81E-11 | 6.60E-11 1.32E-10 6.36E-11 1.44E-10
TA species.yr | 2.24E-10 | 1.69E-10 2.50E-10 1.42E-10 1.77E-09
OFTE | species.yr | 1.17E-10 | 7.35E-11 8.42E-11 7.51E-11 3.26E-10
GWEFE | species.yr | 2.79E-14 | 1.76E-14 1.74E-14 1.92E-14 2.08E-14
GWTE | species.yr | 1.02E-09 | 6.45E-10 6.36E-10 7.04E-10 7.61E-10
WC DALY 1.30E-08 | 9.26E-09 8.44E-09 9.89E-09 2.25E-09
HNCT | DALY | 9.61E-08 | 8.71E-08 5.01E-07 5.23E-08 7.84E-07
HCT DALY 1.52E-07 | 1.28E-07 1.08E-07 6.10E-08 8.86E-08
FPM DALY | 2.87E-07 | 2.44E-07 2.41E-07 1.65E-07 1.52E-06
OFH DALY 7.46E-10 | 4.91E-10 5.52E-10 4.72E-10 2.24E-09
IR DALY 1.63E-09 | 1.43E-09 1.04E-09 5.58E-10 6.55E-10
SOD DALY 3.78E-11 | 5.89E-11 3.50E-11 2.04E-11 1.89E-10
GW DALY 3.39E-07 | 2.14E-07 2.11E-07 2.33E-07 2.52E-07
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