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2 Abstract 

The reaction of natural organic matter (NOM) with •OH has been long-studied while 

less information is available regarding the reactivity of NOM with SO4
•–. Briefly, the 

more selective reactivity between SO4
•– and electron-rich NOM moieties as compared 

to •OH has been widely acknowledged. However, the SO4
•–-induced reaction rate with 

NOM reactive moieties and their transformation products remain mostly unknown. 

Also, NOM has exhibited higher scavenging capacity to •OH than SO4
•– due to the 

nonselective nature of the former during radical attack. The scavenging capacity is 

directly related to the reactivity of NOM, i.e., reaction rate of NOM with radicals. 

Considering the highly heterogeneous nature of NOM, a difference in reactive sites 

would be highly expected for the two radicals, leading to different reaction pathways 

as well as reaction rates. Therefore, a better understanding of the nature of reactive 

sites and reaction pathways would ultimately assist in elucidating the difference in 

reactivity and the selection of •OH- or SO4
•–-based oxidation processes in water 

treatment (e.g., catalytic membrane process). Primarily due to the generation of 

reactive species (e.g.•OH), catalytic membrane has received increasing interests with 

its enhanced performance in organic contaminants degradation, NOM fouling 

mitigation and membrane cleaning.  

To contribute to the above knowledge gaps, the doctoral thesis systematically 

investigated the reactivity of NOM in advanced oxidation processes; based on these 

findings, the performance of a novel SO4
•–-based catalytic ceramic membrane was also 

studied.Following a brief summary of the thesis content in Chapter 1, Chapter 2 

studied the reactivity of DOM with SO4
•– with a specific focus on the reaction kinetics 

and the transformation of DOM. Four well-characterized hydrophobic DOM fractions 
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extracted from different surface water sources were selected as model CDOM. SO4
•− 

was produced through the activation of peroxymonosulfate (PMS) by Co(II) ions at 

pH 8 in borate buffer. As SO4
•− would selectively react with electron-rich moieties in 

DOM, i.e., known as chromophoric DOM (CDOM) due to its light-absorbing 

properties, the reactivity of NOM was studied based on the decrease in its ultraviolet 

absorbance at 254 nm (UVA254) as a function of time. The reactivity of CDOM 

changed with time where fast and slow reacting CDOMs (i.e., CDOMfast and 

CDOMslow) were clearly distinguished. A second-order rate constant of CDOMfast with 

SO4
•− was calculated by plotting UVA254 decrease versus PMS exposure; where a Rct 

value (i.e., ratio of sulfate radical to PMS exposure) was calculated using para-

chlorobenzoic acid (pCBA) as a probe compound. The transformation of CDOM was 

studied through the analysis of the changes in UVA254, electron-donating capacity, 

fluorescence intensity, and total organic carbon. A transformation pathway leading to 

a significant carbon removal was proposed. Although SO4
•− is considered a promising 

alternative in advanced oxidation processes (AOPs) for water treatment, little is known 

about its reactivity to the ubiquitous DOM in water bodies. Thus, the current study 

would ultimately assist in the development of SO4
•–-based catalytic membrane process.  

Chapter 3 investigated the difference in reactivity between NOM and •OH or SO4
•– 

using a state-of-the-art analytical technique, Fourier Transformation Ion Cyclotron 

Resonance Mass Spectrometry (FT-ICR MS). Specifically, the reactivities of three 

aquatic NOM isolates of different characteristics with •OH and SO4
•− were explored 

through the calculation of the second-order rate constant of UV254 decay. NOM 

exhibited higher reactivity to •OH than SO4
•−, although both were measured in the 

order of ~108 M–1s–1. The reactive molecules detected with FT-ICR MS were identified 

to exert a difference. Although molecules with higher electron density and lower 
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degree of oxidation and saturation (i.e, with larger double bond equivalent (DBE), 

lower O/C and H/C) were observed as reactive to both radicals, exclusively reactive 

molecules accounting for 10–20% of the total radical species were also identified. 

Specifically, the exclusively SO4
•−-reactive molecules were considerably more 

enriched in electrons (i.e., higher DBE), larger in size (i.e. higher m/z or carbon 

number), and higher oxygen content (i.e., higher O/C with –COOH as a contributor); 

while •OH could also exclusively attack more aliphatic structures (i.e., higher H/C and 

lower DBE) besides electron-rich centers. The different rates of reactions associated 

with these identified reactive sites supported the observed higher reactivity of NOM 

to •OH than SO4
•−. The findings of this chapter would provide a detailed molecular-

level understanding of the distinct reactivity of NOM between these two radical 

species and will assist in the selection of oxidants to be applied with catalytic 

membranes.  

NOM-membrane interactions have a pivotal role in membrane fouling by governing 

the initial phase (i.e., conditioning film formation) as well as the availability of reactive 

sites. Therefore, detailed knowledge of the interactions between NOM and catalysts is 

critical, and will strongly assist in the selection of catalytic materials for improved 

catalytic performance. In Chapter 4, the interfacial interactions between DOM and 

MnO2 as a potential metal oxide for catalytic membrane applications were studied. 

The influence of DOM properties on its interfacial interactions with MnO2 (i.e., as a 

promising alternative material for catalytic membrane preparation) was studied by 

Time-Resolved Dynamic Light Scattering (TR-DLS) and Atomic Force Microscopy 

(AFM) under varied solution conditions. Four DOM fractions of different 

characteristics (e.g., SUVA, hydrophobic character, structural properties) were 

selected. Bared-MnO2 nanoparticles readily aggregated in NaCl and CaCl2 solutions. 
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Classic DLVO Theory successfully described critical coagulation concentrations 

(CCC) and aggregation behaviors. In NaCl solution, DOM adsorbed on MnO2 surface 

and provided electrostatic and steric stabilization. The two DOM fractions of higher 

hydrophobic (HPO) character were more efficient in decreasing the aggregation rates. 

Enhanced MnO2 aggregation was observed at high Ca2+ concentrations due to efficient 

charge screening and cation bridging between carboxyl groups in DOM structures. The 

addition of oxidant (H2O2) induced a high aggregation of bared-MnO2 nanoparticles, 

possibly due to the release of Mn2+ (i.e., complexation mechanisms) and generation of 

reactive species (e.g., O2
•–, HO2

–, H•). As opposed to their hydrophilic (HPI) 

counterparts, HPO isolates adsorbed on MnO2 significantly decreased the catalytic 

oxidation processes between H2O2 and MnO2, suggesting a more efficient and stronger 

DOM coating. Interfacial forces measured by AFM showed weaker interactions 

between HPI isolates and MnO2, indicating unfavorable polar interactions. Conversely, 

the high adhesion forces between MnO2 and HPO isolate would be a direct indicator 

of the strength of the bond. As membrane fouling is originally driven by NOM-

membrane interfacial interaction, this chapter contributes to drawing attention to the 

interfacial interactions between NOM and catalysts as an equally important criterion 

for catalyst selection besides its catalytic properties.  

Based on the findings in previous chapters, MnO2-Co3O4 was selected for the 

application of catalytic membranes due to its high efficiency in catalytically 

decomposing PMS into SO4
•–. The performance of the SO4

•–-based catalytic membrane 

was comprehensively explored in terms of the removal of organic contaminants, 

transformation of NOM, mitigation of fouling, and efficiency of self-cleaning. The 

catalytic membrane was prepared through the filtration of MnO2-Co3O4 nanoparticle 

solution followed by sintering and sonication. Characterization results of the catalytic 
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membrane demonstrated the successful deposition of nanoparticles onto the membrane 

surface. In addition, the influence of 0.06 mg/cm2 coating on membrane permeability 

was negligible. The production of SO4
•– as the predominant radical species was 

confirmed using pCBA and nitrobenzene (NB) as probe compounds. Due to the 

reaction with SO4
•–, a higher NOM removal rate was observed with coated membrane 

as compared to the pristine membrane. Interestingly, fouling mitigation in terms of 

flux increase was not significant (i.e., 8% increase in normalized flux) in the 

PMS/coated membrane system, probably due to the formation of small molecules, and 

thus, leading to more fouling. Moreover, the PMS cleaning efficiency with the coated 

membrane was not only considerably higher than the pristine membrane, it was also 

stable within three cycles of membrane filtration. Due to the metal (especially Co) 

leaching issue, alternative efficient and environmentally-friendly catalysts would be 

highly required for the application of the catalytic membrane.  

Chapters 6 presented the general conclusions, and future perspectives according to the 

major findings obtained throughout this PhD project.  
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1 Chapter 1. Thesis Overview  

Currently, membrane technology has gained increasing interest in the water treatment 

field in an effort to meet the increasing demand for drinking water of quality. As a 

low-pressure membrane filtration technique, ultrafiltration has the capability to 

remove large substances in water (e.g., particulates, colloids, and microorganisms) at 

a relatively low cost. However, the removal of trace organic contaminants (TOrCs) is 

deficient due to their smaller size. More importantly, membrane fouling caused by 

natural/dissolved organic matter (NOM/DOM) (i.e., heterogeneous and complex 

product of biological and chemical decay of living organisms, and ubiquitous in 

aquatic environments) remains a substantial obstacle in its application. In the initial 

stage of fouling, the adsorption of foulants changes the characteristics of the membrane 

surface (i.e., conditioning film formation, NOM-membrane interfacial interactions); 

thus, affecting subsequent fouling behavior. The next fouling stage (i.e., cake layer 

formation) is mainly driven by NOM-NOM interaction as a function of solution 

conditions. Membrane fouling not only reduces productivity and permeate quality but 

also increases energy consumption and operational costs. To address these issues, the 

use of catalytic membranes, i.e., catalyst-modified membranes, has been proposed in 

recent years. When used in combination with oxidants (i.e., O3 and H2O2) or UV 

irradiation, catalytic membranes have shown enhanced performance in fouling 

mitigation as well as quality permeate production due to the generation of reactive 

oxygen species (ROS). Specifically, the reaction of TOrCs or NOM to these ROS (e.g., 

•OH, O2
•–, 1O2) plays a vital role in this improved performance. In addition, catalytic 

membranes exhibit an enhanced cleaning efficiency when specific oxidants are used 

as cleaning reagents. Remarkably, sulfate radical (SO4
•–)-based advanced oxidation 
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processes (AOPs) have recently attracted widespread attention as an alternative 

oxidation technology. This process is capable of degrading a wide variety of organic 

pollutants due to its high reduction potential. Therefore, the combination of the 

powerful SO4
•–-based oxidation process and the filtration performance of catalytic 

membranes is a promising concept worth of additional and extensive research. 

This PhD project focused on the reactivity of natural organic matter in advanced 

oxidation processes, its interaction with metal oxide and the performance of SO4
•–-

based catalytic ceramic membrane. The thesis includes 6 chapters. Chapter 1 presents 

the thesis outline. Chapter 2-5 give the results and corresponding discussions of four 

different research topics arising from the PhD project. The research output led to the 

publication of two peer-reviewed articles and two prepared manuscript ready for 

submission. The conclusions drawn from the PhD project, and future research 

perspectives are collated in Chapter 6. Supporting information for all the publications 

and manuscripts to be submitted are provided in Appendix 1-4. Publisher permission 

for the inclusion of the two published articles in this thesis are presented in Appendix 

5.  

Chapter 2 describes the SO4
•–-induced reactivity of CDOM with a focus on the reaction 

kinetics and CDOM transformation. A faster second order reaction rate of CDOM with 

SO4
•– (i.e., ~ 108 M–1s–1) was measured as compared to that previously reported for 

bulk DOM (i.e., ~ 107 M–1s–1). In addition, the major reaction pathways was presented 

with the use of traditional DOM characterization techniques. With the use of DOM 

isolates extracted from different natural sources, the study bears the advantage of 

providing solid evidence for the observations. The research findings was published in 

Water Research: “Zhang, S.; Rougé, V.; Gutierrez, L.; Croué, J.-P. (2019). Reactivity 
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of chromophoric dissolved organic matter (CDOM) to sulfate radicals: Reaction 

kinetics and structural transformation. Water Research, 163, 114846.” 

Chapter 3 elucidates the difference in the reactivity of NOM between •OH and SO4
•–, 

which leads to the long-acknowledged distinct scavenging capacity. Advanced 

analytic tool, i.e., Fourier Transformation Ion Cyclotron Resonance Mass 

Spectrometry (FT-ICR MS) was used to achieve the goal. With the accurate detection 

of NOM molecules and the unambiguous assignment of molecular formulas, reactive 

sites to respective radical species could be identified and the reaction pathways could 

be inferred. Different reactivity could be clarified with a distinct reaction rate 

associated with specific reaction pathways. The research findings would also assist in 

the selection of •OH or SO4
•–-based AOPs in water treatment based on their reaction 

characteristics. The research work is to be submitted to Environmental Science & 

Technology for peer-review.  

Chapter 4 presents a novel perspective regarding the selection of material for catalytic 

membrane preparation. Pursuit for highly efficient catalyst has sparked tremendous 

research focus on catalyst improvement. This Chapter is dedicated to drawn attention 

to the interaction between NOM and catalyst, which is critical in membrane fouling. 

MnO2 is selected as an alternative catalyst due to its natural-abundant and 

environmentally friendly nature. The interaction between NOM and MnO2 was 

investigated using Time-Resolved Dynamic Light Scattering (TR-DLS) and Atomic 

Force Microscopy (AFM) under varied solution conditions. The study would 

contribute to the better application of catalytic membrane by providing sights into the 

additional criteria for catalytic material selection. The research work was published in 

Chemosphere: “Zhang, S.; Gutierrez, L.; Niu, X-Z.; Qi, F.; Croué, J.-P. (2018). 
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Organic Matter interfacial interactions with MnO2 and its influence on catalytic 

oxidation processes. Chemoshpere, 209, 950–959.” 

In Chapter 5, a comprehensive investigation on the performance of SO4
•–-based 

catalytic membrane was provided. The catalytic membrane was obtained through 

coating with MnO2-Co3O4 nanoparticles, efficient for SO4
•– production through 

catalytic PMS decomposition. By providing information on the performance of the 

catalytic membrane in contaminants removal, NOM transformation, fouling mitigation, 

and self-cleaning efficiency, the study ultimately contributes to the application as well 

as optimisation of the novel SO4
•–-based catalytic membrane technology. The findings 

in this chapter will be submitted soon for peer-review.  

A wrap up comes in Chapter 6 by providing the concluding remarks and future 

perspectives based on the findings in this thesis.   
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2 Chapter 2. Reactivity of chromophoric 

dissolved organic matter (CDOM) to sulfate 

radicals: Reaction kinetics and structural 

transformation 

 

Suona Zhang, Valentin Rougé, Leonardo Gutierrez, and Jean-Philippe Croué 

Water Research, Volume 163, 15 October 2019, Pages 114846 

https://doi.org/10.1016/j.watres.2019.07.013 

  

https://doi.org/10.1016/j.watres.2019.07.013
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2.1 Introduction 

Sulfate radical (SO4
•−)-based advanced oxidation processes (AOPs) have gained 

increasing interest in water treatment at both fundamental and applied levels (Siegrist 

et al., 2011; Wacławek et al., 2017). Due to its comparable or even stronger oxidizing 

capabilities than •OH, SO4
•− is also capable of degrading a broad spectrum of trace 

organic contaminants (TOrCs) (e.g., pharmaceuticals, personal care products, and 

industrial chemicals) which are constantly detected in water bodies (Ghauch et al., 

2017; Lutze et al., 2015a). A strong oxidation capacity, together with a high selectivity 

(i.e., lower scavenging of background organics) (Lutze et al., 2015a), multiple means 

of radical generation (Wang et al., 2014), and a favored storage/transport of stable 

solid precursors, make SO4
•− a promising alternative for contaminants removal. 

Previous studies focusing on the removal of TOrCs by SO4
•− have provided key 

mechanistic and kinetic insights (Nihemaiti et al., 2018; Yang et al., 2019; Yang et al., 

2017). However, little is known about the SO4
•−-induced reactivity and transformation 

of dissolved organic matter (i.e., DOM, a highly heterogeneous mixture of organic 

molecules ubiquitous in aquatic environments, and playing multiple key roles in water 

treatment) (Leenheer et al., 2003; Lutze et al., 2015a; Varanasi et al., 2018). Briefly, 

the presence of DOM is known to decrease the removal efficiency of TOrCs due to its 

radical scavenging effect. Also, DOM transformation or removal can control 

disinfection byproducts formation or membrane fouling by applying SO4
•−-based 

AOPs as a pretreatment strategy (Cheng et al., 2017a; Chu et al., 2015; Tian et al., 

2018; Xie et al., 2015a). Therefore, an advanced knowledge on SO4
•−-induced 

reactivity and transformation of DOM is crucial to different water treatment processes 

considering its ubiquitous presence and the promising application of SO4
•−-based 

techniques. 
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The reactivity of DOM with oxidants such as chlorine, ozone, and •OH has been 

extensively investigated. The difference in reactivity (i.e., faster reaction rate at the 

initial oxidation phase as compared to subsequent reaction phases) of different DOM 

isolates has been previously correlated with their structural variability and complexity 

(Chon et al., 2015; Westerhoff et al., 2004). Interestingly, while •OH non-selectively 

reacts with target substances, SO4
•− mainly reacts with electron rich aromatic or 

conjugated double bond moieties (Varanasi et al., 2018). This reactive DOM fraction 

has been termed as chromophoric dissolved organic matter (CDOM) due to its light 

absorbing property (Lee et al., 2006; Leenheer et al., 2003). Therefore, the degradation 

rate of CDOM, as measured by ultraviolet absorbance at 254 nm (UVA254) 

(Westerhoff et al., 2007), could be used to determine its reactivity to SO4
•−.  

