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ABSTRACT 

 

 

Advanced oxidation process (AOP) treatments, especially OH•-based process, have 

been proven as an effective method to eliminate organics in the water while also being easy 

to implement at a low cost. However, recent studies suggested AOP treatments may not 

remove the organics completely—the organics are merely transformed into more toxic 

transformation products (TP). Thus, assessment of TPs from AOPs treatment of organic 

compounds are significantly needed, particularly assessment of transformation mechanism 

and resulting products. In this thesis, in silico and experimental methods were employed to 

give information about: (i) reactivity of organic compounds in OH•-based process; (ii) 

transformation mechanism from parent compounds to their TPs and its key reaction 

pathways. In the first part of the research, a theoretical investigation using quantum chemical 

calculations was conducted to understand the OH•-mediated oxidation mechanism of phenol. 

Different levels of theory were compared, and the most accurate predictions were obtained 

using the M06-2X level of theory. The study successfully predicted the reaction sites and rate 

constants for the formation of transformation products hydroquinone and catechol and 

demonstrates the potential of quantum chemical calculations for investigating the formation 

mechanisms of TPs in AOPs for organic compound removal in water environments. The 

second part of the research utilized isotopically labelled FT-ICR-MS, combined with machine 

learning techniques and paired mass distance (PMD) network analysis, to explore the 

reactivity and transformation of natural organic matter (NOM) during UV irradiation. The 

reactivity of different molecular formulas and structural categories was examined, with 

CHOS-formulas exhibiting the highest reactivity. The interpretable machine learning 

algorithm identified key features governing the reactivity, such as molecular weight, DBE-O, 

NOSC, and the presence of heteroatoms (N and S). Similarly, the last part investigates lignin 

reactivity and transformations as a model compound for natural organic matter during UV 

photolysis using FT-ICR-MS analysis, interpretable machine learning, and PMD analyses. 

The study reveals aliphatic hydroxyl groups as the most reactive functional groups in the 

initial stage of UV exposure, while phenolic hydroxyl groups were the most reactive in the 

later stage. Furthermore, hydroxylation and ketonization/quinone production were found as 

the primary transformation processes during the initial irradiation, while dealkylation and 

deformylation reactions were seen subsequently, indicating aromatic ring oxidation and 

cleavage. The findings contribute to understanding natural organic matter degradation in 

photo-oxidation systems. Overall, the outcomes of this study have significant implications for 

water treatment strategies, enabling the design of more efficient Advanced Oxidation 

Processes (AOPs) and providing insights into the dynamics of organic compound degradation 

in water systems. Furthermore, the findings contribute to the assessment of environmental 

transformation products, assisting in the mitigation of potential risks associated with the 

production of toxic substances in water. 
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I.1. Transformation products from advanced oxidation process of organic pollutants 

in aquatic environment 

I.1.1. Organic pollutants and their presence in aquatic environment 

Organic pollutants are a significant concern in the aquatic environment due to their 

adverse effects on both aquatic organisms and human health1–3. Their presence in aquatic 

ecosystems can arise from various sources, such as industrial and agricultural activities, urban 

runoff, domestic wastewater discharge, and microbial decaying process3. Many of these 

organic pollutants are refractory and once introduced into water bodies, various organic 

pollutants can persist for extended periods and undergo bioaccumulation through the food 

chain, leading to potential biomagnification. Consequently, the accumulation of these 

pollutants in aquatic organisms can result in physiological, reproductive, and developmental 

abnormalities, as well as impairments to the overall ecological balance of the aquatic 

ecosystem3. For example, accumulated pesticides (organophosphate, N-methylcarbamates 

and pyrethroids) in human body pose seriously threat to thyroid function4.  Thus, research 

about the removal technology for such compounds has always been a huge topic in 

environmental studies to eliminate the risk of organic pollutant exposure to human and 

environment.  

 

I.1.2. Removal technology and transformations of organic pollutants in water treatment 

Water and wastewater treatment plant is a crucial point that act as a protection barrier 

from organic pollutants exposure to human and environment. In conventional treatment plant 

for example, various treatment methods are implemented: activated sludge, coagulation-

flocculation-sedimentation, rapid sand filtration, and chlorination, to name a few. Generally, 

it targets the biodegradable and colloidal organics. However, conventional treatment plants 

are not designed to remove organic micropollutants (OMP) such as pharmaceuticals, 

pesticides, and personal care products thus have poor treatment efficiency5,6. Exacerbated by 

the global use of those chemicals, it is not surprising they are frequently detected in effluents, 

surface waters and tap water7.  

In the past few years, advanced oxidation processes (AOPs) have gained a lot of 

interests due to their potential in degradation of organic pollutants For example ozone8, UV9, 

Fenton reaction10, electrochemical reaction11, and photocatalysis12 are employed to remove 

organic micropollutants (OMPs) mainly by radical oxidation. Most of AOPs are specifically 

designed to produce hydroxyl radicals (·OH) due to its strong oxidative nature owing to its 

high oxidation potential of 2.8 V13, allowing it to react with a large variety of OMP in the 
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water14. Hydroxyl radicals can oxidize OMPs and convert them into low molecular-weight 

compounds13,15 with the rate constants ranging from 108 to 1010 M/s16. The utilization of 

AOPs for the removal of various OMPs, such as acetaminophen, atenolol, caffeine, 

carbamazepine, diclofenac, ibuprofen, and trimethoprim, has been discussed in the literature 

for laboratory-scale and pilot-scale treatments17–21. 

 

Table I-1 Detected TPs in WWTP effluents in some countries 

Parent Compound 
WWTP 

location 

Max concentration 

(ng/L) 
Reference 

VFX Canada 1454 22 

O-DMV Canada 3131 22 

ODN Kallby 2510 23 

CBZ Canada 1325 24 

MTPA Spain 2116 25 

CTP USA 280 26 

DCPG USA 194 26 

AMPH Germany 190 27 

DCF Montcada 642 28 

LAS Germany 9205 29 

 

However, in most cases, organic pollutants including OMPs are not completely 

mineralized by AOPs but are partially oxidized into transformation products (TPs). There 

have been many reports of detected TPs in the treated water, as shown in Table I-1. The 

formation of TP in AOP are resulted from three major reactions of •OH with organics: (1) 

hydrogen abstraction, (2) electrophilic addition or hydroxylation, and (3) electron transfer30. 

 

•OH + SH → •S + H2O (1) 
•OH + FX → •HOFX (2) 
•OH + SX → SX+ + HO− (3) 

 

The predominant type of reaction of •OH with organic compounds is hydrogen 

abstraction, followed by hydroxylation, and electron transfer. The product of reaction (1) is 

carbon-centred radicals (•S), which can further react with dissolved oxygen to start 

subsequent oxidation reactions. Meanwhile, electron transfer to the •OH results in reduction 

of •OH to hydroxide anions (HO−), and mainly occurs in inorganic compounds31. 

Hydroxylation, which mainly occurs on olefins or aromatic rings of pollutants, produce 

hydroxylated by-products (•HOFX). Then it will be further oxidized via kentonization and 
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carboxylation to generate the final products aldehydes and aliphatic acids32. Aside from those 

reactions, the TPs generated from dealkylation on C-N or C-O bonds, decarboxylation and 

deamination on alkyl chains or aromatic rings during UV/H2O2 and UV photocatalysis of 

contaminants have been reported as well33–36. It should be emphasized, that the reactions 

described above are only a fraction of all reactions during pollutants degradation. Other 

reactive species (such as O2
−) and intermediates may develop in the reaction system as the 

process progresses, which makes the mechanism of the tested pollutant degradation more 

complicated. Process parameters, such as the presence of oxygen and organic materials, are 

also significant18,37–39. 

 

I.1.3. Delayed awareness of the presence of AOP-TPs 

Even though it has been detected all over the world, the presence of AOP-TP in the 

AOP research was tend to be overlooked. Figure I-1 displays the number of research articles 

published in the past 15 years (2007-2023) in selected academic journals in the field of water 

environment (Chemosphere [Elsevier], Environmental Science and Technology [American 

Chemical Society], Journal of Hazardous Materials [Elsevier], Science of the Total 

Environment [Elsevier], and Water Research [Elsevier]) using keywords “transformation 

product” and “advanced oxidation process”. Even from 2007-2011, the number of research 

related to AOP is already significant in contrast to TP-AOP. TP-AOP started to gain more 

interest in the research community in the year of 2016. However, the number of publications 

of AOP-TP is not as progressive as the AOP research itself, despite the limited knowledge of 

TP and global implementation of AOP for water treatment.  

Analytical or experimental approach for detecting the TP can be attributed as a major 

factor of such delay of awareness. Unlike OMP which can be detected straightforward, for 

example using liquid chromatography coupled with mass spectrometry (LC-MS), it is not the 

case for TP itself. Since the absence of standards for most TP, targeted measurement is 

mostly not accessible. On the other hand, non-target exploration could be an option where 

high resolution mass spectrometry (HRMS) is available. Even so, both approaches still 

require tremendous amount of manpower, time, and cost to assess the TP.  

 

I.1.4. Environmental concerns of organic transformation products 

The concerns regarding TP in the environment rise from even at low concentrations, 

TPs can harm the ecosystems, endanger the health of people and other living things, and 

interfere with the efficient operation of AOPs40–42. Generally, harmful TPs can be classified 
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into toxic TPs, assimilable TPs, and sensory-unpleasant TPs by their potential risk43. Toxic 

TPs are harmful molecules due to its effect to a wide range of organisms such as inhibiting 

the activity of luminescent bacteria, being cytotoxic or genotoxic to mammalian cell, and 

being eco-toxic to microalgae, daphnia manga, and fish44–46. On the other hand, assimilable 

TPs are bioavailable molecules that can support the growth of heterotrophic microorganism 

and promotes the accumulation of biomass, which may decrease the water quality and 

produce sensory-unpleasant products47–49. Moreover, sensory-unpleasant TPs may reduce the 

organoleptic quality from unpleasant tastes and odors50. 

 

 

Figure I.1 Number of publications obtained with keywords “transformation product” and 

“advanced oxidation process” (red line) and only “advanced oxidation process” (grey bar). 

 

It is still a challenging aspect to experimentally measure the toxicity of TPs due to 

various reasons. However, some studies have been reported the possibility of relationship 

between changes in toxicity and the corresponding molecular changes during AOP. For 

example, dealkylation on C-N and C-O bonds, may lead to produce toxic TPs as observed for 

venlafaxine51, methotrexate36, tramadol52, and atrazine53. In addition other reactions which 

produced toxic TPs as well were observed in hydroxylation of atrazine53, gabapentin54, and 

diuron55; deamination of carbamazepine56 and methotrexate36, and decarboxylation of 

ibuprofen57. However, few studies have quantitatively reported the toxicity of specific TPs. 

One study found carboxylic acids were moderately toxic to luminescent bacteria while 
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ketones and aldehydes were reported to be more toxic than numerous parent micropollutants 

when exposed to luminescent bacteria, microalgae, and daphnia magna58.  

 

I.1.5. Reliability of current assessment strategies 

An alternative approach to assess the toxicological status of an AOP is to evaluate the 

reaction mechanism of OMP with radicals produced during the process. This ideally includes 

qualitative and quantitative information on the identity of transformation products. Several 

techniques are commonly implemented for quantitative measurement: from bulk analysis 

(e.g. using TOC, UV spectra, optical properties), targeted analysis (e.g. using GC-MS, LC-

MS, NMR), and a combined analysis from bulk and targeted with statistical for even more 

insight and prediction of future cases. Several example studies have reported for 

acesulfame59, sulfapyridine60, ofloxacin61, diclofenac62, nitenpyram63 carbamazepine64, 

ciprofloxacin65. However, by considering the amount of OMP presents in the environment, 

relative complexity of samples generated after AOP, and cost/unavailability of standard 

materials, the extensive quantitative measurements are not the easiest option available for 

assessing TP66. On contrast, qualitative non-targeted analysis may serve as a more applicable 

option for TP identification. 