A detailed study on the transformation of DOM, as a result of its reactivity to SO4
•−, 

remains challenging due to its structural complexity and a lack of analytical techniques. 

Alternatively, traditional DOM characterization techniques could be applied to 

provide some insights into SO4
•−-induced changes of typical DOM characteristics, e.g., 

electron donating capacity (EDC), optical property (chromophoric or fluorescent 

property), molecular weight, or organic content (Li et al., 2016; Wang et al., 2017). 

For instance, an investigation on the transformation of DOM with •OH was conducted 

by tracking the changes in chromophoric and fluorescent properties (Sarathy et al., 

2008). Specifically, the partial oxidation (i.e., no significant carbon removal) of DOM 

led to the breakdown of larger molecules, ring open of aromatic structures and the 

formation of small organics. Interestingly, due to the favorable decarboxylation 

mechanism driven by SO4
•−, a higher DOM mineralization would be expected 

(Madhavan et al., 1978; Varanasi et al., 2018). 
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To fill this knowledge gap, the objective of this study was to investigate the reactivity 

and transformation of CDOM with SO4
•−. The reactivity of CDOM was studied by 

following the decrease of its UVA254 with time. A second order rate constant of fast 

reacting CDOM was calculated based on an established correlation between UVA254 

and radical exposure. By recording the changes in UVA254, electron donating capacity 

(EDC), fluorescence intensity (FI), and total organic carbon (TOC), information on 

CDOM transformation was obtained. A Co(II)-activated peroxymonosulfate (PMS) 

process was used for the production of SO4
•− due to its high efficiency and simplicity. 

Four well characterized hydrophobic DOM fractions of different origins and 

characteristics were selected as model CDOM. This selection of organic isolates 

obtained from various sources shaping different characters represents a significant 

advance compared to model organics used in previous investigations. 

2.2  Materials and method 

2.2.1  Chemical reagents and DOM fractions 

Peroxomonosufate (Oxone, KHSO5·0.5KHSO4·0.5K2SO4), 2,2’-azinobis (3-

ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS; ≥98%)，cobalt(II) 

sulfate (≥99.0%), sodium tetraborate (≥99.5%), ethanol (≥99.5%), and tert-butanol 

(pure) were purchased from Sigma-Aldrich and prepared with Ultrapure water 

(PURELAB Ultra, ELGA). Sulfuric acid of HPLC grade and sodium thiosulfate 

(Na2S2O3) were purchased from UNIVAR. p-chlorobenzoic acid (pCBA, Acros 

Organics) was dissolved in ultrapure water to a concentration of 0.2 mM and used as 

a stock solution. A PMS stock solution of a high concentration (10 mM) was prepared 

and kept at 4°C due to its instability. The concentration of the stock solution was 

monitored on a daily basis prior to use.  
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Four DOM fractions previously isolated and characterized were selected for this study: 

Hydrophobic acids (i.e., DOM adsorbed onto XAD-8® resin at acid pH and eluted with 

sodium hydroxide) extracted from Suwannee River water (S-HPOA, USA) and 

Beaufort Reservoir (B-HPOA, France); hydrophobic DOM (i.e., similar protocol using 

a mixture of water and acetonitrile for resin elution) isolated from Ribou Reservoir 

NOM (R-HPO, France) and Colorado River (C-HPO, USA). The characteristics of the 

DOM isolates were summarized in Table A2-1.  

2.2.2  Experimental setup and procedures 

Experiments were conducted in 40-mL amber glass vials with Teflon caps. A pre-

determined amount of Co(II) as well as DOM stock solution were added into the 10 

mM borate buffer to obtain a final composition of 3.90 ± 0.11 mg C/L of DOM and 1 

μM of Co(II) at pH 8. Instead of phosphate buffer, tetraborate was used as a buffer 

solution due to the reported complexing ability of the former with cobalt. A pH 8 buffer 

was used due to its improved buffering capacity upon the addition of PMS at high 

concentrations.  

The experiments for CDOM reaction kinetics were started by introducing 1 mM PMS. 

The use of a high initial PMS concentration would allow for a study under both low 

and high PMS exposure conditions, representative of different water treatment 

processes. Ethanol and tert-butanol at different concentrations (1 or 10 mM) were used 

as radical quenching agents, while pCBA (10 μM) was used as a model compound to 

quantify primary reactive species. Samples were collected at specified time intervals 

and subjected to immediate measurement of PMS residual and UV absorbance at 254 

nm (UVA254) without the addition of quenching agent. The value of UVA254 was 

further corrected by subtracting the interferences from borate buffer (i.e., including 
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H2SO4 for pH adjustment), CoSO4, and PMS. Also, the contribution of PMS at each 

sampling time was calculated based on the residual PMS concentration and its 254nm 

measured in this study (12.3 M–1cm–1). For samples subjected to pCBA analysis, the 

reaction was stopped by adding 0.1 mL of ethanol (10 M) to 0.9 mL of sample. Sodium 

thiosulfate was found inefficient in quenching residual PMS with concentrations as 

high as 600 mM.  

In order to avoid the interference of quenchers on Electron Donating Capacity (EDC) 

measurements, a new set of experiments was performed by using various initial PMS 

concentrations (i.e., from 0.00 to 1.00 mM) to achieve experimental conditions with 

different PMS exposures. PMS residual was periodically monitored, and all samples 

were analyzed after complete PMS consumption. All experiments were performed at 

room temperature (20°C) in glass bottles installed on a rotary shaker (Ika-Werke 

GMBH & Co. (KG), Labortechnik KS250 Basic) operated at 500 rpm.  

2.2.3  Analytical methods 

2.2.3.1  Analysis of residual PMS  

The concentration of PMS was measured by an ABTS•+-based method described 

elsewhere (Zhang et al., 2016). In this method, ABTS•+ is generated during the 

oxidation of ABTS by sulfate radical produced through the catalytic transformation of 

PMS, and then it was spectrophotometrically measured. Briefly, a solution containing 

0.5 mL of ABTS (20 mM), 0.2 mL of CoSO4 (20 mM), 10 mL of H2SO4 (2%), and 1 

mL of water sample was well mixed and measured at a 734 nm wavelength with a 

spectrophotometer (Cary 60, Agilent). The calibration curve for PMS determination 

was shown in Figure A1-1. Calibration curve for PMS determination (PMS (μM) = 

99.92 A734-29.052, R2=0.9998)Figure A1-1. A high concentration of CoSO4 (20 mM) 
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was applied to accelerate the catalytic decomposition of PMS. However, this 

interference has been taken into consideration with the measurement of a blank sample 

with no PMS addition, as suggested by the calibration curve in Figure A1-1. Also, a 

background DOM would not be influential due to a measurement recorded at 734nm.  

2.2.3.2  Characterization of DOM transformation 

The EDC of DOM samples was analysed based on a method developed by Chon et al 

(Chon et al., 2015). Briefly, a size exclusion chromatography (SEC) coupled with post 

column reaction was used, where ABTS•+ was produced by the oxidation of ABTS 

with sodium persulfate in acidic environment. A TOYOPEARL HW-50S column 

(8mm30cm) was selected for SEC using a 50 mM borate eluent (pH 7.8) at a flow 

rate of 0.2 mL/min. The post-column injection of ABTS•+ solution was operated at 

0.05 mL/min from the helium pressurised generator. The reaction coil was connected 

to two UV detectors positioned in series (Agilent 1100 series, USA): the first one 

recording UV absorbance of DOM at 254 nm, and the second one recording the signal 

for ABTS/ABTS•+ at 405 nm. 

A Cary 60 spectrophotometer (Agilent, USA) was used to collect absorbance data or 

to record the UV-vis spectra from 200 nm to 800 nm in 1cm path length quartz cell. 

The TOC concentration of each sample was measured with a Shimadzu TOC-L 

analyser (SHIDMAZU, Japan).  

Fluorescence excitation and emission matrices (EEMs) were obtained using a 

Fluorescence spectrometer (Cary Eclipse, Varian). The operating parameters were 

adjusted based on the method from Chen et al (Chen et al., 2003). Briefly, the scan 

rate and excitation or emission slit bandwidth were set at 600 nm/min and 5nm, 

respectively. The spectra were recorded by scanning an emission spectra from 290 nm 
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to 550 nm at a 5nm increment with the excitation wavelength ranging from 220 nm to 

400 nm at a 5 nm increment.  

The concentration of pCBA was measured with a HPLC unit equipped with a UV 

detector (Agilent 1100 series, USA) recording absorbance at 238 nm and with a 250 

mm*4.6mm C18 5-µm reverse phase column (AlltimaTM, GRACE). The mobile phase 

consisted of 60% methanol and 40% phosphoric acid (0.1%, V/V). The pCBA 

calibration curve was built using gradually diluted stock solution. 

2.3  Results and Discussion  

2.3.1  Biphasic decrease of CDOM in Co(II)/PMS system 

The reaction of CDOM with PMS led to an average decrease of 11% in UVA254 within 

60 min (Figure A1-2). However, the decrease of UVA254 was remarkably faster in the 

presence of both PMS and Co(II) (Figure 2-1). Approximately 55% to 70% decrease 

in UVA254 (depending on the DOM fraction) was observed in Co(II)-catalyzed PMS 

system within 60 min. This enhanced reaction was caused by the generation of reactive 

species (e.g., SO4
•−) in the Co(II)/PMS system, while the slight UVA254 decrease in 

the absence of Co(II) catalyst was probably due to the reaction of quinones with PMS 

as previously reported (Zhou et al., 2015). The occurrence of quinones within humic 

substances has been widely acknowledged (Cory et al., 2005). 
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Figure 2-1. UVA254 decrease of different DOM fractions in Co(II)/PMS system 

as a function of time. Conditions: [PMS]0 = 1.0 mM; Co(II) = 1.0 μM; DOM = 

3.90 ± 0.11 mgC/L; pH = 8.00 ± 0.05 (10 mM borate buffer); T = 20°C 

Noticeably, a fast and slow reaction phase could be distinguished for all DOM 

fractions throughout the oxidation process (Figure 2-1). Specifically, the pseudo-first-

order rate constants of the fast reaction phase were 4.2 to 6.9 times higher than the rate 

constants of the slower reaction phase. These results showed a significant difference 

in the reactivity of CDOM with SO4
•− due to the heterogeneous structural property of 

the organic matter isolates. It has been previously reported that aromatic structures 

substituted with electron donating groups (i.e., –OH, –NH3, –OCH3) exhibited higher 

reactivity to SO4
•− (Luo et al., 2017); these structures could represent the main 

contributor to the fast reacting CDOM (i.e., CDOMfast). The slow reacting CDOM (i.e., 

CDOMslow) might include lower electron density moieties from the original CDOM 

constituents as well as the oxidation products of CDOMfast (Xiao et al., 2015; Zhang 

et al., 2012b). 

The influence of the aromatic character of the DOM fractions on their reactivity with 

SO4
•− was highly expected based on previous findings (Luo et al., 2017; Westerhoff et 
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al., 2004). However, the difference in reactivity among the four DOM fractions was 

more significant during the slow reaction phase. The pseudo-first-order reaction rates 

of CDOMslow (i.e., ln(UVA254/UVA254,0) versus reaction time) were calculated as 

1.2010–2, 0.8410–2, 0.6310–2, and 0.4610–2 min–1 for S-HPOA, B-HPOA, R-HPO 

and C-HPO, respectively. These CDOMslow reactivities linearly increased with the 

SUVA values as shown in Figure A1-3. The CDOMfast reactivity to SO4
•− of the four 

DOM fractions was further discussed in the following sections.  

2.3.2  Evaluation of sulfate radical production 

Anipsitakis and Dionysiou (Anipsitakis et al., 2003) reported the predominant role of 

SO4
•− (Equation 2.1) over •OH in Co(II)-catalyzed PMS systems at pH 7. Because a 

pH 8 may promote a higher production of •OH (Equation 2.2), the identification of 

major oxidizing species in the current system was conducted by following the 

degradation of pCBA as a probe compound under different scavenging conditions 

(Lutze et al., 2015b). The second-order rate constants of pCBA and radical scavengers 

(i.e., t-BuOH and EtOH) with •OH and SO4
•− were summarized in Table A1-3. When 

10 mM of radical scavenger (i.e., t-BuOH or EtOH, at a molar ratio of 1000:1 versus 

pCBA) was applied, the pCBA removal efficiency was decreased by approximately 

10% in the presence of t-BuOH; while almost no pCBA decrease was observed with 

the addition of EtOH (Figure A1-4). Quantitatively, the ratio of the measured 

concentration of •OH to SO4
•−was lower than 3%. These results indicated that SO4

•− 

was the predominant reactive species at pH 8. This is probably due to the competition 

for SO4
•− by either pCBA (3.6108 M−1s−1) or scavengers (i.e., DOM fractions, up to 

108 M−1s−1 as discussed below), leading to the unfavorable production of •OH (Equation 

2.2).  
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Equation 2.3 

Therefore, the production of SO4
•− was investigated following the Rct concept and the 

analysis of pCBA decay. Rct (i.e., the ratio of radical exposure to oxidant exposure) 

(Elovitz et al., 1999) was used to present the production of SO4
•− with PMS exposure 

(Equation 2.4). According to Elovitz and von Gunten (Elovitz et al., 1999), the 

consumption of radicals by a probe compound (P) (e.g., pCBA in the current study) is 

considered insignificant as compared to major radical scavengers (S) (e.g., DOM in 

current study) if the probe compound is present at a considerably low concentration 

(i.e., kP[P] << kS[S], where kP and kS represents the rate constants of the probe 

compound and major radical scavengers with radicals, respectively). Therefore, a low 

pCBA concentration (i.e., 1 μM) was applied to ensure an insignificant radical 

consumption by pCBA as compared to DOM. Specifically, kpCBA[pCBA] was 

calculated as approximately 1.4% of kDOM[DOM] under the current experimental 

condition, where kpCBA and kDOM represent the second order rate constants of pCBA 

(3.6  108 M−1s−1) and DOM (6.8 × 103 LmgC–1s–1) with SO4
•−, respectively. The Rct 

value was only studied for the first 10 min of the reaction. CDOMfast was observed 

reactive within this timeframe (Figure 2-1). The conversion from reaction time to PMS 

exposure was illustrated in Table A1-4.  

Although no noticeable interference was observed with UVA254 or EDC measurements, 

the rate of catalytic PMS decomposition decreased due to the formation of cobalt-

DOM complex. For instance, a 57% PMS decomposition was observed within 60 min 

in the DOM-free system. However, the PMS decomposition values for S-HPOA-, B-
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HPOA-, R-HPO-, and C-HPO-containing system were 41%, 43%, 40%, and 43%, 

respectively. Specifically, approximately 80% of Co(II) was calculated as forming 

complexes with DOM under the current experimental conditions using the NICA-

Donnan model with the constants adapted from Milne et al (Milne et al., 2003). In 

DOM-containing solutions with the addition of pCBA as probe compound, PMS 

decomposed following a pseudo-first-order reaction (Figure A1-6a), as described by 

(Equation 2.5), and k (i.e., pseudo-first-order rate constant) was measured as 

approximately 3.010–4s−1 independent of DOM origins. The influence of pCBA 

addition (1 μM) on PMS decomposition was negligible. For instance, the averaged 

PMS residual measured in different DOM-containing systems within 10 min was 80% 

in the absence of pCBA (Figure A1-5) and 79% in the presence of pCBA (Figure 

A1-6a). The determined rate (within 10 min) was predominantly contributed by a 

catalytic decomposition since self-decomposition of PMS was found negligible within 

2 hr at room temperature (20°C). The degradation of pCBA (Figure A1-6b) caused by 

SO4
•− was described by Equation 2.6 and Equation 2.7. By combining Equation 2.4 

and Equation 2.5, pCBA degradation could be described using the Rct concept 

(Equation 2.8).  

4
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Equation 2.8 

By plotting ln (pCBA/pCBA0) versus PMS exposure, linear correlations were 

observed as a function of PMS exposures (Figure 2-2). The Rct value at PMS exposures 

higher than 0.1 M∙s (i.e. a reaction time of 2–10 min, Table A1-4) for each system was 

determined from the slope of the linear regression line (Figure 2-2) and listed in Table 

2-1; while the higher Rct values at PMS exposures lower than 0.1 M∙s (i.e. a reaction 

time of 0–2 min, Table A1-4) were shown in Figure A1-7. Higher Rct values at the 

initial oxidation stage (PMS exposure < 0.1 M∙s, results discussed in section 2.3.4.1) 

have also been reported during the ozonation of surface waters (Elovitz et al., 1999). 

The change of Rct in the current study was likely due to the Co(II) regeneration process. 

Specifically, the conversion of Co(II) to Co(III) with a precipitate formation of the 

latter has been considered as a probable explanation for the slowing down of the 

catalytic rate with time at pH above 5.9 (Zhang et al., 1992). With a pH of 8 used in 

this study, Co(III) might have also precipitated out as Co(OH)3 (Ksp = 1.6 × 10–44), 

leading to the retardation of the regeneration process and consequently to a slower 

SO4
•− production. Moreover, the additional PMS consumption during the regeneration 

of Co(II) (Equation 2.3), which inefficiently produced SO5
•− (Neta et al., 1988), would 

also lead to a decreased Rct. A change in Co(II) catalytic behavior at different pH 

probably associated with Co(III) precipitation at higher pH has also been observed in 

previous studies. For instance, the degradation rate of 2,4-DCP in Co(II)/PMS system 

slowed down with reaction time at pH 7 (Anipsitakis et al., 2005), while it remained 

unaffected at pH 2 (Anipsitakis et al., 2003). Considering that no enhanced UVA254 
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decrease (explained in Section 2.3.4.1) was observed (Figure 2-1) in contrast to the 

significantly higher pCBA degradation (Figure A1-6b) at the initial oxidation stage 

(i.e., PMS exposure lower than 0.1 M·s), the relatively lower Rct values (Table 2-1) 

determined after the initial short stage were used in the analysis of the following 

section.  
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Figure 2-2. Correlation between pCBA decay and PMS exposure in Co(II)/PMS 

system with different DOM fractions. Conditions: [PMS]0 = 1.00 mM; Co(II) = 

1.00 M; [pCBA]0 = 1.00 M; DOM = 3.90 ± 0.11 mgC/L; pH = 8.00 ± 0.05 (10 

mM borate buffer); T = 20°C 

Table 2-1. Rct values in different DOM-containing systems under PMS 

exposure higher than 0.1 M∙s 
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DOM fraction A Rct  R2 

S-HPOA 0.588 1.55 × 10-9 0.935 

B-HPOA 0.701 1.95 × 10-9 0.970 

R-HPO 0.670 1.86 × 10-9 0.990 
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C-HPO 1.107 3.08 × 10-9 0.968 

2.3.3  Reactivity of CDOMfast to SO4
•− and its application 

Following the procedures for establishing a relationship between ln (pCBA/pCBA0) 

and PMS exposure (Equation 2.8), i.e., obtained by combining Equation 2.4, Equation 

2.5 and Equation 2.7, a similar correlation was also established between 

ln(UVA254/UVA254,0) of CDOMfast and PMS exposure (Equation 2.9). This correlation 

was found linear when ln(UVA254/UVA254,0) of CDOMfast was plotted against PMS 

exposure for all DOM fractions (Figure 2-3). The good linearity allowed the 

calculation of the reaction rate constant of CDOMfast with SO4
•− using the Rct value 

determined in Section 2.3.2. 
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Figure 2-3. Correlation between CDOMfast decrease and PMS exposure in 

Co(II)/PMS system. Conditions: [PMS]0 = 1.00 mM; Co(II) = 1.00 μM; [pCBA]0 
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= 1.00 M; DOM = 3.90 ± 0.11 mgC/L; pH = 8.00 ± 0.05(10 mM borate buffer); 

T = 20°C 

Interestingly, the reaction rate constants of CDOMfast for all DOM fractions were at 

the same order of magnitude. The highest CDOMfast value was recorded for S-HPOA 

(4.59 × 108 M-1s-1), also exhibiting the highest SUVA (4.78). The lowest CDOMfast 

value was observed for C-HPO (1.99 × 108 M–1s–1), also showing lowest SUVA (2.14). 

However, B-HPOA (SUVA: 4.06) showed a lower k value than R-HPO (SUVA: 3.22), 

i.e., 3.04 × 108 M–1s–1 versus 3.48 × 108 M–1s–1, respectively. Therefore, the correlation 

between the reactivity of CDOMfast and SUVA of the corresponding DOM fraction 

would need additional investigation by including a larger pool of DOM fractions. 

These reaction rate constants were one order of magnitude higher than the data 

previously reported (i.e., ~107MC
–1s–1). For instance, Lutze et al. (2015a) observed a 

rate of 6.8 × 103 LmgC–1s–1  for humic acid (Depur from Carl Roth) using an indirect 

kinetic competition method; while Zhou et al. (2017) recorded a rate of 1.86 × 103 

LmgC–1s–1 for Suwannee River fulvic acid using a direct laser flash photolysis method. 

The difference could be attributed to the fact that the value in this study was only 

measured for the conceptually isolated fast reacting moieties (i.e., CDOMfast) rather 

than for the bulk DOM (i.e., a combination of both fast and slow reacting moieties). 

However, the value was one order of magnitude lower than those reported for aromatic 

compounds (~109 M–1s–1) (Fischer et al., 2001; Neta et al., 1977). This difference 

would be the result of stronger electrosteric repulsion between SO4
•− and structurally 

complex DOM as compared to simpler organic compounds. The higher reactivity of 

sulfate radicals to CDOMfast than to OH− (~107M–1s–1) was expected to lead to an 

insignificant production of •OH (Equation 2.2) due to its unfavorable formation 

kinetics. In addition, CDOMfast would be preferred to bulk DOM when evaluating the 
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scavenging property of dissolved organic matter in SO4
•−-based AOPs under lower 

PMS exposures, where CDOMfast was the major reactive moieties (Figure 2-1). 

The use of UVA254 as a surrogate indicator for the assessment of TOrCs removal 

efficiency has been extensively studied in ozone- and •OH-based AOPs (Gerrity et al., 

2012; Li et al., 2017; Rosario-Ortiz et al., 2010). This finding could also support its 

application in SO4
•−-based water treatment processes. The study on TOrCs removal 

efficiency could be achieved using either: i) the kinetics with second order reaction 

constants of TOrCs and radical exposure (Equation 2.10), or ii) the correlation 

established between UVA254 decrease and contaminants removal (Equation 2.11). 
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Equation 

2.11 

As compared to the direct measurement of TOrCs in a full-scale water treatment plant, 

the indirect monitoring of UV absorbing parameters using spectrophotometer would 

require lower capital/operating cost as well as time input. Especially, with the use of 

an on-line spectrophotometer, a quick track of the oxidation efficiency and 

consequently a rapid adjustment (i.e., oxidant dose or contact time) could also be 

expected. However, different correlation models should be established for different 

TOrCs due to the discrepancy in their reactivity. The successful application of this 

correlation could also be impacted by the fluctuation of water matrices (e.g., HCO3
–, 

NO3
–, or Cl–) or temperature due to seasonal changes.  

The use of UV absorbing indices of humic substances in combination with their 

fluorescence properties has also been suggested as indicators in ozone-based water 
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treatment processes (Li et al., 2017). However, similar decreasing trend was observed 

in the current study between UVA254 and fluorescence intensity with increasing PMS 

concentration (Text A1-1). Consequently, the UVA254 parameter was sufficient as a 

single process indicator in this SO4
•−-based oxidation system.  

2.3.4  Sulfate radical-induced CDOM transformation  

2.3.4.1  EDC decrease as a function of PMS exposures 
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Figure 2-4. Correlation between normalized UVA254 and EDC decrease of 

different DOM fractions in Co(II)/PMS reaction system. Conditions: PMS 

exposure = 0.00–8.04 M∙s; Co(II) = 1.00 M; DOM = 3.90 ± 0.11 mgC/L; pH = 

8.00 ± 0.05 (10 mM borate buffer); T = 20°C. Areas a0, a1, and b illustrated the 

results obtained with a PMS exposure lower than 0.01, lower than 0.1, and 

larger than 0.1 M∙s, respectively. RE and RU represented the normalized 

removal efficiency in EDC and UVA254 

Electron donating capacity (EDC) associated with the presence of phenolic structures 

with different degree of substitution has been previously reported for aquatic humic 

substances (Aeschbacher et al., 2012). The change in EDC (Figure A1-8) was studied 

for each DOM fraction under various PMS exposures. The different PMS exposures 

were obtained by applying varying initial PMS concentrations for the same contact 
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time (i.e., 20 h) and the calculation of the PMS exposures was detailed in Text A1-2. 

In addition, the changes in normalized EDC and UVA254 (Figure A1-9) of the four 

DOM fractions were plotted in Figure 2-4. This figure shows that for PMS exposures 

lower than 0.1 M∙s (Area a1), an average of 54% decrease of EDC was recorded when 

only a 30% decrease of UVA254 was observed. For PMS exposures higher than 0.1 M∙s 

(Area b), the averaged normalized UVA254 decreased from 70% to 13% (i.e., a 57% 

decrease), whereas the averaged normalized EDC decreased from 46% to 7% (i.e., a 

39% decrease). The larger decrease of EDC than UVA254 at PMS exposure lower than 

0.1 M∙s in this system indicated that the initial phase of SO4
•− reaction was the 

oxidation of phenolics into quinone-type structures with similar chromophoric 

properties (Ramseier et al., 2009). This reaction is thermodynamically favourable 

considering the very low oxidation potential of phenolic structures (0.153–0.620 V) 

(Bortolomeazzi et al., 2007) and the strong reduction potential of sulfate radicals (2.5–

3.1V) (Anipsitakis et al., 2003). A similar observation has been previously reported 

during the treatment of humic substances by ClO2 or HClO, where hydroquinone or 

catechol moieties (i.e., major EDC contributors (Chon et al., 2015)) were proposed as 

oxidized by HClO through electron transfer rather than electrophilic substitution 

(Wenk et al., 2013). Interestingly, a more pronounced decrease in EDC than in UVA254 

was observed with a PMS exposure lower than 0.01 M∙s (Area a0, Figure 2-4), which 

was probably caused by the relatively higher Rct observed under this condition (Figure 

A1-7). 

Due to a major SO4
•−consumption by the moieties with EDC at the initial oxidation 

phase (i.e., PMS exposure < 0.1 M·s), a UVA254 decrease was not enhanced even under 

higher radical exposure (i.e., higher Rct) (Figure 2-3). This result supported the 
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selection of lower Rct values (Figure 2-2) in the calculation of the second-order rate 

constants of CDOMfast with SO4
•− as described in section 2.3.3.   

2.3.4.2  TOC removal efficiency at various PMS exposures 
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Figure 2-5. TOC removal as a function of UVA254 decrease. Conditions: PMS 

exposure = 0.00–8.04 M∙s; Co(II) = 1.00 μM; DOM = 3.90 ± 0.11 mgC/L; pH = 

8.00 ± 0.05 (10 mM borate buffer); T = 20°C. Red dashed line was drawn to 

differentiate the correlation between CDOMfast and CDOMslow with TOC 

removal 

In order to further explore the transformation of CDOM by sulfate radicals, the TOC 

content of the solution under different PMS exposures was measured. A significant 

TOC removal, 64%, 63%, 56%, 49% for S-HPOA, B-HPOA, R-HPO and C-HPO, 

respectively (i.e., 58% in average), was observed under a PMS exposure of 8.04 M∙s 

(Figure A1-10). The relationship between UVA254 decrease and TOC removal was 

established and shown in Figure 2-5. Interestingly, the TOC removal was minor (i.e., 

less 10%) during the depletion of the UV absorbance of CDOMfast (i.e., UVA254 

decrease within 50%, as indicated by the red dashed line in Figure 2-5). However, the 

decrease in the chromophoric property of CDOMslow (i.e., observed when UVA254 
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decrease was larger than 50%, right side of the red dashed line in Figure 2-5) led to a 

considerable TOC removal. These results indicated that the reaction of CDOMfast 

would mainly lead to the breakdown of complex aromatic structures into small 

molecular weight fractions with insignificant mineralization. This transformation from 

larger molecules to smaller ones was evidenced by the blue shift or band contraction 

(Chen et al., 2002) in fluorescence emission spectra (Figure 2-6). Specifically, the 

decrease in the band width at 1/2 maximum fluorescence intensity was calculated as 

24 nm, 24 nm, 33 nm, and 88 nm for S-HPOA, B-HPOA, R-HPO, and C-HPO, 

respectively. In contrast, the reaction of CDOMslow would mainly undergo through 

decarboxylation, which directly led to the observed carbon removal. 

Interestingly, a good linearity between UVA254 decrease and TOC removal during the 

CDOMslow decrease was observed (Figure 2-5). These results indicated that the change 

in CDOMslow could be used in the prediction of TOC removal for surface water during 

SO4
•−-based treatment. This may include water treatment processes targeting the 

removal of organics, e.g., pretreatment for the removal of disinfection byproducts 

precursors or membranes foulants, membrane cleaning, and the treatment of reverse 

osmosis concentrates. Nevertheless, under different water matrices this correlation 

might be affected by pH conditions, or the presence of radical scavengers HCO3
− or 

Cl−.  
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Figure 2-6. Normalized emission spectra by its respective maximum 

fluorescence intensity of (a) S-HPOA, (b) B-HPOA, (d) R-HPO, and (d) C-HPO 

at an excitation wavelength of 230nm. The legend in each figure represented 

various PMS exposures 

2.3.4.3 Evolution of CDOM transformation with sulfate radical 

Based on the findings of this study (i.e., results obtained with the current 

characterization techniques), the evolution of the transformation of CDOM by sulfate 

radicals was summarized in Figure 2-7. The SO4
•−-induced reaction of CDOMfast, (i.e., 

electron donating group substituted aromatic structures) was mainly initiated through 

single electron transfer or addition. The depletion of EDC would initially take place 

through the electron transfer from phenolic hydroxyl groups to sulfate radical as 

suggested by Reaction 1. Reaction 2 would produce hydroxylated C-centered radical 

cations and consequently lead to the formation of ring cleavage products (Anipsitakis 

et al., 2006). Remarkably, Reaction 4 would take place due to the high electron density 
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at R3 site leading to the formation of smaller fluorescent molecules, as suggested by 

the blue shift of fluorescence emission spectra (Figure 2-6). The production of smaller 

molecules from complex structures could also be evidenced by the increased 

fluorescence signal (Figure A1-13) at lower PMS exposure, as the smaller aromatic 

moieties would be more fluorescent due to weaker intramolecular quenching effect. 

The decarboxylation of carboxyl groups (Reaction 3), i.e., newly formed or originally 

incorporated within DOM structures, would be the main reaction mechanism of 

CDOMslow transformation (Madhavan et al., 1978) leading to a significant removal of 

TOC. However, a more detailed study would be highly recommended for the 

optimization of process conditions for maximum carbon removal. 

 

Figure 2-7. Proposed pathway of sulfate radical-induced DOM transformation 

2.4  Summary 

The current study provided systematic information on both the reactivity and fate of 

CDOM with sulfate radical. DOM fractions with different origins and characteristics 

were used in this investigation. The main conclusions included:  

• Fast and slow reacting CDOM could be distinguished within all DOM fractions. 

Interestingly, the difference in the reactivity of CDOMfast among different 

organics were minor, while the reactivity CDOMslow were observed to increase 

with SUVA.  
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• The reactivity of CDOMfast to SO4
•− was calculated at an order of 108 M–1s–1 

from the observed linear correlation between CDOMfast decrease and sulfate 

radical exposure. The correlation also validated the potential application of 

UVA254 as a surrogate indicator for TOrCs removal efficiency.  

• A faster decrease of EDC than UVA254 at lower PMS exposure indicated a 

preferred oxidation of phenolic structures (i.e., preferential decrease of 

Electron Donating Capacity). Afterwards, the oxidation of CDOMfast would 

proceed with the formation of transient intermediates and ring cleavage 

products. 

• The transformation products of CDOMfast together with the originally less 

reactive structures, i.e., CDOMslow, would undergo slow decarboxylation 

leading to a significant carbon removal. The linear relationship recorded 

between CDOMslow reduction and TOC removal could be used to predict 

carbon removal.  

The findings in this work would highly assist in the design and operation of SO4
•−- 

based water treatment processes. Specifically, the scavenging capacity of background 

DOM could be better evaluated using the calculated reactivity of CDOMfast if the 

applied PMS exposure would mainly cause changes in CDOMfast. Also, the correlation 

established between CDOM and radical exposure would shed light on the applicability 

of UVA254 as an indicator of TOrCs removal efficiency in SO4
•−-based water treatment 

processes. However, further site-specific studies on the use of UVA254 as an indicator 

are highly needed for its successful application.  