The backbone of qualitative non-targeted analysis is high resolution mass 

spectrometry (HRMS). While the targeted strategy typically requires the use of accurate 

standards and specifically targets the precursor or/and product ions of the potential 

transformation products identified prior to the analysis67–70, the non-targeted strategy solely 

depends on HRMS techniques' capacity to measure molecular masses with extremely high 

precision67,69–71. Furthermore, the high-resolution data of masses obtained after analysis, 

which might include the exact masses of precursor (MS mode) and product (MS/MS and 

MSn mode) ions, are utilized to determine the elemental composition and eventually correlate 

with potential structures and transformations by various means, for example by matching 

with a database or manually analysing the molecular formula, elemental composition, and 

accurate masses of the precursor and product ions70,72,73. In this sense, a series of post-HRMS 

analysis are crucial, for example using bio/cheminformatics or machine learning to assist the 

understanding of the obtained molecular information from HRMS. Yet, to this date the 

examples are still limited. 

Despite the potential, several challenges, however, need to be addressed to improve 

the reliability of existing MS-based methodologies. Menacherry, et al.66 describe the 

challenging aspects of MS for TP assessment: (1) structural elucidation still could not be 
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obtained in high confidence unless it is coupled with other separation techniques such as 

UPLC, however, achieving this information demands extensive resources (manpower, cost, 

and time), even more because the lack of authentic standards for TP itself; (2) the ionization 

component, which is necessary to ensure this crucial process of a mixture of numerous 

numbers of totally unknown molecules, may be too complicated.; and (3) the characterization 

of high-resolution mass spectra to elemental compositions and potential structures using 

existing tools, such as online databases and other software-based compound suggestion tools, 

is still very primitive.  

Leading from the above issues, interests on computational or in silico-based 

assessment is currently growing. Several tools had been attempted to analyse TP formation 

and reactivity, for example using quantum chemical calculation (QCC). QCC is a theoretical 

approach based on the Schrödinger equation to analyse the atomic interaction in the 

compound molecule, including electronic structure, molecular energies, and transition state, 

which then are translated as reactive sites and reaction rate constants. In this case, previous 

studies have successfully implemented QCC for bisphenol A74, para-substituted phenolic 

compounds75, acetone76, and ibuprofen77. Not only it gave a deeper understanding about the 

reactivity and transformation mechanisms, QCC also significantly reduces cost of analysis 

and duration. Nevertheless, the existence of QCC in those studies were not yet serve as a 

substitute of experimental approach, but rather complimentary to validate the experimental 

results or to gain more insight about the reaction mechanism. A full investigation of TP using 

only QCC is certainly possible but less studied, therefore it is needed to assess the feasibility 

of substitution from experimental to QCC.  

Figure I-2 summarizes the area of well- and less-studied research in terms of sample 

complexity (simple/pure to complex/mixture) and methodological approach (experimental to 

in silico).  

 

I.2. Objectives and thesis outline 

The overall objective of this study based on the given background and research gap is 

to assess the transformation products during AOP treatment of organic compounds, 

specifically in OH radical-mediated process using in silico and/or experimental approach. 

The assessments will include the reactivity of the parent compounds, factors influencing the 

reactivity of the parent compounds; and formation mechanisms of the transformation 

products. Specifically, the exact objectives are as follows: 



14 

 

a) investigating the feasibility of theoretical approach as an alternative for assessing the 

transformation products of organic compounds during AOP;  

b) combining experimental and in silico as post-experimental analysis to investigate the 

transformations of naturally-occurring organic matter during AOP. 

 

 

Figure I.2 Map of current assessment studies on TP highlighting the area of well- and less-

studied research field 

 

Overall, understanding the reaction characteristics of transformation products 

formation would contribute to the scientific knowledge of AOP reaction with organic 

pollutants enabling the design of more efficient AOPs and providing insights into the 

dynamics of organic compound degradation in water systems. For example, the reactivity of 

parent compounds will affect the relevant series of treatment to avoid the formation of 

susceptible toxic TPs. Furthermore, the reactor design can be influenced by the rate of TP 

formation, which is reflected by the reaction rate constant. Moreover, the assessment of TP 

formation will provide a new perspective about the environmental risk assessment of AOP 

technologies for a better implementation. 
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The thesis is structured as described below: 

1. Chapter 1. Introduction  

This chapter discusses the background, research gap, and objectives of the thesis.  

2. Chapter 2. Theoretical investigation of reaction mechanism for OH radical-mediated 

phenol oxidation using quantum chemical calculation 

This chapter provides the feasibility study of full theoretical approach for TP-AOP 

assessment using quantum chemical calculations and phenol as model compound. 

3. Chapter 3. Interpretable machine learning and reactomics assisted isotopically labelled 

FT-ICR-MS for exploring reactivity and transformation of natural organic matter 

during UV photolysis  

This chapter combines interpretable machine learning and reactomics (as in silico 

method) and isotopically labelled FT-ICR-MS (as experimental method) to elucidate 

natural organic matter transformations in UV process. 

4. Chapter 4. Deciphering lignin reactivity and transformations in UV photolysis studied 

by FT-ICR-MS and interpretable machine learning 

This chapter focuses on the reactivity and transformations of lignin as model 

compounds and precursor of natural organic matter during UV treatment using 

interpretable machine learning and reactomics combined with FT-ICR-MS. 

5. Chapter 5. Conclusions and recommendations  

This chapter outlines the key findings in this study and provides recommendation for 

future studies.  
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CHAPTER II Theoretical Investigation of Reaction Mechanism for OH 

radical-mediated Phenol Oxidation using Quantum Chemical Calculation 
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II.1. Introduction 

Organic micropollutants (OMPs) are a diverse group of organic compounds including 

pesticides, pharmaceuticals, personal care products, steroids, polycyclic aromatic 

hydrocarbons, and other industrial organic compounds2. OMPs have been detected in 

wastewater and natural water bodies all over the world, which possesses potential hazard to 

human health and ecosystems due to biological accumulation and chronic toxicity78–81. 

Especially, OMPs are hard to be removed during conventional water and wastewater 

treatment processes. Thus, there are increasing researches to develop novel wastewater 

treatment techniques for removal of OMPs, such as the advanced oxidation processes 

(AOPs). Specifically, ozone8, UV9, Fenton reaction10, electrochemical reaction11, and 

photocatalysis12 were employed to remove OMPs during AOPs. The reactive oxygen species, 

such as hydroxyl radicals (OH•) are commonly generated, resulting in the oxidative 

degradation of OMPs82. However, the reaction mechanism of OH•-mediated oxidation of 

OMPs is still amphibology in AOPs. Specially, the formation of transformation products 

(TPs) during the oxidation of OMPs is undefined due to the complicated and transient 

reactions during AOPs14.  

The occurrence of TPs in the water environment has triggered emerging concern 

regarding their effects on human health and environment83. For example, it is now well 

recognized that phenol TPs generated from AOPs (e.g., hydroquinone and p-benzoquinone) 

have a higher toxicity than phenol itself84. Furthermore, the other OMPs such as atrazine, 

caffeine, diclofenac, carbamazepine, and triclosan have been reported to generate TPs with 

higher toxicity than their parent compounds85. While the types of OMPs and produced TPs 

are different in various AOP (Yang et al., 2017; Zhang et al., 2016), it would be important to 

investigate the reaction mechanism of OH• (as a major oxidant in AOP) with major structure 

of OMPs (e.g., aromatic structure, olefines, amines) to understand the fundamental 

mechanism of TPs formation. 

Detection of TPs in the laboratory-based study is the first and most important step to 

investigate the formation mechanisms of TPs. A number of studies have developed analytical 

techniques to identify the TPs, such as the liquid chromatography (LC) coupled with high-

resolution mass spectrometry since the early 2000s86. Yet, the analytical methods used in the 

detection (such as liquid chromatography-mass spectrometry and nuclear magnetic 

resonance) come with some limitations. For example, while the precision of the method has 

been significantly improved by using an updated version of the equipment, the application of 

analytical methods can be still constrained by the unavailability of the TPs standard87. 
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Furthermore, it takes an enormous amount of manpower and time to experimentally examine 

the innumerable OMPs and TPs14,87. Considering the cost and human resources involved in 

laboratory experiments, it may not be practical to comprehensively investigate TPs not only 

for all chemicals currently used (over 100,000 chemicals) but also for those that will be 

synthesized in the future. Further, if the relatively fast reaction, which may be overlooked in 

experimental analysis, is related to the deterioration of process efficiency (e.g., by interfering 

the full mineralization and forming toxic and stable TPs)88,89, the elucidation of such reaction 

pathways will be important for engineering purposes.  

To overcome the existing limitations of the experimental approaches, the development 

of theoretical calculation methods and its application can be considered as a complementary 

or alternative approach. In particular, quantum chemical calculation (QCC) can serve as a 

potentially useful method to investigate the reaction kinetics and mechanisms in terms of TPs 

formation for a wide range of OMPs14. The QCC relies on the Schrödinger equation to 

analyse the atomic interaction in the compound molecule, including electronic structure, 

molecular energies, and transition state. The atomic interaction was further calculated as 

reactive sites using Fukui index and reaction rate constants using transition state theory for 

kinetic and reaction mechanism analysis. The methods for solving the equation are varied 

based on the level of theory such as semi-empirical, ab-initio (e.g., Hartree-Fock or HF), 

hybrid functionals (e.g., B3LYP and Minnesota functionals), density functional theory (DFT) 

and so forth. Recently, OMPs oxidation reactions are assessed using several level of theories 

such as M05-2X for bisphenol A74, M06-2X for para-substituted phenolic compounds75, 

Gaussian-4 theory for acetone76, and B3LYP for ibuprofen77. For this study, the following 

three representative methods and basis sets were selected: HF, B3LYP, and M06-2X. HF is 

the basic and simplest ab-initio level of theory, which uses the approximation that Coulombic 

electron-electron repulsion can be averaged, instead of considering explicit repulsion 

interactions 90. In other words, the electron correlations are not considered in HF. On the 

other hand, B3LYP and M06-2X are a combination or hybridization of the exact HF 

exchange in DFT, providing a simpler calculation for many molecular properties such as the 

energy of atoms, bond length, and vibration frequencies91. In general, the B3LYP contains 

approximately 20% HF exchange92, while M06-2X has 54% HF exchange93. 

Furthermore, Minakata and Crittenden calculated the activation energies of the OH• 

addition to alkenes and the hydrogen atom abstraction from C-H with an accuracy of ±3 

kcal/mol using Gaussian-n series (G1, G2, and G3) method and predicted reaction rate 

constants are within five times of the experimental values94. Guo, et al. expanded the number 
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of reactions to 101 types (e.g., addition of O2 to carbon-centered radicals, disproportionation 

and single molecule decay of peroxyl radicals, etc)95. von Gunten's group has also conducted 

theoretical studies of reaction rates and pathways for ozonation of OMPs, in which OH• was 

produced as main oxidants for oxidation of OMPs96,97. It was found that the error between 

theoretically calculated reaction rate constants from transition state and experimental 

observation was from 3 to 750 times98. In contrast to the analysis on reaction rates, the 

prediction and evaluation of reaction sites provide further information on reaction 

mechanism, such as the electron orbitals to which oxidant reacts during the decomposition 

process. According to the molecular electron density theory (MEDT), molecular reactivity 

and reaction sites can be associated with the changes in electron density distribution in the 

molecule during the reaction99. For example, the Fukui index is potentially useful to estimate 

the change in intramolecular charge density during the reaction. Fukui index or Fukui 

function is a function that describes a chemical reactivity by analysing the electron densities 

in the observed molecule100.  In recent studies, the Fukui Index has been increasingly applied 

to calculate the reaction sites of OMPs (e.g., pesticides and antibiotics101–103) with OH•. 

However, all these studies are limited only to the analysis of reaction sites of the OMPs, and 

the applicability of the Fukui Index to the reaction mechanism and resultant TPs formation is 

still a challenge. 