SO4
•−-based advanced oxidation technique could be developed to address the need for 

DOM removal in varying water treatment scenarios, e.g., pretreatment for the removal 
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of disinfection by-products precursors or membrane foulants, application of catalytic 

membrane for organic fouling mitigation, membrane cleaning, or the treatment of 

reverse osmosis concentrate produced from reclaimed water treatment plants. Also, an 

increased PMS dose could be applied to increase the reaction rate of CDOMslow and 

consequently increase carbon removal. In addition, carbon removal efficiency could 

be simply estimated based on the removal of CDOMslow due to the observed good 

correlation. 
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3 Chapter 3. Molecular Insights into the 

Reactivity of Aquatic Natural Organic 

Matter towards •OH and SO4
•− Using FT-ICR 

MS 

 

The contents of Chapter 3 & Appendix 2 are unable to be reproduced here as they are 

under embargo due to current consideration for publication in the journal 

Environmental Science & Technology. 
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3.1 Introduction 

Hydroxyl radical (•OH) or sulfate radical (SO4
•−)-based advanced oxidation processes 

(AOPs) have received considerable research interest worldwide. The vast majority of 

the studies has focused on the removal of organic micropollutants(Miklos et al., 2018; 

Nihemaiti et al., 2018; Sun et al., 2019; Yang et al., 2014), while significantly less 

attention has been directed to the reactivity of natural organic matter (NOM) (Sarathy, 

2009; Varanasi et al., 2018). NOM (i.e., the complex and heterogeneous product of 

decayed biological material) is ubiquitously present and plays multiple critical roles in 

both engineered and natural aquatic systems (Autin et al., 2013; Cabaniss, 2011; Croué 

et al., 2000; Guan et al., 2013; Guo et al., 2003; Hem et al., 2001; Le Roux et al., 2016; 

Lee et al., 2006; Lee et al., 2005; Zafiriou et al., 1984). 

According to previous studies, the scavenging capacity of NOM to •OH (~104 

(mgC/L)−1∙s−1) is higher than that of SO4
•− (~103 (mgC/L)−1∙s−1) (Lutze et al., 2015a; 

Westerhoff et al., 2007). The reactivity of radical species with NOM depends on the 

nature and diversity of the reactive sites (i.e., molecules with specific composition and 

characteristics) and the reaction pathways (e.g., radical addition, electron transfer, or 

H-abstraction). Generally, the lower reactivity to SO4
•− has been attributed to its high 

selectivity toward electron-rich moieties and unfavorable/slower reaction with 

saturated structures (i.e., either through H-abstraction (Lutze et al., 2015a) or 

decarboxylation (Madhavan et al., 1978)). Nevertheless, additional research is highly 

required to clearly describe the difference in reactivity, especially with a focus on the 

reactive sites at the molecular level. Currently, the characterization of NOM in •OH or 

SO4
•−-based AOPs has been mainly achieved through measurements of specific 

properties such as electron donating capacity (EDC), UV light absorbing property 

(UV254), fluorescent intensity (FI), molecular weight (MW), and total organic content 
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(TOC) (Sarathy et al., 2008; Zhang et al., 2019). Although these analytical tools 

provide insight into bulk properties, they prove unsuitable in revealing detailed 

information at the molecular level.   

Ultra-high resolution mass spectroscopy, i.e., Fourier transform ion cyclotron 

resonance mass spectroscopy (FT-ICR MS), allows the detection of individual 

molecules within the complex natural organic mixtures based on which exact 

molecular formulas can be unambiguously assigned). As a result, molecular 

compositions and molecular characteristics can be readily obtained. This analytical 

technique has been widely used for the identification of newly-formed disinfection by-

products, NOM components adsorbing onto minerals, and molecular characterization 

of NOM transformation in various processes (Gonsior et al., 2009; Lavonen et al., 

2015; Lv et al., 2017; Lv et al., 2016; Varanasi et al., 2018; Yuan et al., 2017; Zhang 

et al., 2012a; Zhang et al., 2012b) (e.g., coagulation, disinfection, advanced oxidation, 

biological degradation, or sunlight-induced photochemical reaction). Based on the 

extensive and successful use of FT-ICR MS in these fields, a molecular-level 

investigation on the radical-induced reactivity of NOM will considerably advance our 

fundamental understanding of the preferential molecular target of radicals.  

The objective of this investigation was to provide a molecular-level knowledge on the 

reactivity of NOM towards •OH and SO4
•− (i.e., generated by UV/H2O2 and UV/PDS, 

respectively) using FT-ICR MS. The NOM reactivity was investigated by calculating 

the second-order rate constant of the degradation of UV254-absorbing moieties using a 

modified method as previously reported (Zhang et al., 2019). Rather than analyzing 

radical-transformed NOM using Orbitrap mass spectrometer (Varanasi et al., 2018), 

the current study mainly focused on the identification of the reactive molecules 

susceptible to radical attack and their possible reaction pathways. Also, the analysis of 
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the bulk properties (i.e., EDC and UV254) was conducted. Three NOM isolates from 

different surface waters and varied physicochemical characteristics were selected. To 

the best of our knowledge, this is the first comprehensive study to elucidate the distinct 

reactivity of NOM towards •OH and SO4
•− at the molecular level. 

3.2 Materials and Methods 

3.2.1  Chemicals and NOM samples.  

Methanol and ethyl acetate of HPLC grade were purchased from Honeywell Burdick 

& Jackson. Sulfuric acid (H2SO4, 98%) and hydrochloric acid (HCl, 32%) were 

supplied by UNIVAR. All the solutions: peroxodisulfate (PDS; ≥98%, Sigma-Aldrich), 

hydrogen peroxide (H2O2, 30%, UNIVAR), p-chlorobenzoic acid (pCBA, Acros 

Organics) and nitrobenzene (NB, Sigma-Aldrich), were prepared with ultrapure water.  

Three hydrophobic NOM fractions previously isolated from different surface waters 

were selected: Hydrophobic acid organic matter extracted from Suwannee River water 

(S-HPOA, USA), hydrophobic fraction from Ribou Reservoir NOM (R-HPO, France), 

and hydrophobic fraction from Colorado River (C-HPO, USA). The basic 

characteristics of the NOM samples were summarized in Table A2-1, Supporting 

Information (Text A2-1.).  

3.2.2 UV-AOPs experimental procedure.  

•OH and SO4
•− were generated through UV irradiation of H2O2 and PDS in unbuffered 

solutions, respectively. Buffer was not applied in the study to avoid the potential 

interference caused by the relevant produced radical species (e.g., CO3
•−). The UV-

AOPs experiments were conducted with an LP-UV collimated beam device (CBD). 

The detailed information on the UV-CBD and the quantification of radical production 

were provided in the (Text A2-1.).   
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An incident UV intensity of ~0.9 mW∙cm−2 was applied to a 250 mL NOM-containing 

(~ 4 mgC∙L−1) solution in a beaker with a diameter of 84 mm. Oxidants (H2O2 or PDS: 

1.0 mM, unless otherwise specified) were individually added into the solutions 

immediately prior to UV irradiation. The initial UV fluence varied among different 

NOM-containing solutions due to their difference in UV absorbance at 254 nm, and 

was calculated as 633, 760, and 886 mJ∙cm−2 for S-HPOA-, R-HPO-, and C-HPO-

containing solutions, respectively. A similar initial pH (~4.65) was recorded for 

UV/H2O2 or UV/PDS experiments. The pH remained relatively stable in the UV/H2O2 

system; however, it decreased by approximately one pH unit in the UV/PDS system 

after 30 min of irradiation. Samples for FT-ICR MS analysis were acidified to ~ pH 2 

with HCl prior to solid phase extraction (SPE, Text A2-1.). Another set of experiments 

using 30 mL solution in a petri-dish was conducted to study the reaction pathways 

taking place for the major reactive molecules (Text A2-1.).  

The study on the reactivity of NOM with radicals was performed by the use of pCBA 

and NB as probe compounds under the same experimental conditions as 

aforementioned. Samples were collected at specific time intervals for probe 

measurement with the addition of 1 M methanol as a radical quencher. Overall, the 

•OH content was measured as below 10% in the UV/PDS system under all 

experimental conditions. The change in UV254 of the NOM solutions with time was 

immediately recorded without any quencher application. This recorded value was 

further corrected by subtracting the absorbance of oxidants and probe compounds and 

the contribution of sole UV irradiation. Specifically, the oxidant residue was analysed 

through modelling (Xie et al., 2015b) and the concentration of probe compounds were 

measured using HPLC. The absorbance was calculated using Lambert-Beer law. 

Specifically, the second-order rate constant of NOM was determined by normalizing 
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the degradation rate of UV254-absorbing moieties with steady-state radical 

concentration. The calculation of the steady-state radical concentration was detailed in 

Text A2-1.The samples collected for TOC measurements were acidified to pH ~2 with 

H2SO4.  

3.2.3 FT-ICR MS analysis.  

A 15.0 T superconducting magnet equipped with a Bruker SolariX FT-ICR MS was 

used to collect the ultra-high-resolution mass spectra. Cartridge-extracted samples 

were diluted to approximately 500 mg/L with 1:1 methanol/water (v/v). Using a 

syringe pump at a flow rate of 120 μL∙h−1, the diluted sample was injected into the ESI 

unit with a voltage of –3.8 kV. An equilibrium time of 0.06 s was set to allow ion 

accumulation in the hexapole ion trap prior to injection into the ICR cell. A broadband 

mass scan ranging from 100–1000 Da was conducted, and a total of 200 mass spectra 

were accumulated per sample. Duplicate measurements were collected for each sample 

to ensure reproducibility and reliability. The injection syringe and lines were rinsed 

three times with a 1:1 methanol/water (v/v) solution between each sample injection. A 

blank sample (i.e., absence of NOM) was extracted and measured to exclude any signal 

interferences. Further information on data analysis was provided in Text A2-1.  

3.2.4 Complementary analysis.  

A Cary 60 spectrophotometer (Agilent, USA) was used to measure the UV light 

absorbance of the NOM solutions at 254 nm (UV254). The total organic carbon 

concentration of the NOM solution was analysed with a Shimadzu TOC-L analyzer 

(SHIDMAZU, Japan). The EDC of NOM samples was measured using a size 

exclusion chromatography (SEC) coupled with post a column reaction unit and two 

UV detectors, as previously reported.(Zhang et al., 2019) pCBA and NB 

concentrations were measured with an HPLC unit equipped with a 250 mm  4.6 mm 
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C18 5-µm reverse phase column (AlltimaTM, GRACE) and UV detector (Agilent 

1100 series, USA) by recording their absorbances at 238 nm and 270 mm, respectively.  

3.3 Results and discussion 
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Figure 3-1. (a) UV254 decrease of S-HPOA with time, and (b) second-order rate 

constants (ksec) of three NOM isolates with •OH or SO4
•−. Conditions: Incident 

UV intensity = 0.9 mW∙cm−2, [TOC]0 = 3.89 ± 0.18 mgC∙L−1, [H2O2]0 or [PDS]0 = 

1.0 mM, at unadjusted pH ([pH]0=4.65 ± 0.09) and room temperature (20°C).   

3.3.1 Reactivity of NOM isolates with radicals.  

Due to the highly radical-active nature of chromophoric moieties in the selected NOM 

fractions (i.e., aromatic or phenolic structures (Fichot et al., 2016)), the reactivity of 

the NOM samples towards radicals was studied by following the change in UV254 with 
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time. At a reaction time of 30 min and for all three NOM isolates (Figure 3-1a and 

Figure A2-3), the decrease in UV254 was in average 22% higher following SO4
•− 

oxidation as compared to that of •OH, probably due to the higher production yield of 

SO4
•− under identical experimental conditions (Table A2-3). To validate a comparison 

in reactivity, the second-order rate constants (ksec) of the chromophores were 

investigated considering the radical quantity and using a modified method as 

previously reported (Zhang et al., 2019). Specifically, the rate constants were 

calculated using the pseudo-first-order rate constants of UV254 decay (Table A2-3) and 

steady-state radical concentration (Table A2-3). A higher ksec (108 M–1s–1) was 

obtained for •OH than for SO4
•−, i.e., 3.955 versus 2.905, 7.372 versus 2.118, and 4.301 

versus 1.205 for S-HPOA, R-HPO, and C-HPO, respectively (Figure 3-1b). This trend 

is in good agreement with those reported by Lutze et al. (2015a), i.e., k (•OH, humic 

acids) = 1.4×104 L mgC–1 s–1, and k (SO4
•−, humic acids) = 6.8×103 L mgC–1 s–1. 

Moreover, the difference in the reactivity between the radicals varied among different 

NOM isolates. Specifically, the ksec of •OH was calculated as 1.4, 3.5, and 3.6-fold of 

that of SO4
•− for S-HPOA, R-HPO, and C-HPO, respectively. Overall, the higher 

reactivity with •OH than SO4
•− is in good agreement with the reported higher NOM 

scavenging capacity of hydroxyl radicals. Consistent with previous findings (Zhang et 

al., 2019), the reactivity with SO4
•− increased with the SUVA of untreated NOM 

samples (Table A2-1). However, no correlation could be established for •OH, probably 

because •OH could also non-selectively reacts with less electron-rich moieties. 

Interestingly, the TOC removal was negligible with •OH oxidation (~10%) within 30 

min, while a removal efficiency of approximately 35%, 48%, 43% for S-HPOA, R-

HPO, and C-HPO, respectively, was achieved with SO4
•− oxidation (Figure A2-4). To 
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further study these observations, a molecular-level investigation was conducted for 

NOM samples with a reaction time of 30 min using FT-ICR MS. 
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Figure 3-2. (a, c) van Krevelen diagrams and (b, d) molecular compositions of S-

HPOA after •OH or SO4
•− treatment. The olive points/bars represent the 

radical-reactive moieties (formulas that disappeared after reaction), and wine 

points/bars reflect the radical-resistant structures (formulas remaining 

unchanged after reaction).  

3.3.2 Identification of reactive molecules.  

The molecular formulas assigned through FT-ICR MS analysis for the untreated and 

the oxidized NOM fractions were compared to identify the radical-reactive moieties 

(formulas that disappeared after reaction) and radical-resistant moieties (formulas 

remaining unchanged after reaction) present in the three NOM isolates. Approximately 

40%–50% of the total assigned formulas were identified as reactive, contributing to 

15%–20% of the overall signal intensity (Table A2-4). The molecules also showing 

reactive to sole UV irradiation (ca. 20%) were not included in the following discussion 

due to the focus on •OH or SO4
•− reaction of the current study. The distribution of the 
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reactive and resistant molecules was visualized in van Krevelen diagrams based on 

their respective H/C and O/C ratios (Figure 3-2). As shown in Figure 3-2a and Figure 

3-2c, the majority of the reactive molecules within S-HPOA were assigned to 

lignins/carboxyl-rich alicyclic moieties (CRAM)-like structures, accounting for 83% 

and 82% in •OH- and SO4
•−-based AOPs, respectively. Similar results were obtained 

with the other two NOM isolates, i.e., R-HPO and C-HPO (Figure A2-5 and Figure 

A2-6). 

Higher removal efficiency was observed for aromatics and lignins/CRAM-like 

structures with SO4
•− oxidation (i.e., the ratio of reactive aromatics and lignins/CRAM-

like structures to total assigned molecules of untreated NOM) (Table A2-5), and was 

consistent with the recorded higher decrease in UV254 (Figure 3-1). Moreover, the 

weight-averaged values (Equation A2-6–Equation A2-7) for various molecular 

characteristics (i.e., m/zwa, DBEwa, H/Cwa, and O/Cwa) between reactive and resistant 

molecules were calculated and compared (Table A2-6). The reactive molecules 

exhibited higher m/zwa, Cwa, and DBEwa, but lower H/Cwa and O/Cwa as compared to 

resistant molecules (Table A2-6). Generally, the results indicated that larger molecules 

with a higher degree of unsaturation and electron density were more susceptible to •OH 

and SO4
•− attacks. The DBEwa of SO4

•− reactive molecules was the highest for S-HPOA 

(14.69, Table A2-6), also exhibiting the highest reactivity. However, the lowest DBEwa 

of SO4
•− reactive molecules was observed with C-HPO (11.55, Table A2-6), also 

associated with the lowest reactivity (Figure 3-1). Interestingly, the molecules of S-

HPOA reactive to •OH were characterized by the highest DBEwa (Table A2-6); 

however, the rate constant of the reaction between •OH and S-HPOA was the lowest 

among the three NOM isolates (Figure 3-1). The highest reactivity was observed with 

R-HPO (Figure 3-1), showing a medium DBEwa value for the reactive molecules 
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(Table A2-6). This result is probably associated with the molecular size of the reactive 

molecules within R-HPO; for instance, the m/zwa (481.06) and Cwa (22.99) values of 

its reactive molecules were the lowest as compared to S-HPOA (537.65/26.13) or C-

HPO (518.13/25.18) (Table A2-6). The correlation between the reactivity of NOM 

fractions and molecular size has been previously documented (Dong et al., 2010) 

where the reactivity increased with decreasing molecular size.  

In addition, the reactive and resistant molecules were also plotted based on their 

molecular compositions, i.e., CHO, CHON, CHOS, and CHONS (Figure 3-2b and 

Figure 3-2d). Molecules only containing CHO (an average removal efficiency of 39%) 

were less reactive than those also containing N and S (an average removal efficiency 

of 44%, 59%, and 100% for CHON, CHOS, and CHONS, respectively). This trend 

was further confirmed by a similar observation for the other two N- or S-enriched 

NOM isolates, i.e., R-HPO and C-HPO (Figure A2-5 and Figure A2-6). Consistent 

with previous findings (Varanasi et al., 2018), these results indicated that molecules 

incorporating N- or S-containing functional groups (e.g., –NH2, –NH–, or –S–) are 

more reactive to both radical species (Yang et al., 2017; Ye et al., 2017). The increase 

in the reactivity caused by the presence of S or N would explain the observed trend in 

•OH-induced reactivity (Figure 3-1). Besides the influence of molecular size, the 

highest reactivity of R-HPO to •OH could also be attributed to the largest fraction of 

N- or S-containing reactive molecules, accounting for approximately 47% (Table 

A2-7). Similarly, the lower reactivity of S-HPOA, as compared to C-HPO, could be a 

result of the lower content of N or S in its reactive molecules (6% versus 37%, Table 

S7).  
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3.3.3 Exclusively reactive molecules.  