To overcome this issue, we employed the Fukui Index and transition state theory to 

investigate the reaction mechanisms (reaction sites and rates) and resultant TPs formation 

during OH•-mediated phenol oxidation process. Specially, the initial stages of phenol 

oxidation by OH• was selected in our calculation based on the following considerations. First, 

the unambiguous experimental knowledge of the relevant reaction mechanisms for the initial 

stages of OH•-mediated phenol oxidation104,105 allows us to rigorously examine the 

applicability and limitations of the QCC theoretical approach. Second, phenolic functional 

groups account for the majority of OMPs75, and OH•-mediated oxidation is commonly 

involved in AOPs. In the calculation of reaction site, the reactivity of each carbon atom 

within an organic molecule was assessed, and the accuracy of the prediction was compared 

by using different levels of theory (Hartree-Fock, B3LYP, and M06-2X). In addition, kinetic 

rate constant was determined via optimization of transition state structure, and thereby the 

applicability and limitation of QCC theoretical approach in the kinetic analysis were 

discussed. Thus, this study provides a promising strategy to elucidate the fundamental 

kinetics and reaction mechanisms of OH•-mediated phenol oxidation, which promotes the 

assessment and development of AOPs for removal of OMPs in water environment. 
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Additionally, our outcomes contribute to accurately predicting TPs formation from the 

oxidation of OMPs and understand the fate of OMPs in water and wastewater treatment 

processes.  

 

II.2. Methods 

II.2.1. Overall Computational Procedure 

Figure II-1 shows the strategy used in this study to assess phenol oxidation pathways. 

First, optimization of the molecule structure was conducted to obtain the base structure for 

further calculations. In this step, a conformational analysis was also carried out (prior to the 

structure optimization) to find the major isomers. Then, the optimized structure underwent a 

Fukui index calculation to find the most reactive site and to yield an estimation of the product 

structure at the end of the reaction. Subsequently, the product structure was built, underwent 

conformational analysis, and optimized again. The obtained reactant and product structures 

were used as an input to find a transition state (TS) structure. If the TS structure fulfils the 

criteria (described later in next section), activation energy was calculated and so does reaction 

rate constant. The cycle was also repeated for all reactions considered in this study. 

 

Figure II.1 Flowchart of calculation steps for each pathway
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Table II-1 Previously theoretical researches on OMPs in AOPs system 

Target organics Oxidants Medium 
Calculation 

Method 

Level of 

Theory 
Basis set 

Solvent 

effect 
Reaction mechanism 

Calculated 

parameters 
References 

Phenol OH• Water TS, Energy 
HF B3LYP 

M062X 

6-311+G(2d,2p) 

6-311+G(2d,2p) 

6-311+G(2d,2p) 

SMD 

OH addition  Fukui function 

Free energy of 

activation 

Second order rate 

constant 

This study O2 addition 

HO2 dissociation 

Bisphenol A OH• Water TS M052X 6-311++G(d,p) SMD H-abstraction 
Second order rate 

constant 
74 

Ibuprofen OH• Water TS B3LYP 6-311++G(d,p) PCM H-abstraction 
Second order rate 

constant 
77 

Organic compounds 

(n=31) 
Cl• Water TS, Energy B3LYP 6-31G(2df,p) 

Implicit 

PCM 

H-abstraction, Cl-

adduct formation 

Free energy of 

activation 
106 

Acetone OH• Water TS, Energy 
Gaussian-4 

theory 
Gaussian-4 theory SMD 

Significant 

involvement of OH2
• 

in peroxyl radical 

reaction 

Free energy of 

activation 
76 

Para-substituted 

phenolic compounds 
O3 Water TS, Energy M062X 6-311+G(2d,2p) SMD 

Formation of p-

benzoquinone, p-

substituted catechol, 

cyclic α,β-unsaturated 

ketone 

Free energy of 

activation and reaction 
75 

Glutathione OH• Water TS, Energy M052X 6-311+G(d,p) SMD 
H-transfer 

(abstraction) 

Second order rate 

constant 
107 

Naproxen OH• Water TS, Energy M052X 6-311++G(d,p) SMD OH• adduct formation 
Second order rate 

constant 
108 

Carboxylated and 

hydroxylated 

benzene (n=16) 

OH• Water TS, Energy M062X   aug-cc-pVDZ  SMD 

OH• addition to 

benzene ring 

producing 

hydroxycyclohexadie

nyl radicals 

Free energy of 

activation 
109 

PCM: Polarizable continuum model, SMD: solute electron density implicit solvation model, TS: Transit  
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II.2.2. Molecular Structure Optimization 

In the structure optimization step, equilibrium structure is estimated by determining a 

minimum point on the potential energy surface of the molecule. Since multiple 

conformational isomers can occur for the target molecular structure, the structural 

optimization converges to either local or global minimum, depending on the initial structure 

coordinate. Therefore, in order to obtain the lowest energy among the possible isomers, the 

most stable conformation was searched using CONFLEX 8110 and used as the initial 

coordinate. 

Then, molecular structure optimization was performed using Gaussian 16 revision 

B.01111 and GaussView 6112. Regarding the computational method, the level of theory and 

basis function used in previous studies on the radical-mediated reactions of various organic 

molecules were listed in Table II-1. The representative degree of accuracy and cost of each 

level of theory is shown in Figure S1. Among them, the following three representative 

methods and basis sets were selected in this study: HF/6-311+G(2d,2p) (ab-initio), B3LYP/6-

311+G(2d,2p) (hybrid functionals), and M06-2X/6-311+G(2d,2p) (hybrid functionals). To 

simulate the reaction in an aqueous phase, an implicit solvation model named SMD 

(Solvation Model based on Density)113 was used. SMD is a continuum solvation model based 

on quantum mechanical charge density, which takes into account the electrostatic interaction 

between solute and solvent using Poisson's equation and the short-range interaction between 

solvent and solute in the first solvation shell due to the cavity structure of the solvent113.  

 

II.2.3. Calculation of Reaction Site using Fukui index  

Fukui index (or Fukui function) was employed in this study to estimate the most 

reactive site of phenol and its TPs. Fukui index generally determines the regioselectivity of a 

molecule to a certain reaction using the variable f(r), which suggests the potentially most 

reactive site100. The variable f(r) is depicted in Equation 1 as follows: 

f(r)=dρ(r)/dN                                                         (1) 

where f(r) is Fukui index, ρ(r) is electron density of a certain atom, N is total number of 

electrons in the molecule. To predict the site-favoured reactivity of a molecule, the index was 

calculated by using Equations 2 to 4 as follows: 

f
+(r)=ρ

N
(r) − ρ

N+1
(r)                                                        (2) 

f -(r)= ρN-1(r) − ρN(r)                                                        (3) 

f 0(r)=0.5(ρN-1(r)−ρN+1(r))                                                  (4) 
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Equation 2 is for nucleophilic reaction, where the total number of electrons in the molecule 

increased by one; Equation 3 is for electrophilic reaction (total number of electrons in the 

molecule decreased by one), and the last Equation 4 is for a radical attack114. We assumed 

that the higher the index value of a site, the more likely the site is a site-favoured reactivity.  

In the calculation of the Fukui index, the structure was optimized in the reference state 

(i.e., ρN(r)) by Gaussian 16, and then the populations (electron densities) were analysed by 

changing the number of electrons and spin multiplicity. Since Mulliken's populational 

analysis is sensitive to various properties such as the basis functions, quantum mechanical 

methods, and molecular structure itself115,116, the natural population analysis (NPA) was 

adopted in this study to calculate the atomic charges and orbital populations. Thus, Fukui 

index is a measure of the change in the electron density of an atom when an electron is added 

or removed from a certain potential. In the frontier orbital theory, such additional electrons 

are added to the LUMO and removed from the HOMO orbital. In a previous study, Elhorri et 

al.117 identified the reaction point (radical reaction to nitrogen atom) for the initial structure of 

dye (e.g., blue acid) with OH• by Fukui index, and the calculation showed comparable output 

to experimental observation. The Fukui index was also applied to the reactions of radicals 

with pesticides (e.g., atrazine118) and antioxidants (e.g., flavonoids119) for each initial 

structure, indicating the applicability of Fukui index in diverse radical reactions. 

 

II.2.4. Optimization of Transition State Structure 

Optimization of transition state for specific reaction was initially performed by the 

quantum computational chemistry software Reaction plus Pro 2 (HPC systems)120. In this 

calculation, the geometric structure of the transition state is searched based on the Nudged 

Elastic Band (NEB) method121 using the starting and ending states as input data. In this 

method, about 5-15 molecular structures (beads) are placed at equal intervals on the reaction 

coordinate axis where products are formed from reactants, and each molecule is connected 

with a string to search for the reaction path with the lowest energy on the reaction potential 

surface. The saddle point of the energy obtained by this search is considered the transition 

state. This first (relatively rough) estimation of TS structure using Reaction plus Pro 2120 was 

followed by rigorous optimization using Gaussian 16 with validation by frequency analysis 

and intrinsic reaction coordinate (IRC) validation. In this study, it is assumed that the electron 

transfer in the product molecule is fast, and that the stabilization of the molecular structure 

occurs more quickly than in an external molecular transfer reaction. 
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II.2.5. Kinetic Rate Constant Calculation 

The activation energy of a certain reaction is highly related to the transition state 

geometry of the reactants and the products (i.e., Transition State Theory (TST) or activated-

complex theory)90. The idea of the theory is based on a molecular collision that leads to a 

reaction that must pass through an intermediate state as transition state. Using activation 

energy (ΔG‡) representing the energy difference between the TS structure (structure that lies 

in the transition state) and reactants, the reaction rate constant can be calculated using 

Equation 590; i.e.,  

k(T)= 
kB∙T

h∙C
exp (-

∆G
‡

R∙T
)                                                        (5) 

where k is reaction rate constant, kB is Boltzmann constant (1.381×10-23 J·K-1), T is 

temperature (K), h is Planck constant (6.63×10-34 J·s), C is concentration of the molecule 

(unit mol·L-1), R is ideal gas constant (8.314 J·K-1·mol-1), and ΔG‡ is activation energy 

(J·mol-1).  

 

II.2.6. Initial Oxidation Process of Phenol  

In this study, we focused on the initial oxidation process of phenol to hydroquinone or 

catechol. The reactions are experimentally well defined as noted in literature104,105 (Figure II-

2). The reactions consist of Path c1 to c3 for catechol production pathway and Path h1 to h3 

for hydroquinone production pathway, where seven structures can be involved; i.e., phenol 

(PH), ortho-dihydroxylhexadienyl radicals (o-DHCH), ortho-peroxyl radicals (o-DHCH.O2), 

para-dihydroxylhexadienyl radicals (p-DHCH), para-peroxyl radicals (p-DHCH.O2), 

catechol, and hydroquinone.  Path 1 is a radical reaction where OH• is added to phenol. Path 

2 is an electrophilic reaction where dissolved oxygen (O2) is added to DHCH to form peroxyl 

radical (DHCH.O2). Path 3 is a radical reaction where hydroperoxyl radical (HO2•) is 

dissociated from DHCH.O2 to form hydroquinone or catechol. In the oxidation of phenol in 

water, phenolate (e.g., pKa = 9.95) is considered to be dominant near neutral pH107, but for 

the reaction with OH•, phenol is also highly reactive and is considered a major reactant105.  

It had been observed that the hydrogen abstraction reaction occurred in hydroxyl radical 

reactions with aromatic compounds, for example a study of aromatic amino acids (enthalpy 

barriers obtained in the range of 4.1 to 6.7 kcal/mol) 122 as well as benzoic acid (4.27 

kcal/mol) 123. The result from those studies confirmed that hydrogen abstraction is a possible 

reaction mechanism in OH radical attack to the aromatic compounds, but the reaction is less 

favorable thermodynamically compared to OH radical addition (-1.0 to 1.0 kcal/mol for 
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aromatic amino acids and 1.97 to 2.59 kcal/mol for benzoic acid). Therefore, OH radical 

addition reaction to phenol will be the focus of this study for the first oxidation stage. 

 

Figure II.2 Phenol oxidation pathway with hydroxyl radical adapted from the literature104,105. 

 

II.3. Results and Discussion 

II.3.1. Structure Optimization for Phenol 

Among all molecules involved in the initial stage of phenol oxidation, the structure of 

phenol has been rigorously determined by experimental analysis124. Therefore, as a first step, 

the phenol structure was calculated using HF, B3LYP and M06-2X and all calculated results 

were compared to the experimentally determined structure information reported in literature. 

In Table 1, the prediction accuracy of the calculated structure including bond lengths and 

angles was listed for the level of theories employed. The highest root-mean-square error 

(RSME) against the literature value was obtained for HF, which accounted for 0.013, 

indicating that calculation with HF had the largest difference from the experimentally 

determined value. Among the methods used, B3LYP showed the lowest RSME (0.004), and 

M06-2X (0.007) calculation resulted in slightly larger RSME than B3LYP. 
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Table II-2 Calculated bond lengths and angles of phenol structure in this study in comparison 

with the literature124. 