3.3.3.1 H/C.  

The molecules degraded by •OH and SO4
•− radicals were compared to identify specific 

reactive sites. The molecules that only reacted with •OH or SO4
•− radicals accounted 

for approximately 10–20% of the total reactive molecules. The H/Cwa of the molecules 

only reactive towards •OH were higher than that of SO4
•−, with the largest difference 

observed with S-HPOA (1.11 versus 0.86), medium difference with R-HPO (1.06 

versus 1.02), and smallest difference with C-HPO (1.03 versus 1.02) (Table A2-8).To 

further elucidate the difference in the H/Cwa of exclusively reactive molecules, the 

respective number of reactive molecules located in Area I (i.e., with higher H/C: 1.2–

1.6 and lower O/C: 0.2–0.5, Figure 3-3) were compared. Specifically, the percentage 

of molecules in Area I exclusively reactive towards SO4
•− was only 19% for S-HPOA 

and 33% for C-HPO, respectively. Interestingly, the exclusively SO4
•−-reactive 

molecules were more abundant in this region for R-HPO (i.e., up to 63%, Figure 3-3). 

However, the DBEwa of the molecules exclusively reactive to SO4
•− (9.54) in Area I 

was higher than that of •OH (7.86). The observation is in agreement with the high 

affinity of SO4
•− with electron-rich molecules. In addition, molecules exclusively 

reactive to •OH falling in the same Area I were observed as more aliphatic, clearly 

indicated by their lower DBEwa compared to the value determined for the total 

exclusively reactive molecules (i.e, 8.36 versus 10.86, 7.86 versus 11.06, and 6.69 

versus 10.47 for S-HPOA, R-HPO, and C-HPO respectively, Table A2-8). The results 

indicated the intrinsic difference in reactive sites between the two radicals regardless 

of radical concentrations. Specifically, [SO4
•−]ss was higher than [•OH]ss (Table A2-3) 

under identical experimental conditions arising from the higher quantum yield of PDS 

than H2O2 (He et al., 2013). Due to a negligible carbon removal (Figure A2-4), a 
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reaction pathway of H-abstraction (Westerhoff et al., 2007) would be highly possible 

following the preferential targeting of these more aliphatic structures (i.e., molecules 

with higher H/C ratio and lower DBE) by •OH. To test this hypothesis, the change in 

the H/Cwa of the produced molecules was also investigated. The produced molecules 

were only those extractable with SPE, partially representing the complete pool of 

produced species due to a decreased extraction efficiency following radical oxidation 

(i.e., 89%, 78%, and 56% for untreated S-HPOA, •OH and SO4
•− treated samples, 

respectively). The newly formed molecules were characterized by a lower H/Cwa (5–

10%, Table A2-9) in the •OH oxidation system as compared to that in the SO4
•− 

oxidation system. This observation is supporting the hypothesis of a more prevalent 

H-abstraction from NOM molecules by •OH than SO4
•−. 
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Figure 3-3. van Krevelen diagram of molecules exclusively reactive to •OH or 

SO4
•− within (a) S-HPOA, (b) R-HPO, and (c) C-HPO. Red points denote 

molecules exclusively reactive to •OH; while olive points denote molecules 

exclusively reactive to SO4
•−. 

3.3.3.2 O/C.  

The O/Cwa of molecules exclusively reactive to SO4
•− was 10–22% higher than that of 

•OH (Table A2-8). For instance, a larger fraction of molecules (i.e., 83%, 74%, and 

75% for S-HPOA, R-HPO, and C-HPO respectively) located in Area II (higher O/C: 

0.5–0.7, and lower H/C: 0.7–1.2, Figure 3-3) were observed to exclusively react with 

SO4
•−. Because the molecules were categorized as lignins/CRAM-like structures, one 
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of the probable contributors to the higher O/C would be the carboxyl group (–COOH). 

Therefore, Kendrick Mass Defect (KMD) of homologous series with –COOH base 

(Sleighter et al., 2007), i.e., KMD (COO), were calculated (Equation A2-8–Equation 

A2-10) and plotted against the number of oxygen atoms (Figure 3-4, Figure A2-7). 

The results showed that the molecules exclusively reactive to SO4
•− presented a higher 

degree of –COOH functionalization than the •OH-reactive compounds. For these 

reactive sites, a reaction pathway of SO4
•−-induced decarboxylation would be expected. 

Specifically, SO4
•− preferentially targeted the carboxyl-rich molecules, followed by 

decarboxylation, and eventually leading to higher carbon removal (i.e., as compared 

to •OH, Figure 3-1b). For the exclusively reactive sites, the faster H-abstraction by •OH 

(108–109 M−1∙s−1) (Buxton et al., 1988) than decarboxylation by SO4
•− (106–109 M−1∙s−1) 

(Neta et al., 1977) could explain the higher reactivity of NOM to •OH. Instead of a 

decrease in the O/Cwa of the extractable produced molecules highly expected due to 

decarboxylation, an increase was observed (Table A2-9). This increase could be 

attributed to the prevalence of hydroxylation in radical oxidation processes. 

Interestingly, the O/Cwa of extracted produced molecules by SO4
•− oxidation was even 

higher than that of •OH. The higher O/Cwa could probably correlate with the detection 

of assigned S-containing molecules, probably formed through SO4
•− addition. 

However, further investigation is necessary to confirm this hypothesis.  The molecular 

formula assignment remains a challenge in the analysis of FT-ICR MS data, especially 

with the inclusion of non-oxygen heteroatoms (i.e., S, N) and the increase of molecular 

mass (Herzsprung et al., 2016; Ohno et al., 2013). The investigation on the 

transformation of single model compound with SO4
•− might be able to provide 

additional insights. However, the possible reaction pathway through SO4
•− addition 

was not further discussed as not being the focus of this investigation.  
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Figure 3-4. KMD (COO) of molecules exclusively reactive with •OH or SO4
•− as 

a function of oxygen number in the NOM isolate of S-HPOA. The selected 

molecular formulas were presented as an illustration. 

3.3.3.3 DBE. 

 A higher value of m/zwa, Cwa, and DBEwa were observed with molecules exclusively 

reactive to SO4
•− (563.80, 25.88, and 15.66 for S-HPOA) as compared to those of •OH 

(447.53, 21.87, and 10.86 for S-HPOA) (Table A2-8). The difference in DBE is also 

be illustrated in Figure 3-5, Figure A2-8, and Figure A2-9, where DBE was plotted 

against the number of carbon atoms with reference to the O/C ratio. Specifically, the 

DBE of the vast majority of molecules exclusively reactive to •OH was lower than the 

DBEwa of the molecules exclusively reactive towards SO4
•− (15.66 for S-HPOA), as 

illustrated by the black dash line in Figure 3-5. Interestingly, the larger value of DBE 

(i.e., larger than 15.66 in Figure 3-5b) were contributed by molecules with a larger 

number of carbon atoms (i.e., 20–37). Theoretically, the oxidation of SO4
•− towards 

larger molecules (i.e., with larger number of carbon atoms) was unfavorable due to the 

higher electrosteric repulsion phenomenon between the two (Baalousha et al., 2018; 

Shen et al., 2015). These findings demonstrated the critical role of electron density in 

SO4
•− reaction (as reflected by DBE), where the high electron density of a molecule 

would counterbalance the steric repulsion and successfully trigger SO4
•− oxidation. 

The current results clearly showed that molecules with higher DBE and m/z or C 
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number, and higher O/C were preferentially degraded by SO4
•−. The involvement of 

larger size molecules with high electron density during SO4
•− oxidation would be 

expected to slow down the reaction (Dong et al., 2010), in accordance with the 

observed lower reactivity. Interestingly, the molecules produced through SO4
•− 

oxidation exhibited lower DBEwa, m/zwa, or Cwa than those generated with •OH (Table 

S9), indicating a higher degree of oxidation by SO4
•− and consistent with the more 

significant UV254 decrease (Figure 3-1a). However, since the exclusively reactive 

molecules only account for 10–20% of total reactive molecules, distinct reaction 

pathways associated with shared (major) reactive sites would also be expected to shape 

the different reactivity between NOM and the radicals. Therefore, the reaction 

pathways of the major reactive sites were explored in the following section.  
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Figure 3-5. DBE of molecules exclusively reactive to (a) •OH or (b) or SO4
•− as a 

function of number of carbon atoms based on O/C in S-HPOA. The dashed line 

indicates the comparison at a DBE value of 15.66 (DBEwa of the molecules 

exclusively reactive to SO4
•−) 

3.3.4 Reaction pathways of major reactive molecules.  

Lignins (i.e., as predominant reactive molecules in both reaction processes, Figure 

3-2a and Figure 3-2c) have been reported as the primary contributors to both UV-light 

absorbing property and the electron-donating capacity (EDC) of NOM (Aeschbacher 

et al., 2012; Wenk et al., 2013).  The changes in EDC and UV254 (UV light absorbance 
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at 254 nm) of the three NOM isolates were measured. Both EDC and UV254 values, in 

all three NOM isolates, were more efficiently depleted by SO4
•− than •OH (Figure 

A2-10). To differentiate the reaction pathways, changes in EDC and UV254 were 

further explored by plotting the normalized EDC decrease versus the corresponding 

normalized UV254 decay (Figure 3-6). In •OH-based AOPs, the EDC of R-HPO and C-

HPO decreased slower than UV254; contrariwise, a slightly faster decrease in EDC was 

observed for S-HPOA (Figure 3-6a). Interestingly, a faster decrease in EDC than in 

UV254 was recorded with all three NOM isolates in SO4
•−-based AOPs (Figure 3-6b).  

The discrepancy in the EDC-UV254 correlations between these radical-based AOPs 

indicated a difference in reaction pathways. Specifically, the SO4
•− reaction was 

initiated with one electron transfer from phenolic –OH moieties leading to the 

oxidation of phenolic structures, while the UV light absorbing property was preserved 

(Zhang et al., 2019). The •OH reaction would lead to the destruction of aromatic 

moieties; however, the preservation of phenolic structures probably involved a radical 

addition to nonphenolic aromatic moieties (Neta et al., 1974). Consequently, the higher 

reaction rate of •OH radical addition (diffusion limited) (Buxton et al., 1988) than 

electron transfer to SO4
•− (106–109 M−1∙s−1)(Neta et al., 1977) would lead to the higher 

reactivity of NOM to •OH.  

The slightly faster decrease of EDC than UVA254 observed with S-HPOA in the 

presence of •OH (i.e., an opposite trend from R-HPO and C-HPO) was probably caused 

by its higher degree of aromatic substitution as suggested by the higher SUVA and 

EDC values (Table A2-1). As a consequence, the oxidation of phenolic structures 

would be predominant due to the lower available sites for radical addition. This result 

could also explain the smaller difference in the reactivity between •OH and SO4
•− for 

S-HPOA as compare to R-HPO or C-HPO (Figure 3-1).  
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Figure 3-6. Relationship between normalized UVA254 and EDC decrease of 

different NOM isolates in (a) •OH and or (b) SO4
•− reaction processes. 

Conditions: Incident UV intensity = 0.9 mW∙cm−2, [TOC]0 = 3.89 ± 0.18 

mgC∙L−1, and [H2O2]0 or [PDS]0 = 0.00–0.10 mM, at unadjusted pH (4.65 ± 0.09) 

and room temperature (20°C). 

3.4 Summary 

The current study significantly advanced our fundamental knowledge on the reactivity 

of NOM with radical species through the identification of •OH- and SO4
•−- reactive 

sites using an ultrahigh resolution FT-ICR MS. Understanding the reactivity and 

changes in the molecular composition of NOM with •OH or SO4
•−-based treatment is 

useful to predict its behavior in engineered and natural aquatic systems. For instance, 

the photoreactivity of NOM could be decreased after reaction with •OH or SO4
•− 

because molecules with higher DBE (i.e., which are preferentially degraded) were 

reported as more photoreactive(Gonsior et al., 2009). A proper radical-based treatment 

strategy for the degradation of target sites in complex organic matrices could be more 

efficiently implemented. For example, SO4
•−-based oxidation process could be adopted 

for the decrease of carboxyl-rich molecules (e.g. removal of membrane foulants (Lin 

et al., 2001)) because of its observed higher affinity to –COOH; while •OH-based 

oxidation process could be selected for the removal of organics with abundant aliphatic 

structures.  
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The structures of the molecules are yet to be confirmed, although their formulas have 

been unambiguously assigned. More complex water matrices representing natural 

waters (i.e., containing Cl–, HCO3
–, or varying pH conditions) should also be 

considered in future studies. Besides, extending this study to a larger pool of NOM 

isolates (i.e., various origins and molecular composition) would refine and extent our 

knowledge on the selective reactivity of radicals with NOM molecules. 
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4.1  Introduction 

Manganese (Mn) oxides occur in the environment due to biological activity and 

weathering of Mn-containing minerals (Post, 1999). Due to their structures and 

chemical reactivity, these naturally abundant metal oxides as well as their synthetic 

counterparts exhibit a high potential as absorbents, oxidants, catalysts, and cation 

exchange reagents in aquatic systems (Driehaus et al., 1995; Golden et al., 1986; 

Whitney, 1975). MnO2 (i.e., one of the most common Mn oxides) participates in a 

wide range of processes leading to the transformation of organic contaminants and 

heavy metals, and has also gained attention as a catalyst due to its environmentally 

friendly and ubiquitous nature (Barrett et al., 2005; Tong et al., 2003; Zhang et al., 

2013). These catalytic oxidation processes have been reported to degrade contaminants 

by the generation of reactive species when used in combination with oxidants, e.g., 

peroxymonosulfate (PMS), hydrogen peroxide (H2O2), and ozone (O3) (Saputra et al., 

2013; Tong et al., 2003; Yu et al., 2014). Recently, MnO2 has been tested as a ceramic 

membrane coating material. Catalytic processes occurring at MnO2 surface generated 

reactive species responsible for foulants oxidation (Corneal et al., 2011; Corneal et al., 

2010).  

Interestingly, the ubiquitous presence of dissolved organic matter (i.e., DOM, a highly 

heterogeneous mixture of organic compounds of different chemical compositions, 

structures, and properties) exerts a significant impact on MnO2-participated processes 

(e.g., adsorption, oxidation, or catalysis) in both engineered and natural aquatic 

systems (Chen et al., 2002). For instance, DOM interfacial interactions with MnO2 

have been proposed to decrease the reaction rate of MnO2 with pollutants. Specifically, 

DOM adsorption on MnO2 would lead to a change in surface properties and to a 

decrease in available reactive sites (Feitosa-Felizzola et al., 2009; Zhang et al., 2003). 
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Remarkably, a preferential adsorption of high molecular weight organics enriched in 

aromatic moieties has been observed for synthetic and natural manganese oxides, 

where hydrophobic interactions were proposed as the dominant interacting mechanism 

(Allard et al., 2017). In addition, DOM would cause a drastic impact on the aggregation 

behaviour of MnO2 nanoparticles in solution. 

The influence of DOMs on the aggregation of (nano)particles, e.g., silver, gold, TiO2, 

aluminum oxide, iron oxide, and carbon nanotubes, have been extensively studied 

(Domingos et al., 2009; Furman et al., 2013; Ghosh et al., 2008; Liu et al., 2013; Saleh 

et al., 2010; Vindedahl et al., 2016). Briefly, DOM has been proposed to induce the 

stability of nanoparticles in solution by electrostatic and steric mechanisms. 

Conversely, DOM can also induce enhanced aggregation through the formation of 

hydrogen bonds between hydroxyl groups-enriched organic fractions, or by 

(multivalent) cation bridging mechanisms (Boyle et al., 1989; Shen et al., 2015). MnO2 

particles have been reported to readily aggregate in aqueous environments due to 

collision arising from Brownian diffusion and subsequent attachment controlled by 

Derjaguin-Landau-Verwey-Overbeek (DLVO) interactions (Hotze et al., 2010). Also, 

these particles were significantly stabilized by model constituents of humic substances 

(Suwannee River humic acid SR-HA and fulvic acid SR-FA) and non-humic 

substances (alginate and bovine serum albumin BSA). This enhanced stability was 

attributed to steric repulsion resulting from the adsorption of DOMs onto MnO2 

surface (Huangfu et al., 2013). Nevertheless, DOM composition and properties are 

highly variable and dependent on their origins; thus, the DOMs tested in previous 

investigations (e.g., alginate, BSA, SR-FA, and SR-HA) were far from representative 

of all natural DOMs due to the heterogeneity and complexity of the latter (Leenheer et 

al., 2003). Therefore, the use of DOMs isolated from different water sources would 
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provide a deeper insight into the interfacial interactions of MnO2 with organic matter 

in natural aquatic environments and water treatment systems. 

The objective of this investigation was to study the influence of organic matter 

characteristics on its interfacial interactions with MnO2 and on catalytic oxidation 

processes. Four DOM fractions with different structural properties previously isolated 

from raw and treated surface waters and from a treated urban wastewater were selected. 