 

Element 
Bond length (Å) 

HF B3LYP M06-2X Measured value124 

C1-C2 1.382 1.391 1.388 1.394-1.397 

C2-C3 1.385 1.393 1.391 1.395-1.397 

C3-C4 1.383 1.393 1.390 1.395-1.397 

C4-C5 1.384 1.392 1.389 1.392-1.397 

C5-C6 1.384 1.393 1.390 1.391-1.397 

C6-C1 1.384 1.393 1.390 1.391-1.398 

C6-O 1.359 1.381 1.372 1.364-1.398 

O-H 0.944 0.965 0.964 0.953-0.957 

RMSE 0.013 0.004 0.007   

  Element 
Bond angle (°) 

HF B3LYP M06-2X Measured value124 

C1-C2-C3 120.73 120.64 120.62 120.48-120.57 

C2-C3-C4 119.17 119.37 119.37 119.74-119.75 

C3-C4-C5 120.72 120.58 120.59 120.79 

C4-C5-C6 119.46 119.44 119.44 119.22 

C5-C6-C1 120.44 120.56 120.54 N/A 

C6-C1-C2 119.49 119.41 119.45 118.77-119.43 

C6-O-H 110.87 109.53 109.62 106.40-109.00 

RMSE 1.33 0.79 0.82   

 

 

The results of bond length and angle calculations could be elaborated by the findings 

of Bushnell and Gauld125. The authors compared a range of the level of theories for nonheme 

iron enzyme 8R-LOX—a metalloenzyme that catalyses various metabolically important 

reactions within an organism such as C-H bond activation, hydrolysis, and DNA repair—and 

found that B3LYP has a similar accuracy with M06 level of theory in terms of optimization 

of molecules. On the other hand, the results from the HF level of theory might be a direct 

consequence of maintaining full configuration interaction that mostly produces a smaller 

bond length than the experimental observation90.  

In this study, the other structures along the pathways including o-DHCH, p-DHCH, o-

DHCH.O2, p-DHCH.O2, catechol and hydroquinone were also optimized. It should be noted, 
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however, that because there are no available data (to our knowledge) on the experimentally 

measured bond properties of such molecules, the comparison was made only for phenol 

structure in this study. 

 

II.3.2. Prediction of Reaction Site 

(i) OH• Addition Reaction (Path h1 and c1) 

Organic compounds such as aromatic and aliphatic compounds and alkenes have been 

recognized to produce carbon-centred radicals (i.e., DHCH in this case) by the addition of 

OH• to unsaturated carbon bonds of benzene rings and alkenes, or by hydrogen atom 

abstraction 126. In case of phenol, reaction with OH• yields DHCH molecule as carbon-

centred radical, as depicted in Figure II-2. In this OH• addition reaction (i.e., Path h1 and c1), 

the Fukui index was calculated for optimized phenol structure using all methods (Table S2 in 

Supporting Information), showing that the ortho-positioned carbon (C-1 and C-5) especially 

C-1, had the highest Fukui index value, followed by para-positioned carbon (C-3). 

Meanwhile, negative values were produced in the ipso-positioned (C-6) and meta-positioned 

(C-2 and C-4) carbon. The negative value of a certain site in Fukui index generally suggests 

that the relevant site is not involved in the reaction 127. Overall, the Fukui index results 

indicated that the most reactive site of the phenol for OH• addition reaction is C-1, followed 

by C-5 (ortho-positioned carbon same as C-1), and C-3 (para-positioned carbon).  

To further interpret the likelihood of reaction more quantitatively, branch ratio (shown 

in %OH• addition in Table 2) of each position was calculated and compared with the 

experimental observation32,104,105. More specifically, this ratio was calculated by dividing the 

index value of each carbon atom to the sum of the Fukui index values for all six carbon atoms 

in the phenol molecule. The negative index values were not considered; e.g., the ratios were 

assumed to be null for ipso-positioned and meta-positioned carbons in the calculation of OH• 

addition reaction. 

According to the calculation result of %OH• addition (Table 2), M06-2X produced a 

77% ratio for ortho-positioned and 23% for meta-positioned carbon. This result was 

comparable to the previously reported experimental values, where a branch ratio of 

approximately 70-80% was obtained for ortho-positioned carbon and 20-30% for para-

positioned carbon32. The same report indicated that the reaction for meta- and ipso-position 

carbons is negligible, consistent with M06-2X calculation (i.e., 0%) in this study. The other 

studies reported that reaction with meta- and ipso-positioned carbons occurs albeit its branch 

ratio is small (e.g., less than 8%)104,105. Regarding the other calculation methods, HF and 
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B3LYP showed substantially different results compared to the experimental observation: e.g., 

the branch ratio for both ortho-positioned carbon (99% in HF and 91% in B2LYP) was 

overestimated and that for para-positioned carbon was underestimated (1% in HF and 9% in 

B2LYP) as shown in Table 2. 

Table II-3 Calculated branch ratio for OH• radical attack of phenol (%OH• addition) based on 

the optimized structure in this study with the literature values as comparison  

 

Reaction site(s) 

Calculated %OH• addition Experimental %OH• addition 

HF B3LYP M06-2X Stefan105 
Mvula, et 

al104 

Alnaizy and 

Akgerman32 

ipso (C6) 0 0 0 8 0 N/A 

ortho (C1 and C5) 99 91 77 50 63 70-80 

meta (C2 and C4) 0 0 0 8 7 N/A 

para (C3) 1 9 23 34 30 20-30 

 

(ii) Reactions for DHCH and DHCH.O2 (Path h2-h3 and c2-c3) 

After DHCH is generated by OH• addition to phenol (Path c1 and h1), DHCH 

subsequently forms a complex in the presence of O2, producing peroxyl radicals (i.e., 

DHCH.O2 via Path c2 and h2). Both o-DHCH.O2 and p-DHCH.O2 can be formed, when the 

oxygen molecule is bonded to the adjacent carbon that is attacked by OH• (Figure II-2). This 

pathway can be considered an electrophilic reaction, because O2 is a nucleophilic molecule 

having two lone pairs of electrons, leaving the DHCH molecule an electrophilic. After O2 

molecule is added in the molecule, the reaction can be followed by catechol or hydroquinone 

formation via dissociation of HO2• molecule from DHCH.O2 (Path c3 and h3), which is 

considered as a radical reaction. These reaction pathways have been shown qualitatively in 

previous studies based on experimental observations104,105, but to the best of our knowledge, 

no study has experimentally determined the branch ratios for Path c2, h2, c3, and h3. In this 

study, the values of Fukui index were calculated for molecules involved in the reaction 

pathway to verify the consistency between theoretical calculations and experimental 

observations, and to examine the applicability of theoretical calculations. 

For hydroquinone production pathways, the calculation for the p-DHCH molecule 

indicated that all three methods yielded substantially different values for Fukui index (Table 

S3 in Supporting Information), and therefore different predictions for the reaction sites in 

Path h2. For example, HF yielded only one positive value for C-3, so the branch ratio for this 
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reaction site was 100% for C-3. As can be seen in Table S3, however, C-3 already had four 

bonds with other atoms. Thus, the reaction probability of C-3 occupied by other bonds should 

be extremely low, which is inconsistent with HF calculation. Also, the B3LYP calculation 

yielded no positive value, resulting in a branch ratio of 0% for all carbon atoms. This result 

generally indicates that the reaction did not take place, which is indeed inconsistent with the 

previous finding showing the significant formation of peroxyl radicals via this reaction 

pathway 104. Contrary to the above two methods, in M06-2X, the branch ratios were 

calculated to be 61% and 39% for meta- and ipso-positioned carbons, which is consistent 

with the previous findings in the literature (Fig 2). Therefore, compared to HF and B3LYP, 

M06-2X showed better performance in terms of prediction of p-DHCH reaction site in Path 

h2. 

For Path h2, C-6 actually had the highest branch ratio (39%): therefore, O2 could be 

added to C-6 to form p-DHCH.O2. The O2 molecule on C-6 subsequently reacts with the H 

atom (H-9) bonded to C-3 to form HO2•, and catechol can be formed via further reaction 

intermediates 105. However, the H-9 atom and the O2 molecules (O-16 and O-17) on C-6 in p-

DHCH.O2 are spatially far apart, as such the reaction is unlikely to proceed quickly in view 

of steric perspective. On the other hand, when an oxygen molecule (O-16, O-17) is added to 

C-4, the oxygen molecule locates sufficiently close to the hydrogen atom (H-8) of C-2 for the 

p-DHCH.O2 dissociation reaction to occur. In this study, therefore, we considered that the 

latter reaction pathway, which does not involve further reaction intermediates, is significant. 

The identical steric issue is expected to be the case for catechol production pathways (i.e., 

Path c3). 

In the dissociation reaction of p-DHCH.O2 (Path h3), therefore, HO2• can be formed 

via binding of two oxygen atoms (O-16 and O-17) in C-4 and one hydrogen atom (H-9) in C-

3. For this pathway, only HF (displayed in Table S4 in Supporting Information) yielded an 

inconsistent result with the experimentally observed pathway. It is possible that HF produce a 

deviated value due to its nature of neglecting electron correlations in the molecule 90. The 

branch ratios from B3LYP and M06-2X consistently indicated that C-3 and C-4 are the most 

reactive sites in this radical reaction, which is comparable to the experimental observation. In 

addition to the Path 3, it is known that peroxyl radicals (L-O2•, where L is an organic 

molecule) can produce various intermediate radicals (e.g., alkoxyl radicals [L-O•]) and TPs 

(e.g., alcohols, ketones, and aldehydes) via complex reactions such as unimolecular decay or 

bimolecular disproportionation reactions76,126, which can further react with OH• to form 

carboxylic acids. Given that the ring-opening reaction of aromatic can be driven by peroxyl 
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radicals, it will be important in future studies to investigate the applicability of QCC to more 

complex radical and ring-opening reactions. 

Similar to hydroquinone production mechanism, the calculation of catechol 

production pathways (Path c2 and c3) generated the branch ratios for o-DHCH and o-

DHCH.O2 molecules, as listed in Table S5 and Table S6 in Supporting Information. 

According to Table S5, all level of theories showed the highest ratio for C-4, followed by C-2 

in case of o-DHCH. However, due to aforementioned steric issue noted for the Path h2, C-4 

was not considered as a possible electrophilic reaction site, since it has a significant distance 

to further react with C-1 to produce catechol. Instead, we considered C-2 as the reaction site 

for Path c2, which has the second highest branch ratio and adequate distance to C-1.  

Regarding the branch ratios for o-DHCH.O2, which depicted in Table S6, HF results 

substantially differed from both B3LYP and M06-2X. For example, HF generated C-2 and C-

3 atom as the potential reaction sites for HO2• dissociation (e.g., the branch ratio for HF 

method was highest for C-3 [24%] followed by C-2 [18%]), while for B3LYP and M06-2X, 

C-1 and C-2 were suggested to be the favourable reaction sites. Given that the dissociation of 

HO2• from o-DHCH.O2 finally generates catechol as reported in literature, the dissociation 

should occur from the O2-attached (C-2) and OH•-attached (C-1) carbons, and both B3LYP 

and M06-2X agreed with the experimental observation.  

 

II.3.3. Kinetic Rate Constant 

(i) Transition State Structure Identification 

In order to better understand the mechanisms of reactions, detailed investigation on 

the transition state (TS) structure and intrinsic energy was conducted. Given its best 

performance in the Fukui index calculation, M06-2X was selected to find the transition state 

structures and calculate the activation energy (ΔG‡) of each pathway. Finally, the activation 

energy (ΔG‡) was used to calculate the reaction rate constant of each pathway followed by 

comparison with the reported rate constants. 

In the search for a transition state, we found four transition state structures along the 

pathway, namely Path h2, h3, c2, and c3. No transition state structure was detected for Path 

h1 and c1. Since OH• is highly reactive, most reactions with this radical would not produce a 

transition state105. The absence of a transition state may also be relevant to the quantum 

tunnelling phenomenon of electrons, where electrons are transferred without an energy 

barrier and thus transition state structures are not formed90. Moreover, a low lying TS may 

not be detected if the potential energy surface from the neighbouring molecules is shallow 
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due to the low computational load without explicit solvation128. Hence, we investigated four 

transition state found along each pathway (TSh2 and TSh3 for hydroquinone and TSc2 and 

TSc3 for catechol), as shown in Figure II-3. The vibrational frequency analysis showed that 

all detected structures had one imaginary frequency and the IRC validation also further 

confirmed the connection between found TS structures and their respective reactants and 

products.  

 

             

(a)                                                                               (b) 

             

(c)                                                                             (d) 

Figure II.3 Calculated TS structure for Path h2 (a), Path h3 (b), Path c2 (c) and Path c3 (d) 
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(ii) Activation Energies and Reaction Rate Constants  

The intrinsic energies of the TS structures were calculated, and then the activation 

energies and reaction rate constants (k) of Path h2, h3, c2, and c3 (Figure II-4 and Table 3), 

were compared to the reported theoretical and experimental results. The calculated k of Path 

h2 was 2.8 × 1011 M-1·s-1, which was several orders of magnitude greater than the calculated 

k for Path h3 (1.4 × 102 M-1·s-1). Similarly, k for Path c2 (1.43 × 1010 M-1·s-1) was also 

considerably larger than Path c3 (1.41 × 102 s-1). Thus, Path c3 and h3 can be the rate-limiting 

steps of the pathways which is consistent with the reported experimental evidence104. The 

calculated results also showed that Path c2 and h2 (in addition to Path c1 and h1 where no TS 

structures were detected) were near diffusion-controlled reactions (e.g., ~1010 M-1·s-1)129, 

which agreed with the experimental result in the literature. 

 

Table II-4 Calculated ΔG‡ and k of each pathway as well as their comparison with the 

reported values in the literature  

 

Path 
ΔG‡ 

(kJ/mol) 

Calculated ki 

(T = 298.15 K) 

Theoretically 

reported ki 

Experimentally 

reported ki 

Experimentally 

reported koverall 

Unit 

c1 - - 6.28×109a  (0.841 ± 0.042)×1010b 

6.51×106d 

M-1.s-1 

c2 15.06 1.43×1010 - 
1.490×109b 

1.200×109c 
M-1.s-1 

c3 61.52 1.20×101 - 
0.438×105b 

1.300×105c 
s-1 

h1 - - 1.98×109a (0.841 ± 0.042)×1010b 

1.27×106d 

M-1.s-1 

h2 7.68 2.80×1011 - 
1.490×109b 

1.200×109c 
M-1.s-1 

h3 61.93 1.41×102 - 
0.438×105b 

1.300×105c 
s-1 
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Figure II.4 Energy profile of phenol oxidation pathway to catechol and hydroquinone relative 

to phenol. 

A comparison to the experimentally reported values revealed that calculated k for Path 

c2 and h2 differed from the reported k value by a factor of 101 to 102, whereas the calculated 

k for Path c3 and h3 differed significantly (by 103 to 104-folds) from the reported k. The 

overestimation of activation energy may be one of the plausible reasons for this discrepancy. 

According to the previous studies, the calculated rate constant may include a large error, 

approximately 3 to 750 times compared to the measured value98,130. Other studies have also 

shown that the acceptable difference between theoretical and experimental results is within 3 

kcal/mol (or 12.6 kJ·mol-1)94,131, with a maximum of 7.6 kcal·mol-1 specifically for the M06-

2X level of theory132. Such error can be attributed to the dispersion effect of 

catechol/hydroquinone and HO2• in the calculation of the TS structure, which likely affects 

the electron density analysis, resulting in the failed description of intermolecular dispersion 

interaction133. Intervention of dispersion effect (emp=dp3) in the calculation resulted in the 6-

fold increase of reaction rate constant of Path h3 (1.41×102 to 8.22×102).  

Another plausible reason for such a large discrepancy is that the system has a 

significant multireference character that can produce imprecise results134. Multireference 

character typically occurs in molecules with challenging electronic structures, such as 

biradicals or diradicals, which are the molecules with two unpaired electron. In this study, 
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p.DHCH.O2 and o.DHCH.O2 are the molecules having two unpaired electrons due to the 

from O2 group, therefore are categorized as having multireference character. Such case could 

not be accurately solved using single reference function used in current study, instead 

Complete Active Space Self-Consistent Field (CASSCF) and Multi-Configurational Self-

Consistent Field (MCSCF) methods offer more flexible and accurate description of the 

electronic structure in challenging molecular systems.  

Furthermore, according to the study by Kirklin et al135, there may also be an analytical 

error in determining the kinetic rate constant from the experiment, which is estimated to be 

approximately 0.082 eV/atom (7.9 kJ·mol-1/atom). This experimental error is comparable to 

those observed between theoretical and experimental results (e.g., 0.057-0.116 eV/atom or 

5.5-11.2 kJ/mol/atom). The literature used for the comparison in this study employs pulse 

radiolysis to measure the reaction rate constant, which involves potential errors, as described 

in the study136,137. 

In the computational method used for transition state in this study, M06-2X was 

employed. The Minnesota functionals such as M06-2X are considered an effective function 

for weak interactions such as pericyclic reactions138. Xiao et al.74 theoretically calculated the 

reaction rate constant for the initial reaction of endocrine disruptor (bisphenol A) with OH• 

using M052x/6-311++G(d,p). The reaction rate constant was estimated to be 1×1010 M-1·s-1, 

with the assumption that the hydrogen abstraction reaction at the aromatic ring is most likely 

to occur. This value is relatively close to the experimental value of 7×109 M-1·s-1 (pH 7.6). 

Nonetheless, it is also recognized that hybrid functionals tends to underestimate the activation 

energy, and if hybrid functionals is not accurate enough for the TS optimization, the MP2 or 

CCSD method should be considered. However, while the computational cost of HF and 

hybrid functionals is proportional to n3 to n4 (where n is the number of electrons in the 

system), the computational cost of MP2 and CCSD methods is proportional to n5 to n6, 

indicating that the computational cost increases by a factor of up to n3. In this study, we used 

a workstation (Intel Xeon/2.1 GHz/RAM 128GB), and the calculation of the TS optimization 

by M06-2X took about 72 hours.  

 

II.4. Conclusions and limitations 

This study investigated the accuracy of theoretical calculation using QCC in 

predicting the reaction mechanism of the OH•-mediated phenol oxidation (where catechol 

and hydroquinone are generated as TPs). First, B3LYP provided the most accurate result of 
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structure, followed closely by M06-2X. However, M06-2X performed the best in reactive site 

prediction compared to B3LYP and HF, thus M06-2X was further used in the next 

calculation steps. Next, the calculated results of the transition state structures and activation 

energies showed an agreement with the experimentally determined values for Path c2 and 

Path h2 (O2 addition). In contrast, there was a gap in Path c3 and Path h3 (HOO• abstraction), 

implying either the limitation of theoretical calculations (which does not consider dispersion 

effect and multireference character in the calculated system) or discrepancies potentially 

caused by experiment (including analytical errors and discrepancies of target reactions 

between experiments and theoretical calculation).  

Further studies examining Path c3 and h3 considering those factors are important to 

minimise the gap between experimental and theoretical studies. Also, other reactions need to 

be studied, such as ring-opening reactions that can occur after pathways c3 and h3. Ring-

opening reactions are key reactions that lead to the mineralization of aromatic compound. 

Another research direction would include the oxidation reactions with other major chemical 

moieties (e.g., functional groups), such as benzenes, olefins, and amines. These approaches 

will provide better insights into the occurrence and fate of TPs in the AOPs system.  
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III.1. Introduction 

Ultraviolet based advanced oxidation processes (UV AOPs) have gained attention as 

techniques for efficiently breaking down stubborn pollutants and disinfecting water. They are 

popular, due to their installation, operation and maintenance well as their ability to tackle 

chlorine resistant pathogens. However the presence of matter (NOM) in the source water 

poses a significant challenge to the effectiveness of UV AOPs in degrading pollutants. This 

occurs because UV radiation interacts with NOM in ways leading to a decrease in UV 

induced degradation efficiency. These interactions result in effects such as hindering radical 

generation scavenging produced radicals during the process and promoting the formation of 

potentially harmful transformation products and disinfection by products. To understand 

NOM reactivity better researchers have employed strategies including analyzing its response 

to UV irradiation using techniques like UV spectroscopy and fluorescence measurements. 

These studies have revealed that NOMs reactivity towards UV irradiation depends on the 

applied UV dose; higher doses can cause changes such as depletion of chromophoric 

structures alterations, in weight and hydrophobicity and carbon removal. Furthermore 

researchers have also investigated the responsiveness of chemical compounds that resemble 

matter (NOM) which has provided valuable information, about various reaction mechanisms. 

These mechanisms involve electron transfers, substitution of hydroxyl radicals, cleavage of 

rings and ultimately mineralization processes.  

Recent studies have turned to high-resolution mass spectrometry, namely electrospray 

ionization Fourier transform ion cyclotron resonance mass spectrometry (ESI FT-ICR MS), 

to probe deeper into the molecular subtleties of NOM reactivity. Researchers have been able 

to investigate the chemical changes inside NOM at an unparalleled degree of detail, both in 

natural habitats and artificial water systems, thanks to this new approach. Studies have found 

that exposing NOM to UV light causes changes in certain molecular properties, such as 

changes in oxygen-to-carbon and hydrogen-to-carbon ratios, as well as changes in the 

presence of certain elements such as nitrogen and sulfur. Furthermore, the use of high-

resolution mass spectrometry has cleared the way for approaches such as paired mass 

distance (PMD) analysis, which has been useful in revealing the subtle alterations that NOM 

undergoes during UV-based processes. However, distinguishing between reactive and 

unreactive substances remains difficult, especially when they have the same molecular 

composition. In order to resolve these complications, isotope labeled mass spectrometry 

analysis has emerged as a possible avenue. This method, which employs isotopic markers, 

allows for accurate insights into NOM reactivity, assisting in the identification of precursor 
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and product formulations. This study intends to provide a deeper knowledge of NOM's 

behavior through a comprehensive inquiry that includes isotope labeled FT-ICR MS analysis, 

machine learning approaches, and PMD network analysis. 

 

III.2. Materials and Methods  

III.2.1. UV irradiation experiment 

The Suwannee River natural organic matter (SRNOM) obtained from the International 

Humic Substances Society was prepared at a concentration of 1 g/L by dissolving it in 4 mL 

of deuterium oxide (D2O) with a purity of 99.8% from Kanto Chemical, Japan, within a 5 mL 

quartz cell. Two sets of samples were prepared: (i) the SRNOM sample exposed to UV 

irradiation to simulate treated NOM and (ii) a non-irradiated sample as a control. The UV-

irradiated SRNOM underwent photolysis using a photoreactor equipped with two 15-W UV 

lamps for 12 hours, while the non-irradiated sample was kept in the dark under the same 

conditions. The UV lamp intensity was set at 0.51 mW/cm2, which closely approximates the 

typical intensity used in individual water purification devices (0.5 mW/cm2). Buffer was 

intentionally excluded from the experiments to prevent the formation of radicals derived from 

the buffer. The pH of the NOM solutions experienced minimal change before and after 

irradiation (initial pH 6.2, decreased to 6.0 post-UV irradiation). To assess organic carbon 

concentrations, total organic carbon (TOC) analyses were performed in triplicate on both 

UV-treated and non-treated samples. 

Following the 12-hour UV irradiation, 0.2 mL of the samples were diluted to 250 mL 

using ultrapure water (Milli-Q, ≥18 MΩ·cm). Subsequently, solid-phase extraction (SPE) 

was employed to extract dissolved organic matter (DOM). In this process, the diluted samples 

were acidified to a pH of around 2 using concentrated hydrochloric acid (HCl) from Kanto 

Chemical, Japan. The acidified samples were then passed through Bond Elut PPL cartridges 

(1g and 6 mL, Agilent) in a gravitational manner. Prior to use, these cartridges were activated 

and rinsed with 12 mL of methanol (LC-MS grade, Kanto Chemical, Japan) and 6 mL of 

Milli-Q water, respectively. After loading the samples onto the cartridge, a rinsing step with 

20 mL of hydrochloric acid (pH ~2.0) was carried out to eliminate deuterium oxide (D2O) 

and labile deuterium. Subsequent rinsing with 6 mL of Milli-Q water was performed to 

remove any residual hydrochloric acid, followed by complete drying using nitrogen gas 

(99.9% purity). Finally, the samples were extracted with 6 mL of methanol and were then 

diluted twice using Milli-Q water in preparation for FT-ICR MS measurements. 
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III.2.2. FT-ICR MS analysis and formula assignment 

Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR MS) stands as 

a high-precision analytical technique employed for accurate mass determination. Its 

conception traces back to the collaborative efforts of Melvin B. Comisarow and Alan G. 