Time-Resolved Dynamic Light Scattering (TR-DLS) technique was selected to study 

the aggregation of MnO2 nanoparticles in DOM-containing electrolyte solutions. Due 

to its sensitivity at a sub-nano Newton resolution, Atomic Force Microscopy (AFM) 

in contact mode was used to investigate the interaction forces between MnO2 and 

DOMs. Also, H2O2 was selected to study the influence of adsorbed DOM on the 

catalytic processes occurring at MnO2 surface in the presence of oxidants. This 

investigation would provide a better nanoscale understanding of the impact of DOM 

on the biogeochemical cycle of Mn oxides in environmental and engineered systems.  

4.2 Materials and methods 

4.2.1  Solution preparation and reagents 

Colloidal suspensions and electrolyte solutions used in this study were prepared with 

ultrapure water (18.2 MΩ∙cm resistivity, PURELAB Ultra, ELGA). NaCl and CaCl2 

solutions were prepared with analytical grade reagents, and were filtered through a 0.2 

µm membrane filter (Asordisc PSF, PALL, USA) prior to use. H2O2 stock solution was 

prepared through dilution of H2O2 of 30% (w/w) before measurements. Organic matter 

stocks were prepared by dissolving each DOM isolate in ultrapure water and stored in 

4°C. 
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4.2.2  Preparation of MnO2 nanoparticles 

MnO2 particles were synthesized by oxidizing manganese nitrate (Mn[NO3]2) with 

potassium permanganate (KMnO4). The resulting MnO2 particles were ground into 

nanoscale particles with a BTRM 459 grinder (Rocklabs Limited, New Zealand). 

Details on MnO2 synthesis and nanoparticle preparation were provided in Text A3-1.  

4.2.3  Origin and characteristics of the DOM isolates 

Four DOM isolates previously characterized and extracted from three surface waters 

(Croue et al., 1999; Hwang et al., 2001) and one urban wastewater effluent (Zheng et 

al., 2014) using the comprehensive isolation protocol previously described (Leenheer 

et al., 2000a), were selected for the current study. Hydrophobic DOM (HPO) fractions 

isolated using the XAD-8® resin were obtained from the high-humic content Gartempe 

River water (GRW-HPO), the Jeddah secondary-treated urban wastewater (JWW-

HPO), and the ozonated Colorado River water (CRW-OC-HPO). The hydrophilic 

(HPI) DOM fraction from the Ribou River water (RRW-HPI) not adsorbed onto the 

XAD-8® and XAD-4® resin placed in series, was isolated using anion exchange resin. 

The summary of the major characteristics of the four DOM samples were provided in 

Table A3-1. CRW-OC-HPO, JWW-HPO, and RRW-HPI were further characterized 

using high-resolution mass spectrometry FTICR-MS. Negative Electrospray 

Ionization Fourier Transform Ion Cyclotron Resonance [ESI(−)] FTICR mass spectra 

were acquired using a 12T Bruker Solarix mass spectrometer (Bruker Daltonics, 

Bremen, Germany) and an Apollo II electrospray ionization (ESI) source in negative 

mode. The details for sample preparation and data processing were described 

elsewhere (Cawley, 2016; Tziotis et al., 2011).  
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4.2.4  Measurement of zeta potential, hydrodynamic diameter, and aggregation 

kinetics of MnO2 nanoparticles in DOM-containing electrolyte solutions 

UV-Vis spectra (200-800 nm wavelengths) for MnO2 suspensions were obtained with 

a Cary 60 spectrophotometer (Agilent, USA). Hydrodynamic diameter and Zeta 

potential of MnO2 nanoparticles were measured with a Zetasizer (nano ZS, Malvern, 

UK) using a laser at a wavelength of 633 nm and a scattering angle of 173°. Clear 

disposable zeta cells (1 mL, DTS1070, Malvern, UK) were used to determine the Zeta 

potential of the nanoparticles under a wide range of solution conditions, i.e., NaCl and 

CaCl2 solution with ionic strength (IS) ranging from 1 to 100 mM. Solution pH was 

adjusted by the addition of NaOH and H2SO4 at 10 mM NaCl and room temperature 

(~25°C). Detailed information on the procedures were provided in Text A3-2. TR-

DLS measurements were performed using low volume disposable cuvettes (ZEN112, 

Malvern, UK). Sample preparation and measurement procedures were provided in SI 

section. Briefly, MnO2 nanoparticles and DOM were simultaneously added to the 

selected electrolyte solution to a final concentration of 1 ppm and 10 mg C/L, 

respectively, gently shook, and placed in the Zetasizer equipment for immediate 

measurement (Gutierrez et al., 2015a). The change in hydrodynamic diameter of MnO2 

nanoparticles in electrolyte solutions or DOM-containing electrolyte solutions were 

recorded every 20 seconds and at a 1h timeframe. The experimental aggregation 

kinetic rate (κ11: nm.min–1) of MnO2 particles under each electrolyte solution condition 

was calculated as initial rate of increase in particles hydrodynamic diameter (Dh) with 

respect to time, as previously described (Gutierrez et al., 2015a). Additionally, 

interaction energies (i.e., energy barriers) between MnO2 nanoparticles in solution 

were modeled by classic DLVO theory, and described in Text A3-4. To study the 

impact of oxidants on the aggregation kinetics of MnO2 in DOM-containing solutions 
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(i.e., influence of adsorbed DOM on the catalytic processes occurring at MnO2 surface 

in the presence of oxidants), H2O2 was added after 1h of MnO2 /DOM aggregation in 

30 mM NaCl solutions; where the subsequent change in Dh was recorded as a function 

of time.  

4.2.5 Force measurements and data analysis 

Atomic force microscopy (Icon, Bruker, USA) in contact mode was used to study the 

interaction forces between DOM isolates and MnO2. Force-distance curves were 

generated at a sub-nano Newton resolution and at a nanometer scale. Probe and surface 

preparation procedures were provided in Text A3-3. A minimum of 30 force profiles 

were collected for each experimental condition. Approaching and retraction sections 

of the force profiles were recorded. Approaching curves were analyzed to study the 

repulsion forces or jump-to-contact events. Repulsion forces following an exponential 

decay were described by: F=F0 exp(-κh), where h is the separation distance, F is the 

interaction force between probe and surface, F0 is the pre-exponential constant defined 

as force in contact, and κ-1 is the interaction force decay length (Butt et al., 2005). 

Jump-to-contact events occurred when the gradient of the attractive forces exceeded 

the spring constant of the cantilever. Retracting force profiles were processed to 

calculate the maximum adhesion forces, defined as the maximum force before total 

detachment of the probe from the surface. Maximum adhesion forces provided 

information of the strength of the bond between MnO2 surface and DOM isolates. Due 

to the heterogeneity of organic matter, adhesion forces were statistically analyzed by 

probability density function, were the mean (μ) and variance (σ) were calculated. 
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4.3 Results and discussion 

4.3.1  Characteristics of MnO2 particles 

 

Figure 4-1 Zeta potential of MnO2 of as a function of: a) solution pH 2-10, and 

b) ionic strength (Na+ and Ca2+) ranging from 1-100 mM and at unadjusted pH. 

The mean initial hydrodynamic diameter (Dho) of MnO2 particles was 130.3 ± 5.8 nm, 

with a mean Polydispersity Index (PdI) of 0.16; indicating a monodispersed 

nanoparticles population in solution. The XRD spectrum of the MnO2 particles (Figure 

A3-1a) indicated a predominant crystalline structure of -MnO2. The UV-Vis 

absorbance profile (Figure A3-1b)showed the absence of a maximum absorbance peak 

which differed from that previously reported (Huangfu et al., 2013). This difference in 

absorbance profile indicated a specific molecular orbits arrangement, which would 

subsequently lead to a change in MnO2 affinity to DOMs (Griffith et al., 1957). The 

isoelectric point of MnO2 nanoparticles was calculated by zeta potential (ZP) 

measurements at different pH conditions. A negative value of ZP (–19.6±4.9 mV) was 

observed for MnO2 nanoparticles at unadjusted and basic pH values (i.e., 5.8-10), 

indicating a negative charge due to deprotonation of hydroxyl groups (Szekeres et al., 

2012) (Figure 4-1a). The isoelectric point was calculated at approximate pH 3.25, 

which was in good agreement with that reported in previous studies (McBride, 1989).   
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Both Na+ and Ca2+ cations influenced the ZP of MnO2. The ZP of MnO2 was negative 

throughout the whole IS range tested and decreased with increasing Na+ concentration 

in solution (Figure 4-1b), indicating simple charge screening. Nevertheless, the ZP of 

MnO2 was more impacted in the presence of Ca2+ in solution. Specifically, at low 

concentrations of Ca2+, i.e., 0.33mM, the charge significantly decreased compared to 

that in Na+ solutions. Remarkably, charge reversal was observed at 3.33 mM CaCl2. 

This result indicated a more efficient charge neutralizing effect by Ca2+ than Na+ at 

same ionic strength, and also suggests cation complexation between Ca2+ and MnO2. 

Inner-sphere tetradentate or monodentate complexes would form via interaction 

between Ca2+ and hydroxyl groups on MnO2 (Sverjensky, 2006). 

4.3.2  Aggregation kinetics of MnO2 nanoparticles 

4.3.2.1  Aggregation of MnO2 nanoparticles in electrolyte solution 

 

Figure 4-2. Aggregation rate constants κ11 of MnO2 nanoparticles in Na+ or Ca2+ 

solutions at unadjusted pH (5.8 ± 0.3) 

MnO2 particles readily aggregated in the presence of both NaCl and CaCl2 at varying 

concentrations (Figure 4-2). Linear aggregation kinetics curves were observed, 

indicating the presence of a monodispersed population of MnO2 nanoparticles in 

solution (Figure A3-2). The presence of cations in solution induced charge screening 
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(Figure 4-2) and consequently a decrease in energy barrier between MnO2 particles. 

Specifically, electrostatic repulsion between nanoparticles decreased with increasing 

cation concentration, leading to a decrease in total DLVO interaction energy (Text 

A3-4). Additionally, due to the hydrophobic nature of MnO2 (Lu et al., 2016b), short-

ranged hydrophobic interactions between MnO2 nanoparticles would play a key role 

for the readily aggregation observed.   

Critical coagulation concentration (CCC) was observed at approximately 5 mM for 

NaCl solutions, and fast aggregation rate constant (fast) was calculated as 

approximately 3.5 nm/min. CCC for NaCl and fast were lower compared to that 

reported in the literature (i.e., CCC: ~28 mM NaNO3 and kfast: 40 nm/min) (Huangfu 

et al., 2013). This difference was probably caused by the experimental conditions or 

the synthesis procedure of the particles. Specifically, a significantly lower zeta 

potential (–18.63 mV vs –41.96 mV) and a larger diameter (130 nm vs 55 nm) 

measured in current study for MnO2 nanoparticles would lead to a lower energy barrier 

compared to that previously reported (Huangfu et al., 2013). Therefore, a lower 

concentration of salt was required to reach fast aggregation regime, i.e., lower CCC. 

Remarkably, DLVO theory (Figure A3-3) predicted a small energy barrier preventing 

aggregation (i.e., reaction-limited regime) for 1 mM NaCl, and no energy barrier (i.e., 

diffusion-limited regime) at 5 mM NaCl. These results confirm the suitability of 

DLVO theory for (bared) hard particles in solution under the influence of electrostatic 

and vdW interactions.  

In CaCl2 solutions, CCC occurred at lower concentrations (<1mM) than in NaCl 

solutions, which was consistent with the ZP trend observed (Figure 4-1b). Specifically, 

MnO2 nanoparticles displayed a significantly lower negative charge in Ca2+ solutions 
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than in Na+ solutions, resulting in weaker electrostatic repulsive forces. The absence 

of energy barrier at 1 mM Ca2+ (Figure A3-3) was consistent with the lower CCC in 

Ca2+ solutions. Also, the formation of surface complexes between Ca2+ and negatively-

charged groups on MnO2 surface would enhance the aggregation of nanoparticles. 

Similar trends in both aggregation behaviour and surface charge have been previously 

observed (Chowdhury et al., 2013; Huynh et al., 2011).  

4.3.2.2  Aggregation of MnO2 in DOM-containing NaCl solutions 

The aggregation kinetics of MnO2 particles was considerably decreased in DOM-

containing NaCl solution (Figure A3-3a and Figure A3-4). This stabilization effect 

would be caused by DOM adsorption on MnO2, leading to a change in MnO2 surface 

properties. Specifically, DOM would provide an additional charge contribution to 

MnO2 surface (i.e., increased electrostatic repulsion and DLVO interaction). Also, 

adsorbed DOM would induce steric repulsive forces preventing the aggregation of 

particles. This stabilization effect caused by DOM have been reported in previous 

studies conducted with TiO2 (Domingos et al., 2009), aluminum oxide (Ghosh et al., 

2008), viruses (Gutierrez et al., 2012), and other engineered particles (Basnet et al., 

2013; Liu et al., 2013). At low NaCl concentrations, the 11 constants of DOM-coated 

MnO2 nanoparticles were >2 orders of magnitude lower than those of bared MnO2 

nanoparticles. No clear CCC was observed for RRW-HPI and CRW-OC-HPO, 

indicating unfavorable aggregation between DOM-coated MnO2 particles. Conversely, 

GRW-HPO-coated nanoparticles exhibited a fast of 0.1 nm/min at high Na+ 

concentration; while no aggregation was detected for MnO2 particles in JWW-HPO-

containing NaCl solutions. The aggregation rate constants κ11 of all DOM-coated 

MnO2 nanoparticles were lower than fast of bared MnO2 nanoparticles (i.e., 
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approximately 3.5 nm/min) during the whole NaCl concentration range tested (Figure 

4-3 and Figure 4-1a), indicating the high stabilization effect of adsorbed DOM.  
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Figure 4-3. Aggregation rate constants κ11 of MnO2 in the presence of 10 mg 

C/L DOM in a) Na+ or b) Ca2+ solutions and at unadjusted pH 

Interestingly, JWW-HPO-coated MnO2 particles exhibited a considerably higher 

stability than those of river DOM-coated MnO2 particles (RRW-HPI, GRW-HPO, and 

CRW-OC-HPO); probably due to the difference in their origins and physicochemical 

characteristics. River HPO fractions mainly contains lignin derivatives while 

wastewater DOM isolate was affected by microbial activities. Additionally, MnO2 

particles were less stable at higher ionic strength (>30 mM NaCl) in the presence of 

DOMs of lower SUVA254 (i.e., RRW-HPI and CRW-OC-HPO, both of lower aromatic 

character) than their more hydrophobic counterparts (i.e., GRW-HPO and JWW-HPO). 

Van Krevelen diagrams based on FTICR-MS results, confirmed the stronger 

hydrophobic character of JWW-HPO (i.e., molecular composition showing higher H/C 

and lower O/C ratios) than CRW-OC-HPO and RRW-HPI (Figure A3-5). The lower 

molecular weight and less complex polymeric structure of RRW-HPI and CRW-OC-

HPO would induce a lower steric stabilization effect at higher ionic strength in solution. 

A direct correlation between the average molecular weight (Mw) and SUVA has been 

previously established for NOM isolates (Violleau, 1999). FTICR-MS confirmed the 
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significant presence of high molecular structures (m/z>400) in the JWW-HPO fraction. 

A high-SUVA DOM fraction showing similar structural composition as GRW-HPO 

(i.e., Suwannee River fulvic acid) was found to incorporate higher m/z molecules than 

RRW-HPI and CRW-OC-HPO (Hertkorn et al., 2008). Nevertheless, another 

hypothesis that would explain the more efficient stabilization effect of the hydrophobic 

(HPO) isolates on MnO2 nanoparticles would be the coating efficiency (i.e., coating 

completeness) of organics on MnO2 surface (Aubry et al., 2013). Due to unfavorable 

polar interactions, the hydrophilic fractions (RRW-HPI and CRW-OC-HPO) would 

not be able to fully coat the surface of the MnO2 nanoparticles, as opposed to the 

hydrophobic isolates (GRW-HPO and JWW-HPO). Thus, a more efficient DOM 

coating would provide a higher stabilization effect to MnO2 nanoparticles. A 

preferential adsorption of organics enriched in aromatic moieties (e.g., HPO isolates) 

has been observed for synthetic and natural Mn oxides, where hydrophobic 

interactions were proposed as the dominant interacting mechanism (Allard et al., 2017). 

This hypothesis was further explored in section 4.3.2.4. 