Marshall at the University of British Columbia in 1974. In the context of FT-ICR MS, the 

typical process involves ionizing the sample, often through electrospray ionization. The 

resulting ions are then subjected to a uniform magnetic field where they are resonantly 

energized into coherent orbits through an excitation pulse. Following this excitation, the ions 

persist in their orbits at a final radius. The detection mechanism involves ions interacting with 

nearby electrodes, inducing the formation of an image charge on these electrodes, thereby 

balancing the ions' electric field. The cyclotron frequency, a key parameter, is gauged by 

observing the resulting "image current." Subsequently, the frequency data undergoes a 

Fourier transformation, yielding a mass spectrum that facilitates accurate determination of ion 

masses. 

For the investigation at hand, both UV-treated and untreated samples were scrutinized 

using a 9.4T FT-ICR MS (Solarix XR, Bruker, Tohoku University). The analysis was 

conducted via electrospray ionization (ESI) in negative mode, utilizing a capillary voltage of 

-4.5 kV, an injection rate of 150 μL/h, a time domain data size of 2 million words, a 

measurement m/z range spanning from 150 to 1,500, and a resolution of around 200,000 (m/z 

= 399). The data acquisition process involved the accumulation of 50 scans. Peaks identified 

by the DataAnalysis software (Bruker) with a signal-to-noise ratio of 4 or higher were 

considered as valid signal peaks. Subsequent to data acquisition, the mass spectra were 

internally calibrated using a known CHO-homologous series of freshwater dissolved organic 

matter (DOM) within the m/z range of 200–600, employing more than 200 mass calibration 

points. This calibration process aimed to achieve a high mass accuracy (error less than 1.0 

ppm) via FT-ICR MS. The molecular formula of the ions was determined using the 

FTMSDeu algorithm, which combines an existing algorithm designed for non-targeted 

screening of halogenated organic compounds with a novel algorithm capable of identifying 

deuterium-labeled mass spectra. For the neutral charge molecules detected in the negative 

mode ESI, the determined chemical formula was adjusted to account for a single added 

hydrogen atom (H). Comprehensive details of the molecular properties corresponding to the 

assigned formulas can be found in the Supporting Information (SI) of the study. 
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III.2.3. Interpretable Machine learning  

A machine learning (ML) model, utilizing molecular properties derived from FT-ICR 

MS analysis as input descriptors, has been employed to predict specific properties of natural 

organic matter (NOM) associated with its reactivity in engineered systems. In contrast to 

previous methods, a modified approach was adopted for this study. The task involved binary 

classification and employed the XGBoost model, a form of gradient boosting, implemented in 

the R programming language. The objective was to predict whether compounds were 

"Reactive" (labelled as 1, indicating they had "Disappeared") or "Unreactive" (labelled as 0, 

also referred to as "Resistant"). The specifics of the NOM reactivity classification, including 

its definition, can be found in the supplementary information (SI). The ML model drew upon 

15 molecular properties extracted from FT-ICR MS analysis as descriptors (as detailed in 

Table S1). 

The dataset was divided into a 75:25 ratio, with 75% allocated for training and 25% for 

testing. The model's performance was evaluated using the area under the curve (AUC) value, 

both during tuning and for the final model. The resulting AUC value, along with a confusion 

matrix and a plot indicating the importance of variables, was computed based on the tuned 

model. Furthermore, an interpretable machine learning (IML) approach was implemented to 

provide insights into the model's outcomes. This was achieved through feature importance 

and dependence plots generated using SHAP (Shapley additive explanations), a technique 

that employs Shapley values to represent the contribution of individual descriptors to the 

model's predictions. For each formula within the dataset, Shapley values were calculated for 

each descriptor (in this case, the molecular properties). Subsequently, the absolute mean 

value of SHAP values for each descriptor across all formulas was calculated to quantify the 

average contribution of each molecular property. All of these methodologies were 

implemented using the R programming language with the SHAPforxgboost package (as 

outlined in code S1). 

 

III.2.4. Paired mass distance-based network analysis 

To gain insights into the primary reactions taking place within the system, paired 

mass difference (PMD) analysis was performed by linking precursor molecules to their 

resultant products. Precursor molecules were determined from the formulae identified in 

samples prior to UV treatment, while the products were established from the formulae solely 

detected post UV treatment. These precursor-product pairs were established through the 

calculation of mass differences, encompassing processes such as hydroxylation and 
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dealkylation, among others, as referenced in the supplementary information (Table S2). The 

visualization and analysis of the reaction network were executed using Gephi software. 

Further intricacies regarding the development of the network can be found in the 

supplementary materials. 

 

III.3. Results and Discussion 

III.3.1. Reactivity of NOM molecular compositions in UV irradiation 

The photodegradation-driven mineralization of natural organic matter (NOM) 

exhibited modest progress after 12 hours of UV irradiation, aligning with earlier findings. 

While substantial TOC removal was lacking, a significant increase in molecular formulas was 

observed, underscoring NOM's reactivity under the UV treatment studied. Classification of 

precursor formulas into reactive (disappearing) and resistant (persisting) compounds revealed 

CHO-containing formulas as least reactive, while CHON and CHOS displayed higher 

reactivity. Interpretable machine learning (IML) analysis highlighted O/C ratio and molecular 

weight (MW) as key factors influencing reactivity across molecular compositions. In CHO-

type formulas, heightened reactivity correlated with increased NOSC, lower DBE-O, and 

higher values of DBE-O, O/C ratio, MW, and NOSC carried notable importance values, 

while N-bearing CHON formulas showed significance in MW, O/C, nC, and N/C. CHOS 

formulas exhibited a positive relationship with S/C and negative correlation with AImod, 

with corresponding importance values. 

Isotope labelling with deuterium (D) offered insights into OD radicals' role in 

photodegradation, revealing higher D-TPs proportions in CHO-TPs, and lower D-TPs in 

CHDON and CHDOS. Despite their reactivity, CHON and CHOS generated fewer D-TPs, 

potentially due to heteroatom removal, resulting in conversion to non-heteroatom molecules 

affiliated with CHO compounds. Notably, D-TPs from all compositions exhibited lower MW 

and DBE, suggesting OD radical-driven degradation. 

 

III.3.2. Reactivity of NOM structural categories  

Based on van Krevelen diagram boundaries, molecular formulas were categorized into 

chemical structure classes, resulting in over 5000 formulas assigned to lignin/CRAMs, 

tannins, condensed aromatics, carbohydrates, amino sugars, unsaturated hydrocarbons, and 

others. This classification aligned with previous findings that lignin and tannin-like formulas 

are predominant components in the studied NOM. SHAP importance values highlighted 

significant factors based on chemical structure classes, including heteroatom counts (nitrogen 
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and sulphur) and molecular weight (MW). Among these classes, specific formulas with high 

SHAP reactive scores contained heteroatoms such as nitrogen and sulphur, introducing 

functional groups like amines and sulfonic acids, enhancing reactivity by providing additional 

reaction sites. Notably, the reactivity of condensed aromatics was less influenced by sulphur 

due to limited representation, as imbalanced datasets can impact machine learning results. 

Features such as MW indicated that larger molecules offer more reactive sites for 

photochemical reactions. Conversely, the O/C ratio held less importance in structure-based 

classes, highlighting its significance within identical molecular composition classes. A 

comparison between highly reactive and less reactive formulas within each structure category 

elucidated key features controlling reactivity. Reactive lignin/CRAM formulas displayed 

higher MW and DBE-O, indicating that larger unsaturated compounds are prone to 

photochemical reactions. Reactive tannin formulas exhibited higher MW, NOSC, and lower 

AImod, suggesting fewer oxidizable aromatics. Similarly, in condensed aromatics, high 

reactivity correlated with higher MW, DBE-O, DBE, and DBE/C values, while low reactivity 

corresponded with lower values. 

Investigation into the role of OD radicals in UV reactions extended across various 

structural categories (Figure III-2). The transformation products (TPs) were categorized into 

deuterium-containing (D-TPs) and deuterium-free (D-free TPs), revealing that multiple 

products emerged from single precursor formulas. Specifically, lignin/CRAM, tannins, and 

condensed aromatics exhibited more TPs than precursor formulas, predominantly D-TPs, 

indicating the dominant involvement of OD radicals in the photoinduced reactions. Analysing 

TP features focused on D-TPs versus D-free TPs within each category, revealing patterns. D-

containing TPs in lignin/CRAM had lower MW, DBE, and DBE-O values, indicating more 

saturated structures, whereas D-TPs in tannins showed increased unsaturation through higher 

DBE and AImod. In condensed aromatics, D-TPs displayed lower DBE, DBE-O, and AImod, 

along with higher O/C than D-free TPs. These findings align with previous research, 

highlighting the reactivity of unsaturated formulas and the transformation of saturated 

aromatic structures. Notably, saturated tannins exhibited higher reactivity due to their O/C 

ratio and lower aromaticity, allowing greater UV light absorption and generation of excited 

states. 

 

III.3.3. Decoding UV-induced reactions via PMD-network analysis 

The construction of a paired mass distance (PMD)-based network, guided by possible 

UV reactions, deciphered NOM transformations based on both structural categories and 
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molecular composition. For lignin/CRAMs and condensed aromatics, hydroxylation reactions 

with hydrogen substitution (+OD-H) dominated UV reactions. In contrast, tannins primarily 

exhibited nitro group loss (+D-NO2). Molecular composition classification revealed 

hydroxylation as the dominant reaction observed UV reactions), with most reactions yielding 

D-TPs. Notably, the minor D-free TPs included decarboxylation (-CO2), dehydration (-H2O), 

and deformylation (-CH2O). 

Topological analysis of the PMD-network highlighted hubs with the highest degree, 

comprising either CHO or CHOS compounds. These hubs were mainly condensed aromatics 

and lignin/CRAMs, indicating a tendency for CHOS conversion to CHO compounds. 

Notably, CHOS and CHO formulas exhibited some commonalities in reactivity across 

different AOP treatments, aligning with observations from previous research. Correlations 

emerged between node degree, Gibbs energies for oxidation half-reactions (ΔGCox), and 

DBE/C. Hub nodes with degree eight shared common ΔGCox and DBE/C values, suggesting 

that hub formulas are more unsaturated and energetically favourable for transformation. TPs 

with higher O/C ratios displayed smaller ΔGCox, and increasing DBE corresponded to lower 

ΔGCox. 

Structural changes revealed conversions from lignin-like to tannin formulas (mainly 

through hydroxylation and oxidative deamination), while deamination reactions were pivotal 

in transforming lignin-like to condensed aromatics. Conversely, tannins transformed into 

lignin and condensed aromatics, likely through nitro group loss. Some minor conversions 

between condensed aromatics and tannins also occurred, possibly due to OD group addition. 

Overall, these findings provide insights into complex NOM transformations under UV 

irradiation, revealing dominant reactions and structural shifts. 

 

III.3.4. Deuterium isotope tracking analysis  

Deuterium (D) was utilized as a stable isotope tracer to investigate reactivity towards 

OD radical reactions. Condensed aromatics and tannins displayed D-rich formulas, with 

several formulas containing up to 10 D atoms (referred to as 10th generation formulas). 

These 10th generation formulas were categorized into CHDO and CHDON. In the 

lignin/CRAM class, a maximum number of D atoms was observed. The 8th generation 

formula was affiliated with CHDONS, and formulas for the 7th generation were classified as 

CHDON. The high reactivity of condensed aromatics towards OH radical attack was 

attributed to their electron-rich structure, enabling sequential OH radical reactions through 

electron delocalization. Notably, a significant proportion of total CHDO and CHDON 
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formulas in condensed aromatics were associated with the 10th generation, indicating 

recalcitrant nitrogenous structures. The D isotope tracking analysis revealed parent formulas 

undergoing successive OD radical attacks with H-abstraction (+OD-H), resulting in distinct 

D-TPs found in the treated sample. Predicted structures for these formulas suggested that as 

the number of OD groups increased, lignin-like structures became more saturated, aligning 

with previous findings. The predicted structures also correlated with scavenger activity 

against OH radicals, highlighting the significance of specific functional groups and chemical 

features in lignin's structure. This approach holds potential for predicting TP structures and 

advancing the comprehension of mechanisms in UV treatment processes. 