4.3.2.3  Aggregation of MnO2 in DOM-containing CaCl2 solutions  

Higher aggregation rates (i.e., of up to 2 orders of magnitude) were observed for MnO2 

nanoparticles in DOM-containing CaCl2 solutions than in DOM-containing NaCl 

solutions (Figure 4-3b and Figure A3-6). DOM-coated nanoparticles were more stable 

than bared MnO2 nanoparticles at low CaCl2 concentrations (i.e., ≤3.33 mM CaCl2, 

equivalent to ≤10 mM IS). At this low ionic strength, the aggregation kinetic rates κ11 

of MnO2-coated CRW-OC-HPO particles were higher than the other three DOM-

coated MnO2 particles; probably due to weaker steric interactions (i.e., smaller Mw and 

less complex polymeric structure) and lower electrostatic repulsive forces (i.e., more 

efficient charge screening/bridging by Ca2+) of the former. Conversely, the 
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aggregation rates κ11 for all DOM-coated MnO2 particles were higher than fast of bared 

MnO2 particles at high CaCl2 concentration (i.e., ≥10 mM CaCl2, equivalent to ≥30 

mM IS), indicating enhanced aggregation and the key role of both Ca2+ and DOM 

characteristics. Cation (Ca2+) bridging would form between deprotonated carboxyl 

groups on DOM in solution and on DOM adsorbed on MnO2 nanoparticles, leading to 

the formation of larger DOM/MnO2 aggregates as measured by DLS (Chen et al., 2006; 

Dong et al., 2013). Compared to Na+ solutions, the presence of Ca2+ had a deeper 

relative impact on the aggregation kinetics of MnO2 in GRW-HPO, JWW-HPO, and 

RRW-HPI-containing solutions at high ionic strength, possibly due to a higher content 

of carboxyl groups in their structures. The magnitude of the electrophoretic mobility 

(i.e., indicator of ionized functional groups content) of these isolates followed the trend: 

GRW-HPO>JWW-HPO>RRW-HPI>CRW-OC-HPO (Aubry et al., 2013; Gutierrez 

et al., 2015a; Gutierrez et al., 2015b; Hwang et al., 2001).  

4.3.2.4  Influence of DOM characteristics on MnO2 catalytic oxidation efficiency 

First, the aggregation of bared MnO2 particles in the presence of H2O2 was studied. 

H2O2 was added after 1h of MnO2 aggregation in 30 mM NaCl solutions; where the 

subsequent change in Dh was recorded as a function of time (Figure 4-4). A significant 

change in the aggregation profile of bared MnO2 particles was observed after the 

addition of H2O2. The aggregation profile was highly scattered (i.e., following no 

aggregation trend) and showed a considerable increase in the hydrodynamic diameter 

of particles as large as 3000 nm (Figure 4-4). Using statistical analysis by probability 

density functions, the mean hydrodynamic diameter of MnO2 nanoparticles upon H2O2 

addition was calculated as 836.8 nm (: 0.41 and R2: 0.95) (Figure A3-7a). The highly 

scattered MnO2/H2O2 aggregation profile would be caused by the change in surface 

property of the particles as well as in solution conditions. Specifically, a higher 
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concentration of Mn2+ (i.e., 20 g/l) was recorded upon H2O2 addition than in oxidant-

free solution (i.e., below 1 g/l). This Mn2+ release in solution would lead to 

aggregation by charge neutralization or complexation mechanisms. Other reactive 

species may have been produced during the catalytic oxidation processes; thus, 

inducing instability in MnO2 particles in solution. In a previous investigation, several 

reductants (O2
•–, HO2

–, and H•) were generated in a MnO2 catalyzed system with H2O2 

(i.e., in addition to the strong oxidant •OH), which even exhibited the capacity to 

induce contaminants desorption from substrates (Do et al., 2009). Also, a significant 

change in surface charge (i.e., from negative to positive, Figure A3-8) was observed 

probably due to interaction between deprotonated hydroxyl groups and Mn2+ or H2O2. 
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Figure 4-4. Aggregation kinetic profiles of bared MnO2 particles in 30mM NaCl 

solution. 1 mM H2O2 were added after 1h of MnO2 aggregation.  

The influence of H2O2 in the aggregation of MnO2 nanoparticles in DOM-containing 

electrolyte solution was also investigated. H2O2 was added after 1h of MnO2/DOM 

aggregation in 30 mM NaCl solutions; where the subsequent change in Dh was 

recorded as a function of time (Figure 4-5). The addition of H2O2 did not affect the 

stability of JWW-HPO-coated MnO2 nanoparticles (: 135.3 nm, : 0.06, R2: 0.98) 
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(Figure 4-5(a)). However, upon addition of H2O2 the aggregation profile of GRW-

HPO-coated MnO2 particles showed scattered; where the mean Dh of the aggregates 

increased to 332 nm (: 0.33, R2: 0.96) (Figure A3-7(b)). Nevertheless, the 

aggregation of GRW-HPO-coated MnO2 nanoparticles was less affected by the 

addition of H2O2 (Figure 4-5 (b)) than bared MnO2 nanoparticles (Figure 4-4). 

Contrariwise, the stability of the HPI fractions-coated MnO2 nanoparticles was 

considerably more impacted by the addition of H2O2 than their hydrophobic 

counterparts. Specifically, the aggregation profiles recorded were highly scattered 

(Figure 4-5c-d) and similar to that of bared MnO2 particles (Figure 4-4). The mean Dh 

of RRW-HPI was calculated as 772.6 nm (: 0.44, R2: 0.94) while the mean Dh of 

CRW-OC-HPO was 641.6 nm (: 0.31, R2: 0.95). 
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Figure 4-5. Aggregation profiles of MnO2 particles in 10 mg C/L DOM-

containing NaCl solutions, at unadjusted pH. 1mM H2O2 was added after 1h of 

MnO2 /DOM aggregation.  
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Considering that H2O2 had no measurable impact on DOM (i.e., based on H2O2 

demand, TOC, and UV254 analyses, results not shown) these results suggest favorable 

hydrophobic interactions between HPO fractions and MnO2 leading to a more efficient 

DOM coating (i.e., blocking surface reactive sites) and a reduced possibility of: a) 

contact between MnO2 and H2O2, and b) release of Mn2+ and other reactive species. 

Remarkably, JWW-HPO would be more efficient in coating the surface of MnO2 than 

GRW-HPO. The specific structure of JWW-HPO would favor its adsorption to MnO2 

and would create a more efficient protective coating layer against H2O2. These results 

were consistent with the stabilization effect shown by the two HPO fractions in NaCl 

solutions (Figure 4-3a). Conversely, the more hydrophilic organic fractions (i.e., 

RRW-HPI and CRW-OC-HPO) would not efficiently adsorb on the MnO2 surface due 

to unfavorable polar interactions; thus, exposing available reactive sites. Nevertheless, 

the possibility of GRW-HPO, RRW-HPI, and CRW-OC-HPO desorption from MnO2 

surface due to MnO2/H2O2 oxidation processes and subsequent generation of reactive 

species cannot be fully discarded (Do et al., 2009). This DOM desorption would 

expose reactive sites on MnO2 surface; consequently, inducing aggressive aggregation 

of MnO2 nanoparticles (Figure 4-5b-d). Thus, to further study this reversibility of 

DOM adsorption on MnO2 surface (i.e., direct indicative of the strength of the bond), 

the interaction forces between MnO2 and DOM were studied by AFM.  

4.3.3  Interfacial interactions between MnO2 and DOMs  

The investigation of DOMs interfacial interactions with MnO2 by AFM highly assisted 

in explaining the more favorable interactions shown between MnO2 and HPO fractions 

leading to a higher stability in NaCl solutions and a lower reactivity in the presence of 

H2O2, as compared to their more hydrophilic counterparts. The interaction forces 

between DOMs and MnO2 were analyzed in both approaching and retracting regimes, 
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providing important information on the strength of the interaction (e.g., attractive 

forces during approach and adhesion forces during retraction) as a function of their 

physicochemical characteristics. JWW-HPO and CRW-OC-HPO were selected for 

AFM analysis due to their different: a) characteristics, b) impact on MnO2 aggregation 

behavior, and c) reactivity with H2O2. 
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Figure 4-6. Representative approaching curve profiles between CRW-OC-HPO 

or JWW-HPO-coated silica colloidal probe and MnO2 surface at 10 mM Na+ 

and at unadjusted pH. 

Attractive forces leading to jump-to-contact events between MnO2 and CRW-OC-

HPO or JWW-HPO were recorded in both NaCl and CaCl2 solutions, at every ionic 

strength tested (Table 4-1). In the current experimental setup, electrostatic repulsion 

forces between MnO2 surface and CRW-OC-HPO or JWW-HPO were not clearly 

detected in the approaching curve due to their low surface charges; thus, resulting in 

low electrostatic interactions (i.e., as opposed to previous studies using organic 

fractions and highly negatively-charged mica surface) (Aubry et al., 2013). 

Specifically, electrostatic interactions following Coulomb’s Law, depict a proportional 

relationship between repulsive force and the product of the charges. 
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However, JWW-HPO exhibited stronger attracting forces to MnO2 than CRW-OC-

HPO in every NaCl concentration tested (Table 4-1). These strong attractive forces 

(i.e., possibly arising from favorable hydrophobic interactions) would explain the high 

affinity shown by JWW-HPO to MnO2, resulting in a favorable adsorption and in a 

more efficient organic coating. Also, Ca2+ exerted a deeper impact on JWW-HPO 

attractive forces to MnO2. Ca2+ would decrease intramolecular and intermolecular 

repulsion by an efficient charge screening and complexation with negatively-charged 

functional groups on JWW-HPO structure. This would result in conformational 

changes in the organic polymeric layer leading to a more compact structure as 

conceptually modeled elsewhere; consequently, favoring JWW-HPO interactions with 

MnO2 (Avena et al., 1999; Lead et al., 2000; Murphy et al., 1994; Xu et al., 2005). 

Table 4-1. Mean values () of attracting forces (mN/m) measured during DOM-

coated silica colloidal probe approaching to MnO2 surface at different solution 

chemistries. Variance () are shown in parentheses. 

DOM 

 Na+   Ca2+  

1 mM 10 mM 100 mM 0.33 mM 3.33 mM 33.3 mM 

JWW-HPO 0.53(0.06) 0.59(0.19) 0.49(0.24) 1.50(0.09) 1.11(0.32) 1.40(0.10) 

CRW-OC-HPO 0.17(0.04) 0.20(0.04) 0.19(0.04) 0.18(0.10) 0.18(0.10) 0.32(0.02) 
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Figure 4-7. Maximum adhesion forces between MnO2 and a) JWW-HPO, and b) 

CRW-OC-HPO in NaCl or CaCl2 solution at different ionic strengths and 

unadjusted pH. 

Analogously, stronger adhesion forces were recorded in the retracting regime between 

JWW-HPO and MnO2 under all NaCl solution conditions (Figure 4-6). This direct 

correlation between attracting forces and adhesion forces have been previously 

reported (Cappella et al., 1999). Unfavorable polar interactions between MnO2 and 

CRW-OC-HPO would induce these lower adhesion forces. Also, sulfur-containing 

moieties present in JWW-HPO would favor the formation of strong bonds with metal 

surfaces (Tao et al., 2014). The magnitude of adhesion forces between surfaces is a 

direct indicative of the strength of the bond (Butt et al., 2005). This latter observation 

would explain the significantly higher reactivity between CRW-OC-HPO-coated 

MnO2 nanoparticles and H2O2. This lower adhesion forces (i.e., weaker bonds) would 

result in higher possibilities of CRW-OC-HPO desorption from MnO2 surface due to 

oxidation processes and subsequent generation of reactive species, as hypothesized in 

section 4.3.2.4. Contrariwise, the stronger bonds displayed between JWW-HPO and 

MnO2 would indicate irreversible adsorption and thus, low possibilities of DOM 

desorption from substrate (Gutierrez et al., 2015b; Zaouri et al., 2017). This latter result 

would be consistent with the extremely low JWW-HPO-coated MnO2 nanoparticles 
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reactivity towards H2O2 in solution (i.e., low impact of H2O2 on JWW-HPO-coated 

MnO2 nanoparticles aggregation) (Figure 4-5(a)). Also, the adhesion forces between 

JWW-HPO and MnO2 were more influenced by the presence of Ca2+ in solution 

(Figure 4-7). Cation bridging between deprotonated hydroxyl groups on MnO2 surface 

and carboxyl groups in JWW-HPO structure as well as conformational changes in its 

polymeric structure would favor JWW-HPO adhesion to MnO2 surface (Pettibone et 

al., 2008). In conclusion, the specific characteristics of MnO2 and DOM (i.e., charge, 

structure, composition, hydrophobicity, and functional groups) played a crucial role 

during interfacial interactions; where the strength of the interaction (i.e., strength of 

the bond) would determine the reversibility of adsorption of the organic. 

4.4 Summary 

With the use of sensitive tools at a nanoscale resolution, this study provided 

fundamental information on: a) the interfacial interactions between MnO2 and 

naturally occurring DOMs of different origins and characteristics under varying 

solution conditions, and b) the impact of the physicochemical characteristics of DOMs 

on MnO2-participated catalytic oxidation processes. 

- Bared MnO2 nanoparticles readily aggregated in of both monovalent and 

divalent cation solutions due to hydrophobic and low electrostatic interactions. 

Classic DLVO theory successfully described MnO2 aggregation behavior and 

CCCs. 

- In NaCl solutions, DOM isolates adsorbed on MnO2 nanoparticles surface; 

conferring them stability mainly by electrostatics (additional charge 

contribution) and steric repulsive forces originating from the polymeric 

structure of the DOM. This stabilization effect was more efficient for JWW-
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HPO and GRW-HPO, possibly due to their higher molecular weight and more 

complex polymeric structure. 

- In DOM-containing CaCl2 solutions, the aggregation rates of MnO2 

nanoparticles increased because of a more efficient charge screening and cation 

(Ca2+) bridging mechanisms. This increase was correlated to the carboxyl 

groups content on each DOM fraction. At high Ca2+concentrations, enhanced 

aggregation was observed for all DOM isolates. 

- JWW-HPO adsorbed onto MnO2 completely hindered H2O2 catalytic oxidation 

processes on MnO2 surface by blocking reactive sites; while GRW-HPO 

reduced these oxidation processes. Conversely, RRW-HPI and CRW-OC-HPO 

did not impact H2O2 oxidation reaction on MnO2; thus, exerting little or no 

effect on the high aggregation of MnO2 nanoparticles. A more efficient HPO 

DOM coating or a possible HPI DOM desorption from MnO2 surface during 

catalytic oxidation processes would explain these observations. 

- Results from AFM confirmed the stronger interactions between MnO2 and 

JWW-HPO, evidenced by high attractive forces during approach (i.e., 

suggesting the influence of hydrophobic interactions) and high adhesion forces 

during retraction (i.e., direct indicative of the strength of the bond) in both 

monovalent and divalent cation solutions. Weaker attractive and adhesion 

forces were observed between MnO2 and CRW-OC-HPO, possibly due to 

unfavorable polar interactions. 

The current results provided a fundamental understanding at the nanoscale of the 

efficiency of MnO2-participated adsorption, oxidation, and catalysis processes in the 

presence of DOM of different physicochemical characteristics in aqueous environment.  
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5 Chapter 5. SO4
•–-based catalytic ceramic UF 

membrane for organics removal and flux 

restoration 

 

The contents of Chapter 5 & Appendix 4 are unable to be reproduced here as they are 

under embargo due to current consideration for publication in the journal Chemical 

Engineering Journal.  
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5.1 Introduction 

Currently, ultrafiltration (UF) is widely implemented as an efficient membrane 

technology in water treatment (Gao et al., 2011; Wolf et al., 2005). Often used as a 

pretreatment step, UF exhibits a high capacity for the removal of suspended particles, 

colloids, and microorganisms (Winter et al., 2016). Nevertheless, the removal of small 

organic pollutants by UF is inefficient (Yoon et al., 2006). More importantly, the 

inevitable fouling caused by Natural Organic Matter (i.e., NOM, ubiquitously present 

in aquatic environments) remains a substantial drawback for this technology. Frequent 

membrane cleanings are required for restoring the permeate flux caused by fouling. 

Remarkably, the development of catalytic membranes to address the issue of organic 

fouling has attracted increasing research interests in recent years.  

Catalytic membranes are commonly prepared through surface modification with 

functionalized materials. Ceramic membranes have nowadays gained increasing 

interests in both lab-scale research and full-scale water treatment processes due to their 

stronger thermal, mechanical and chemical properties (Kim et al., 2008; Lehman et al., 

2009). Specifically, ceramic membranes are more suitable for the preparation of 

catalytic membranes due to their stronger chemical stability as compared to their 

polymeric counterparts. Thus, ceramic membrane filtration integrated with Advanced 

Oxidation Processes (AOP) generating Reactive Oxygen Species (i.e., ROS, such as 

•OH, O2
•–, and 1O2) when used in combination with oxidants or light irradiation is a 

promising robust technology for tackling organic fouling. Briefly, Byun et al. modified 

the surface of ceramic membranes with different metal oxides coatings by the layer-

by-layer self-assembly technique and observed the highest flux recovery and permeate 

quality with Mn oxide-coated membrane in combination with ozone treatment (Byun 

et al., 2011). The Mn oxide-coated membrane was successfully prepared by spreading 
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the metal oxide onto the membrane surface, followed by a sintering process. The 

modified membrane was demonstrated as capable of mitigating both irreversible and 

reversible fouling, as well as to enhance the removal of p-chloronitrobenzene when 

coupled with ozone (Cheng et al., 2017b). Besides ozone-based AOPs, photo-Fenton 

oxidation has also been integrated with ceramic membrane filtration and goethite as a 

catalyst via a cross-linking method. The hybrid process slowed down the fouling 

kinetics by bovine serum albumin (BSA) and humic acid (HA) with a mineralization 

rate of over 80% (Sun et al., 2018).  