 

III.4. Conclusions 

This study delved into the reactivity and transformation of NOM during UV 

irradiation. Analysing molecular compositions, CHOS type formulas exhibited the highest 

reactivity, while CHO formulas displayed the lowest reactivity. Tannins showed significant 

reactivity followed by condensed aromatics and lignin/CRAMs in terms of structural 

categories. Interpretable machine learning analysis identified MW, DBE-O, NOSC, and 

heteroatom presence (nitrogen and sulphur) as key factors governing formula reactivity, 

particularly larger and unsaturated NOM with S and N atoms. Specific molecular 

compositions within CHOS and CHO acted as hubs, influencing reactivity through multiple 

pathways. Paired mass difference network analysis highlighted hydroxylation reactions 

dominating UV reactions for lignin/CRAMs and condensed aromatics, resulting in more 

transformation products (TPs) than precursors. Certain TPs in condensed aromatics and 

tannins contained up to 10 D atoms, indicating successive reactions with OD radicals. These 

insights aid in identifying crucial reactive precursors and characterizing UV-induced TPs, 

though further research is needed to link TPs with functional aspects like biodegradability 

and biotoxicity. 
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CHAPTER IV Deciphering Lignin Reactivity and Transformations in 

UV Photolysis Studied by FT-ICR-MS and Interpretable Machine 
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IV.1. Introduction 

Lignin, constituting a significant portion of plant biomass, has garnered interest in 

various industries for its potential applications. In water environments, it becomes part of soil 

organic matter and enters aquatic ecosystems as natural organic matter (NOM). NOM is a 

complex mixture with a crucial role in ultraviolet-based advanced oxidation processes (UV-

AOPs). Understanding NOM reactivity and transformation is essential due to its impact on 

pollutant degradation efficiency, radical production inhibition, and the generation of 

transformation products. In this context, high-resolution mass spectrometry (HRMS) like 

Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) has proven 

useful for molecular-level analysis. To address the complexity of NOM, investigating known 

structures like lignin can offer insights. Lignin's transformations under photo-irradiation have 

been documented, yet detailed mechanisms remain elusive. 

Moreover, machine learning is gaining traction to describe NOM properties. Machine 

learning has revealed the relationship between NOM chemodiversity and microbial 

characteristics. However, its application to elucidate NOM reactivity during photooxidation 

remains scarce. Additionally, mass differences between molecules, as utilized in pairwise 

mass distance (PMD) analysis, offer valuable insights into organic matter transformations. 

Successfully employed for various treatments like UV exposure and anaerobic fermentation, 

PMD networks highlight key transformation reactions. 

This study aims to investigate lignin's reactivity and transformations under UV 

exposure using FT-ICR-MS, interpretable machine learning, and PMD network analysis. By 

combining FT-ICR-MS with existing lignin structures, structural changes and functional 

group formations will be identified. Machine learning methods will correlate these alterations 

with physicochemical aspects. PMD networks will provide valuable information on 

transformation reactions. Ultimately, this research will enhance our understanding of lignin's 

behaviour during UV photolysis, contributing to insights into NOM's behaviour in UV-AOPs. 

 

IV.2. Materials and Methods  

IV.2.1. Materials and UV exposure experiment 

Lignin alkali was obtained from Sigma-Aldrich and prepared at a concentration of 0.5 

g/L, dissolved in 3 mL of water within a 5 mL quartz cell. UV exposure was conducted in a 

photoreactor with two 15-W UV lamps, and samples were collected after 48 and 72 hours, 

representing two stages of exposure, while a control sample remained in the dark. UV lamp 

intensity was 0.51 mW/cm², akin to typical water purification equipment settings. 
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Experiments were buffer-free to prevent potential buffer-derived radical formation. Post-

experiment, 0.2 mL samples were diluted to 250 mL with ultrapure water and subjected to 

solid-phase extraction for dissolved organic matter (DOM). Acidification, gravitational 

passage through Bond Elut PPL cartridges, and methanol-based extraction were employed 

before FT-ICR MS measurement. 

 

IV.2.2. FT-ICR MS analysis and formula assignment 

The UV-treated and untreated samples were subjected to analysis using a 9.4T FT-

ICR MS (Solarix XR, Bruker, Tohoku University). Electrospray ionization (ESI) in negative 

mode was employed, with a capillary voltage of -4.5 kV, injection rate of 150 μL/h, time 

domain data size of 2 M words, measurement m/z range spanning from 150 to 1500, and a 

resolution of approximately 200,000 (m/z = 399). Mass spectra were generated with 50 scan 

integrations, and peaks with an S/N ratio of 4 or higher were considered as signal peaks via 

DataAnalysis software (Bruker). For internal calibration, known CHO-homologous series of 

freshwater DOM (m/z = 200–600) were employed, ensuring mass accuracy (error < 1.0 ppm) 

with FT-ICR MS. The TRFu algorithm was used for molecular formula and molecular 

property identification. These parameters were subsequently weighted for each sample using 

specific equations. Furthermore, the calculation of Gibbs energies for oxidation half reactions 

of organic compounds was conducted according to established equations. 

 

IV.2.3. Interpretable machine learning method 

This study employs interpretable machine learning (XAI) for explanatory data 

analysis. XAI is chosen due to its superior predictive performance and ease of 

implementation compared to traditional models. The FT-ICR MS data collected from UV-

exposed and untreated samples are compared across stages, with specific formulas labelled as 

"Disappeared" (reactive) or "Resistant" (unreactive) based on their presence. XGBoost, a 

gradient boosting model, is applied using 17 molecular properties as descriptors, and the 

model's behaviour is explained through post-hoc methods including feature importance, 

feature interaction, and partial dependence plots using SHAP. This approach provides 

insights into the contributions of molecular properties to reactivity.  

 

IV.2.4. Mass difference and network analysis 

Mass difference analysis involves linking parent and produced formulas to elucidate 

dominant reactions in the system. In each UV exposure stage, parent formulas from 0-hour 
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and 48-hour samples are connected to newly detected "produced" formulas, forming the basis 

for constructing a mass difference network. Transformation reactions are inferred from mass 

differences, although not all reactions are covered due to measurement limitations. Selected 

reactions encompass well-known UV-induced organic transformations. Gephi is utilized for 

network visualization and analysis, calculating node degrees and identifying hubs. While 

some reaction types are not considered, this approach effectively investigates transformation 

reactions in the UV-exposed system. 

 

IV.3. Results and Discussion 

IV.3.1. Overall characteristics of untreated and treated lignin after UV exposure 

The number of formulas increased after 48-hour UV exposure and then decreased 

after 72 hours, indicating incomplete mineralization during the initial phase followed by 

further degradation. Formulas were categorized into different groups based on elemental 

composition, with CHO being the dominant molecular composition. Notably, the presence of 

sulphur (S) and phosphorus (P) in the lignin structure was also observed, potentially 

originating from various processes such as the Kraft process or geochemical interactions. 

Analysis of formulas in the untreated sample, after 48 hours, and after 72 hours of UV 

exposure revealed trends of increasing oxidation and decreasing saturation throughout the 

exposure period. The disappeared, resistant, and produced formulas were distinguished, with 

disappeared formulas interpreted as reactive and resistant formulas as unreactive. Formulas 

newly detected after exposure were labelled as "produced" formulas, representing products of 

reactions over time. 

During the initial 48 hours, the "produced" formulas exhibited higher molecular 

weight and oxidation state but lower carbon number compared to disappeared or reactive 

formulas, indicating carbon chain loss and oxygen addition. Higher oxidation state signifies 

increased proportions of oxidized molecules due to the addition of electronegative atoms. 

Oxygen or oxygen group addition, likely in the form of carboxyl or hydroxyl groups, was a 

major contributor to increased oxidation and O/C ratios, consistent with previous studies. The 

presence of a significant carboxyl group formation was evidenced by the notable decrease in 

[DBE-O], indicating a higher number of carbon-oxygen double bonds. After 72 hours of 

irradiation, produced formulas showed increased molecular weight, oxidation, and [DBE-O], 

suggesting further oxidation and possible removal or mineralization of carboxyl-bearing 

formulas. 
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IV.3.2. Relationship between lignin molecular properties and its reactivity during UV 

exposure 

Interpretable machine learning (XAI) provides valuable insights into lignin's reactivity 

through its molecular properties. By employing two models tailored to different stages of 

exposure, this approach effectively explains the underlying data trends. The models exhibit 

strong performance metrics (AUC = 0.99-0.99, accuracy = 0.96-0.97, sensitivity = 0.97-0.99, 

and specificity = 0.90-0.96), indicating their ability to elucidate the dataset. These models 

were interpreted using feature importance, partial dependence plots, and feature interactions. 

The feature importance analysis reveals the distinctive influence of each molecular 

property on reactivity. In the initial stage of UV exposure, the presence of sulphur (nS) 

emerges as the most impactful factor, followed by molecular weight (MW), O/C ratio, 

AImod, and NOSC. In the subsequent stage, the order shifts to O/C, nC, MW, DBE/C, and 

NOSC. These findings underscore the central roles of molecular weight and O/C ratio in 

controlling lignin reactivity, consistent with the significance of MW and O/C in CHO-lignin-

like structure groups observed in NOM mixtures. Furthermore, feature interactions analyses 

unveil the co-dependency between different features, with MW and O/C remaining crucial 

throughout the UV exposure, while elemental compositions (nO, nC, nH) gain prominence. 

Interestingly, the shift in importance of sulphur-related features between the two 

stages is noteworthy. Although sulphur (nS) was highly influential in the initial stage, its 

impact diminished in the later stage, indicating the prominence of other functional groups 

during extended oxidation. Moreover, the 1D and 2D partial dependence plots shed light on 

the relationships between features and reactivity. For instance, high molecular weight and 

low oxygen contribution were correlated with increased reactivity. The study also suggests 

that reactive phenolic hydroxyl groups play a key role in the second stage, while sulfur's role 

diminishes over time, possibly due to oxidation into less reactive forms. Overall, these 

analyses offer a comprehensive understanding of lignin's reactivity, unveiling the intricate 

interplay between molecular properties and UV exposure. 

 

IV.3.3. Tracking the possible key transformation reactions of lignin during UV photolysis 

Key transformation reactions were explored using PMD networks based on potential 

UV-induced reactions. Gephi visualizations revealed dominant reactions during the 48-hour 

UV exposure: hydroxylation, accounting for the majority, followed by ketonization or 

quinone formation. These findings align with previous sections indicating oxygen group 

additions contributed to increased NOSC. Hydroxylation and ketone formation are known 
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main reactions in OH•-mediated processes. In the later stage, significant reactions involved 

carbon and hydrogen group losses, including dealkylation and deformylation. Aromatic ring 

oxidation and cleavage reactions leading to dicarboxylic acids formation were also likely. 

The second stage exhibited fewer reactions than the first, possibly due to incomplete 

reaction coverage. In the first stage, CHO and CHOS formulas dominated nodes, while 

CHOP formulas gained prominence in the second stage. CHOS and CHOP were hubs in both 

stages, indicating high reactivity. Specifically, formulas C18H14O4S1, C7H13O7P1, and 

C10H17O8P1 were notable hubs. CHOP's reactivity highlights a novel avenue for exploring 

phosphorus-containing formula reactivity and its role in lignin oxidation. 

 

IV.4. Conclusions 

This study delved into lignin reactivity and transformation induced by UV exposure, 

employing FT ICR MS and interpretable machine learning. The analysis covered two stages 

of UV exposure: the initial 48 hours and up to 72 hours. Following 48 hours, a notable 

increase in formulas suggested incomplete mineralization of larger molecules, followed by 

further degradation. Lignin formulas exhibited increased oxidation and reduced saturation 

throughout UV exposure. Interpretable machine learning revealed molecular weight and 

oxygen-related properties as key factors influencing lignin reactivity, with nS impactful in the 

first stage but less so in the second, indicating the significance of other functional groups 

during extended oxidation. Aliphatic hydroxyl groups were prominent reactive sites initially, 

while phenolic hydroxyl groups gained reactivity in the later stage. Transformation reactions 

highlighted dominant hydroxylation and ketonization/quinone formation in the first stage, 

followed by dealkylation and deformylation in the later stage, suggesting aromatic ring 

oxidation and cleavage. In summary, this research offers insights into lignin transformation 

under UV exposure, shedding light on reactivity influencers and advancing our understanding 

of lignin's behaviour in various applications. 
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V.1. Conclusions 

Advanced oxidation process (AOP) of organic pollutant does not yield in 

mineralization of the compounds, instead it forms transformation products which 

possess potential risks to human and environmental health. This study aimed to 

elucidate the transformation products of organic compounds during •OH-based AOP by 

applying in silico and experimental method with two specific objectives. 

First, investigation of the feasibility of theoretical approach using quantum 

chemical calculation as an alternative for assessing the transformation products of 

organic compounds during AOP. The feasibility was measured based on accuracy and 

calculation cost. Assessment for phenol and its major TPs resulting in good accuracy for 

calculating molecular structures and reaction sites, which were obtained with high level 

of theory (M062X). However, calculation of reaction rate constant was still produced a 

considerable gap compared to experimentally calculated rate constant. The error can be 

attributed to the limitation of current method which does not consider dispersion effect 

and multireference character in the calculated system. Moreover, the calculation time 

took more than 72 hours for one molecule using a workstation (Intel Xeon/2.1 

GHz/RAM 128GB). Thus, strategies for improvement including minimizing the error 

and calculation time are still needed for QCC to serve as an alternative assessment 

method. 

Second objective was combining experimental (FT-ICR-MS) and in silico (as 

post-experimental analysis to assess the transformations of naturally-occurring organic 

matter during AOP. There are two cases for this objective: natural organic matter 

(NOM) and lignin photolysis. For NOM, the experiment was conducted for 12 hours 

irradiation time. According to the analyses based on the molecular composition, CHOS 

formulas shows higher reactivity followed by CHON and CHO formulas, whereas in 

terms of structural category, the order of reactivity was tannins > condensed aromatics > 

lignin/CRAMs. Analyses of the reactive and unreactive formulas using interpretable 

machine learning approach revealed that overall MW, DBE-O, NOSC and presence of 

heteroatoms are the crucial features regulating the formula reactivity, and such larger-

size and unsaturated NOM containing S and N atoms tended to be reactive against the 

UV irradiation. The paired mass difference network analyses further indicated that 
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hydroxylation reactions dominated the UV reactions for lignin/CRAMs and condensed 

aromatics. 

In case of lignin, 48-h and 72-h irradiated lignin was observed. After 48 hours of 

exposure, the number of formulas increased significantly, suggesting incomplete 

mineralization of larger molecules to smaller ones. This was followed by further 

degradation of the smaller molecules after 72 hours. The lignin formulas were found to 

be more oxidized and less saturated throughout the UV exposure. Using interpretable 

machine learning, it was found that molecular weight and properties related to oxygen 

and oxidation state (nO, O/C, and NOSC) were the most influential molecular properties 

in determining lignin reactivity. Furthermore, aliphatic hydroxyl groups were suggested 

as major reactive functional groups in the first stage of UV exposure, while in the 

second stage phenolic hydroxyl groups was the most reactive. Key transformation 

reactions of lignin during UV photolysis were investigated, with hydroxylation and 

ketonization/quinone formation being dominant in the first stage. Dealkylation and 

deformylation reactions were observed in the later stage, suggesting the occurrence of 

aromatic ring oxidation and cleavage. 

 

V.2. Implications to environment and society 

This study provides insight into transformation product formation mechanisms 

using in silico (quantum chemical calculation as theoretical approach and interpretable 

machine learning as computational approach) in combination with experimental 

approach (FT-ICR MS). In the first study, procedures to predict, calculate, and analysed 

TP formation from a certain compounds were developed and presented, allowing the 

understanding of compound behaviour, reactivity, and potential degradation pathways. 

Extended analysis of this study will lead to producing a full transformation network 

with the reaction characteristics of pollutants in water. Similar strategy could be 

implemented for different chemicals or pollutants by replacing the observed molecular 

structure, suggesting its application to a diverse range of pollutants. However, the most 

crucial challenges for full implementation revolves around computational resources and 

expertise, such as the computational complexity, modelling the realistic environmental 

systems, validation and benchmarking to ensure the reliability, and accessibility and 

educational requirement to advanced computational tools especially for researches in 
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developing regions. In addition, the needs of experimental validation will persist even if 

the computational resources and expertise limitations perish. The nature of theoretical 

approach itself is predicting environmental processes using computation or numerical 

methods from fundamental principles and equations, as opposed to experimental 

methods which emphasize real-world interactions and direct measurement of a 

phenomena. Therefore, the integration of theoretical and experimental approaches holds 

immense promise for advancing scientific understanding and it is unlikely that either 

approach will entirely replace the other. The synergy between theoretical models and 

empirical data allows for a more comprehensive comprehension of complex 

environmental processes. The research underscores the significance of employing both 

approaches to enhance predictive accuracy and refine hypotheses, thereby leading to 

more informed decisions. 

Second and third study attempted to explore and breakdown the implicit 

information that implying the transformation occurred in organic matter from FT-ICR 

MS data using interpretable machine learning method and network analysis. As the 

current research progresses in non-target screening using high resolution mass 

spectrometry (HRMS), post-analysis tools are being significantly developed to interpret 

the results. This study offers an accessible and simplistic procedures as exploratory data 

analysis connected to the expected reaction mechanisms for transformation product 

assessment. Furthermore, some interesting results were obtained, for example the 

relevance of nitrogen and sulphur in determining the organic matter reactivity, which 

generally derived from biomolecule from microbial metabolism, suggesting the 

importance of biological treatment before UV irradiation to degrade some of the organic 

molecules. Nevertheless, the study’s intention for characterizing and identifying the 

transformation mechanisms is still in the lab stage and should be followed by further 

research regarding its practical implementation based on the produced knowledge. The 

practical information hopefully will assist the consideration in policy-making regarding 

the transformation product and advanced oxidation process. 

 

  



55 

 

V.3. Limitations and recommendations 

The current research poses several limitations, which are described as follows: 

▪ The theoretical framework in the Chapter 2 was developed with an intention as 

an initial TP assessment for any selected organic pollutants in each case study. 

However, only one model compound was used and three level of theory with a 

certain basis set and implicit solvation. Furthermore, the interactions between 

each molecules were only represented by Fukui values, activation energy, and 

kinetic rate constant. All this simplified calculation settings might be insufficient 

to capture the actual reaction behaviour in real water sample due to the 

complexity of the actual water matrix itself.  

▪ In Chapter 3 and 4, the study might have focused on a specific natural organic 

matter sample or a narrow range of environmental conditions during UV 

photolysis. As a result, the findings might not be directly applicable to other 

types of natural organic matter or different photolysis conditions, limiting the 

generalizability of the results. 

▪ Interpretable machine learning models used in the study may be subject to 

potential biases in the training data, feature selection, or model assumptions. 

These biases could impact the accuracy and interpretation of the machine 

learning predictions, potentially leading to oversimplified or misleading insights 

into the reactivity and transformation processes of natural organic matter during 

UV photolysis. 

▪ UV photolysis is just one of many processes that natural organic matter may 

undergo in environmental systems. Isolating the specific effects of UV 

photolysis from other concurrent environmental factors, such as microbial 

degradation or redox reactions, can be challenging. The study might face 

difficulties in definitively attributing observed changes in natural organic matter 

solely to UV photolysis. 

The recommendations for future studies are summarized as follows: 

▪ Further investigation using a set range of chemicals from smallest to largest with 

more basis sets and different solvation condition could be beneficial to further 

understand the limit of QCC for alternative approach. 



56 

 

▪ For the NOM and lignin transformations and reactivity during UV photolysis, 

elucidation of structural changes is still a major challenge because there are a lot 

of missing information by not having structure of the compounds. Thus, future 

studies that focused on the strategy to obtain structures is needed to connect the 

reactivity, type of reaction occurs, and the reaction product. 
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APPENDIX 1 for Chapter 2 

 

 

 

 

Figure S1 Comparisons between each level of theory in relation with accuracy and 

cost246  
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Table S1 Fukui index of phenol based on the optimized structure in this research. 

 

Atom 

number 

f0(r) 

(×1,000) 
% OH• Addition 

HF 

C-1 0.67 54 ipso 0 

C-2 -0.23 0 ortho 99 

C-3 0.01 1 meta 0 

C-4 -0.11 0 para 1 

C-5 0.56 45   

C-6 -1.01 0   

B3LYP 

C-1 0.55 50 ipso 0 

C-2 -0.31 0 ortho 91 

C-3 0.09 9 meta 0 

C-4 -0.20 0 para 9 

C-5 0.46 42   

C-6 -0.78 0   

M06-2X 

C-1 0.56 42 ipso 0 

C-2 -0.40 0 ortho 77 

C-3 0.31 23 meta 0 

C-4 -0.28 0 para 23 

C-5 0.47 35   

C-6 -0.68 0   
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Table S2 Fukui index of p-DHCH based on the optimized structure in this research. 

 

Atom 
f+(r) 

(×1,000) 
% O2 Addition 

HF 

C-1 -0.55 0 ipso 0 

C-2 -1.46 0 ortho 0 

C-3 1.65 100 meta 0 

C-4 -1.32 0 para 100 

C-5 -0.49 0 

  

C-6 -3.32 0 

  

B3LYP 

C-1 -1.94 0 ipso 0 

C-2 -0.23 0 ortho 0 

C-3 -0.25 0 meta 0 

C-4 -0.3 0 para 0 

C-5 -1.75 0 

  

C-6 -0.78 0 

  

M06-2X 

C-1 -1.86 0 ipso 39 

C-2 2.36 30 ortho 0 

C-3 -3.99 0 meta 61 

C-4 2.48 31 para 0 

C-5 -1.72 0 

  

C-6 3.13 39 
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Table S3 Fukui index of p-DHCH.O2 based on the optimized structure in this research. 

 

Atom 
f0(r) 

(×1,000) 

% HO2• 

Abstraction 

HF 

C-1 1.12 18 

C-2 0.94 15 

C-3 0.96 15 

C-4 1.18 19 

C-5 1.57 25 

C-6 0.4 7 

B3LYP 

C-1 0.76 22 

C-2 0.13 4 

C-3 1.07 31 

C-4 1.16 34 

C-5 -0.21 0 

C-6 0.36 10 

M06-2X 

C-1 0.93 20 

C-2 0.52 11 

C-3 1.01 22 

C-4 1.18 26 

C-5 0.6 13 

C-6 0.36 8 
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Table S4 Fukui index of o-DHCH based on the optimized structure in this research. 

 

Atom 
f+(r) 

(×1,000) 
% O2 Addition 

HF 

C-1 -2.31 0 ipso 22 

C-2 3.05 29 ortho 0 

C-3 -3.54 0 meta 78 

C-4 5.17 49 para 0 

C-5 -3.39 0   

C-6 2.30 22   

B3LYP 

C-1 -1.91 0 ipso 22 

C-2 1.81 30 ortho 0 

C-3 -1.96 0 meta 78 

C-4 2.85 48 para 0 

C-5 -1.85 0   

C-6 1.31 22   

M06-2X 

C-1 -0.32 0 ipso 26 

C-2 3.67 31 ortho 0 

C-3 -0.38 0 meta 74 

C-4 5.04 43 para 0 

C-5 -0.28 0   

C-6 3.13 26   
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Table S5 Fukui index of o-DHCH.O2 based on the optimized structure in this research. 

 

Atom 
f0(r) 

(×1,000) 

% HO2• 

Abstraction 

HF 

C-1 1.03 17 

C-2 1.13 18 

C-3 1.46 24 

C-4 0.60 10 

C-5 1.04 17 

C-6 0.90 15 

B3LYP 

C-1 1.12 42 

C-2 1.07 40 

C-3 -0.20 0 

C-4 0.41 15 

C-5 -0.06 0 

C-6 0.07 3 

M06-2X 

C-1 1.02 27 

C-2 1.16 31 

C-3 0.31 8 

C-4 0.55 15 

C-5 0.31 8 

C-6 0.40 11 

 

 

 