Catalytic membranes have also shown more efficient flux recovery when using 

specific oxidants as cleaning agents. For instance, an iron oxide membrane achieved a 

flux recovery of 97% for HA, 86% for BSA, and 88% for sodium alginate (SA) when 

H2O2 was used as a cleaning reagent (De Angelis et al., 2016). Also, transition metal 

(i.e., Mn, Cu, Fe, and Co) oxide-coated ceramics showed higher cleaning efficiencies 

than uncoated ceramic membranes fouled by dyes when peroxymonosulfate (PMS) 

was used as the cleaning agent (Zhao et al., 2019). The improved performance in 

fouling mitigation, permeate quality, and flux recovery was ultimately attributed to the 

degradation of organics (i.e., NOM and organic pollutants) by ROS generated in the 

catalytic membrane system. Therefore, ROS-based oxidation processes play a crucial 

role in the performance of catalytic membranes.  

Sulfate radical (SO4
•–)-based AOPs have been widely studied as an alternative 

oxidation technology in the past few years. According to previous studies, this process 

is capable of degrading a wide variety of organic pollutants due to its high reduction 

potential (Lutze et al., 2015b). Recently, a MnO2-integrated ceramic membrane was 

synthesized and used for degrading organic pollutants (Wu et al., 2019). Up to 98.9% 

https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/earth-and-planetary-sciences/albumin
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/earth-and-planetary-sciences/humic-acid
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removal of 4-hydroxybenzoic acid was achieved through filtration, mainly relying on 

SO4
•– generated in the PMS/catalytic membrane. Although fouling mitigation was also 

observed in that PMS/catalytic membrane system, the transformation or removal of 

NOM directly linked to fouling was not investigated. Interestingly, SO4
•– has been 

shown highly efficient in the mineralization of NOM in a Co/PMS system (Zhang et 

al., 2019). Therefore, a significant NOM transformation or removal in an SO4
•–-based 

catalytic membrane system would be highly expected; thus, contributing to improved 

permeate quality, decreased fouling during filtration, and more efficient cleaning 

processes.  

The main goal of this study was to investigate the performance of an SO4
•–-based 

catalytic membrane filtration process. Rather than focusing on the removal of 

pollutants, the main focus was set on NOM transformation, fouling behavior, and 

cleaning efficiency. A novel MnO2-Co3O4 composite was used as a catalytic material 

for ceramic membrane surface modification, where SO4
•– was generated in the 

presence of PMS. This Co-based composite catalyst was selected for SO4
•– production 

because of the reported high catalytic efficiency of Co oxide in PMS decomposition 

(Anipsitakis et al., 2005). Also, this hybrid metal oxide has exhibited high efficiency 

in the activation of ozone into radicals (Guo et al., 2016). The catalytic membrane was 

prepared through the filtration of a MnO2-Co3O4 nanoparticle suspension, followed by 

sintering and sonication. The SO4
•– production on the catalytic membrane was 

confirmed by using pCBA and NB as a probe compound. Fouling tests were conducted 

with feedwater prepared with a mixture of well-characterized NOM isolates of 

different physicochemical properties from various aquatic environments. The change 

of organics before and after filtration was studied using classic NOM characterization 

techniques (i.e., UV-vis spectrometer, Fluorometer, TOC analyzer). The performance 
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of the modified ceramic membrane towards fouling and cleaning efficiency using PMS 

solution were also investigated. The results of this study would significantly assist in 

the optimization of SO4
•–-based catalytic membrane processes for future successful 

industrial implementation. .  

5.2 Experimental Section 

5.2.1  Chemicals and materials 

Methanol (MeOH) of HPLC grade was purchased from Honeywell Burdick & Jackson, 

and hydrochloric acid (HCl, 32%) was supplied by UNIVAR. All the solutions: PMS 

(Oxone, 2KHSO5·KHSO4·K2SO4, Sigma-Aldrich), p-chlorobenzoic acid (pCBA, 

Acros Organics), nitrobenzene (NB, Sigma-Aldrich), and sodium hydroxide (NaOH, 

UNIVAR) were prepared with ultrapure water (PURELAB Ultra, ELGA). MnO2-

Co3O4 nanoparticles were synthesized through the oxidation of cobaltous nitrate 

(Co(NO3)2·6H2O) by potassium permanganate (KMnO4), and then rigorously 

characterized as previously reported (Guo et al., 2016). The ceramic membranes were 

obtained from TAMI Industries (France), and their characteristics were shown 

in Table A4-1.  

The feedwater was reconstituted using extracted hydrophobic and colloidal NOM 

isolates: hydrophobic fractions from Suwannee River (HPO-SRNOM, USA) and 

Blavet River (HPO-Blavet, France) (Croue et al., 2000), and soluble colloidal fractions 

from a river in the Brittany Region (Colloids-Brittany, France) (Lee et al., 2006) and 

from a nanofiltration (NF) unit (soluble fraction of the biofilm) in the Mery Sur Oise 

Drinking Water Treatment Plant in Paris (Colloids-Mery, France) (Croué unpublished 

data). The percentage of colloids in the mixture was approximately 10%; thus, highly 

representative of natural aquatic environments (Wershaw et al., 2005). 



76 

 

These NOM fractions have been characterized in earlier studies. HPO fractions 

isolated from Suwannee and Blavet rivers have been defined as a typical humic-like 

substance with a significant content of aromatic and phenolic carbon and high C/O, 

C/H, and C/N ratios. Conversely, the Colloids-Brittany fraction isolated according to 

Leenheer et al. (Leenheer et al., 2000b) protocol incorporates larger molecular 

structures characterized by higher nitrogen content and low content of 

aromatic/phenolic carbon. Amino sugars, proteins, and polysaccharides (i.e., 

peptidoglycan-type structure) are present in this biopolymer structure, conferring it 

considerable hydrophilic properties. The soluble fraction of the foulant layer recovered 

from the surface of a nanofiltration membrane, Colloids-Mery, was separated from the 

insoluble fraction of the scrapped foulant by centrifugation and further lyophilized. 

The molecular composition of Colloids-Mery resembles the one described for 

Colloids-Brittany, however, Fourier transformed infrared analysis showed that the 

former contains a higher proportion of polysaccharides (Figure A4-1, to be compared 

with results shown in Lee et al. (2006) for Colloids-Brittany) based on the relative 

abundance of polysaccharides (C-O stretching of alcohols around 1000 cm-1) to 

proteins (amide 1 band, C=O stretching around 1650 cm-1). 

5.2.2 Preparation and characterization of MnO2-Co3O4 coated ceramic 

membrane 

Prior to use, a sequential cleaning with NaOH, HNO3 and DI water was conducted 

with the obtained membranes as described elsewhere (Lu et al., 2016a). Following the 

cleaning procedures, MnO2-Co3O4-coated ceramic membrane was prepared as follows: 

MnO2-Co3O4 nanoparticles were dissolved in ultrapure water to obtain a stock 

nanoparticle suspension of 0.2g/L. Predetermined amount of the stock solution was 

diluted with 200 ml of ultrapure water and the obtained nanoparticle solution was 
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filtered through the ceramic membrane at 1 bar. At the end of the filtration, a 

theoretical value of 0.5–4 mg nanoparticles were loaded onto the ceramic disc. The 

coated membrane was thereafter sintered at 550 ºC for an hour under air atmosphere 

and then treated with sonication for approximately 15 seconds with an operational 

frequency of 44 kHz. Various analytical techniques were employed for the 

characterization of the catalytic membrane. To check the influence of coating on 

membrane permeability, permeate flux of both original and coated membrane was 

recorded with pure water.  

5.2.3  Experimental procedures 

Fouling tests were conducted using 100 mL of NOM solution as feedwater in a dead-

end mode filtration setup (Figure A4-2) at a constant pressure of 1 bar. Instead of 

buffering solution, NaOH was used for pH adjustment where needed to avoid the 

influence of other radical species such as carbonate/bicarbonate radicals formed 

through oxidation of carbonate/bicarbonate by SO4
•−. The mass of permeate was 

tracked using an electronic balance and the output data was recorded through a data 

acquisition system. Based on the collected data, the change in permeate flux could be 

calculated. Specifically, permeate flux ((J, L m−2 h−1)) could be obtained from 

Equation 5.1:  

 
V

J
At

=
 

Equation 5.1 

          

Where V (L) is the volume of permeate, A (m2) is the effective membrane area, and 

t (h) is the filtration time.  
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Flux decline (Fd, %) can thus be calculated as 

0

% = 1 100dF
J

J
− （ ）（ ）

 

Equation 5.2 

      

Where J (L m−2 h−1) and J0  (L m−2 h−1) is the permeate flux at the end and the beginning 

of each filtration cycle.  

Retention rate (R, %) of organic foulants can be found from: 

0

0% 0= 1 1
pC

R
C

− （ ）（ ）

 

Equation 5.3 

        

Where Cp is the UV254 or TOC in permeate, and C0 is the initial UV254 or TOC in 

feedwater. Different cleaning methods were used for the flux restoration of the fouled 

membrane. Backwash was achieved by flushing the inverted fouled ceramic in the 

membrane cell with an operational pressure of 1.25 bar. Chemical cleaning was 

performed by either filtering 100 ml of 10 mM PMS solution through fouled 

membrane or by soaking fouled ceramics in 10 mM HCl, NaOH or PMS solution at 

room temperature (20 ± 1 ℃). The average permeate flux with pure water with the 

cleaned membrane was expressed as Jc (L m−2h−1). Flux recovery rate was thus 

calculated as  

0

00% 1=
Jc

F
J

r （ ）（ ）
 

Equation 5.4 

         

Membrane resistance (Rs, m–1) was calculated based on the following equation: 
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–1m = R
P

J
s




（ ）  

Equation 5.5 

 

Equation A 

5-1 

Where P  is the operational pressure (Pa), μ is the dynamic viscosity (Pa·s) of the 

NOM solution, and J is the permeate flux (L m−2h−1). 

5.2.4  Analytical methods 

Hydrodynamic diameter and Zeta potential of MnO2-Co3O4
 nanoparticles were 

measured with a Zetasizer (nano ZS, Malvern, UK) as previously described (Zhang et 

al., 2018). The catalytic behavior of the nanoparticles was explored by looking at the 

rate of PMS decomposition, where PMS residual was measured using a method in a 

previous study (Zhang et al., 2019). The oxidation state of each element on the 

membrane was characterized by X-ray photoelectron spectroscopy (XPS, PerkinElmer, 

USA) and the topography were studied using atomic force microscopy (AFM, Bruker, 

USA), respectively.  

The change in pCBA and NB concentration with filtration at an 1 min interal were 

studied with an HPLC unit equipped with a 250 mm  4.6 mm C18 5-µm reverse phase 

column (AlltimaTM, GRACE) and UV detector (Agilent 1100 series, USA).The 

concentration of the probe compounds after filtration were presented as an average of 

the multiple results within 5 min. The detecting wavelength was set as 238 nm and 270 

mm for pCBA and NB, respectively. UV light absorbance at 254 nm (UV254) of 

different solutions were analyzed using a Cary 60 spectrophotometer (Agilent, USA). 

The total organic carbon content in feedwater and permeate was measured with 

Shimadzu TOC-L analyzer (SHIDMAZU, Japan). Fluorescence excitation and 

emission matrices (EEM) was acquired with a Fluorescence spectrometer (Cary 

Eclipse, Varian) based on the method from Chen et al. (2003). Specifically, the 

measurements were taken with a scan rate of 1200 nm/min and excitation/emission slit 
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bandwidth of 5nm, respectively. The excitation wavelength started from 220 nm to 

400 nm with a 5 nm increment, and the emission spectra were recorded from 290 nm 

to 550 nm with a 2 nm increment. The metal leaching content were analysed using an 

inductively coupled plasma mass spectrometry (ICP-MS, Agilent Technology) with a 

detection limit of 0.0001mg/L.  

5.3 Results and Discussion 

5.3.1  Characterization of MnO2-Co3O4 nanoparticles and catalytic membrane  

5.3.1.1  Characterization of MnO2-Co3O4 nanoparticles 

The size of the coating material has been reported as related to the intrinsic resistance 

of the coated membrane due to pore blocking effect (Cheng et al., 2017b); therefore, 

the hydrodynamic diameter of the MnO2-Co3O4 nanoparticles was investigated by 

Dynamic Light Scattering (DLS) measurements. The results showed a hydrodynamic 

diameter of 136.86 ± 4.33 nm with a Polydispersity Index (PDI) value of 0.14 ± 0.03, 

indicating a monodispersed nanoparticle population in solution. As the mean pore size 

of the original ceramic membrane was 8.6 nm (50 kDa, Table A4-1), the deposition of 

the nanoparticles onto the surface of the membrane would be favorable during the 

preparation of catalytic membranes through filtration of nanoparticle suspension.   

A negative value (–19.83 ± 0.51) of Zeta Potential (ZP) was observed for MnO2-Co3O4 

nanoparticles at unadjusted pH (5.8 ± 0.3), indicating a negatively-charged surface. 

The change in ZP as a function of solution pH was also recorded (Figure A4-3). 

Interestingly, the isoelectric point of MnO2-Co3O4 was not observed even at a solution 

pH as low as 2. The isoelectric point of TiO2/ZrO2 (i.e., the filtration layer of the 

pristine ceramic membrane) was recorded at pH ~6 (Fu et al., 1996). These results 

indicated that repulsive electrostatic interactions between coated membranes and 
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NOM would be expected at approximately neutral pH conditions, where NOM is also 

negatively charged.  

The catalytic activity of MnO2-Co3O4 nanoparticles has also been investigated by 

studying the decomposition of PMS under different conditions. In the current study, 

an enhanced PMS decay (i.e., high decay rate) was recorded due to catalytic 

decomposition by the MnO2-Co3O4 nanoparticles. Further details regarding the 

catalytic activity of the coated membranes and their production of radical species are 

discussed in section 5.3.2.  

5.3.1.2  Characterization of catalytic membrane 

As indicated by the optical images of the pristine and coated ceramics (Figure A4-4), 

MnO2-Co3O4 nanoparticles were successfully dispersed onto the membrane surface 

through filtration of nanoparticles suspension. Sonication was applied to remove 

loosely-bound nanoparticles. Remarkably, following sonication of 15 sec (i.e., at an 

operational frequency of 40 kHz), the dispersed nanoparticles mostly remained stable 

on the surface. The elemental composition of the nanoparticles was also investigated 

through XPS analysis (Text A4-1., Figure A4-5).  

Atomic Force Microscopy (AFM) was used to investigate the topography and 

chemical mapping (i.e., phase imaging) of the surface of the membranes. Briefly, the 

surface of both membranes was physically heterogeneous at the nano-scale (Figure 

A4-4b). However, the MnO2-Co3O4 coating slightly decreased the surface roughness 

as indicated by its lower roughness (RRMS: 45.1 ± 5.9 versus 50.9 ± 5.5 nm). This lower 

roughness would be caused by the entrapment of nanoparticles in the valleys on the 

membrane surface; thus, increasing the stability of the nanoparticles on the membrane 

surface. Phase images (i.e., chemical mapping of surfaces based on the differences in 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/atomic-force-microscopy
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elemental composition) showed the difference in the elemental composition of pristine 

and coated membranes; thus, indicating successful adsorption of the nanoparticles on 

the ceramic membranes (Figure A4-4c). Moreover, the occurrence of different 

oxidation states of Mn (i.e., Mn(IV) and Mn(III)) and Co (i.e., Co(III) and Co(II)) was 

confirmed through XPS analysis (Text A4-1.). The permeability with pure water was 

also measured and compared between pristine and coated membranes. The 

incorporation of 1 mg MnO2-Co3O4 nanoparticles showed a minor effect on the 

permeability of membranes (i.e., 370.5 Lm−2h−1bar−1 and 340.33 Lm−2h−1bar−1 for 

pristine and coated membranes, respectively)(Figure A4-6). 
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Figure 5-1.  (a) Normalized flux decline, and (b) TOC retention rate for coated 

membranes with different MnO2-Co3O4 loadings (0.0–4.0 mg). Fouling 

experiments were conducted with NOM-containing feed water (~5mgC/L NOM 

mixture with ~10% colloids and ~90% HPO fractions) at unadjusted pH of 6.3 

± 0.2 and operating pressure of 1bar. 

With the filtration of pure water, a coating of 0.5–4.0 mg catalyst showed a minor 

influence on the pure water flux or intrinsic membrane resistance (i.e., < 10%, Table 

A4-2) as compared to the pristine membrane. With the filtration of NOM (~5 mgC/L) 

solutions, the water flux and TOC retention rate for both pristine and coated 

membranes were also measured. The NOM solution used was a mixture of previously 

isolated colloidal (~10%) and hydrophobic fractions (~90%) selected based on their 
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fouling behaviors (will be discussed in 5.3.3.1) and environmental relevance. 

Following the filtration of 100 mL NOM solution, a 40% decrease in water flux 

(Figure 5-1), a 67% increase in membrane resistance (Table A4-2) and a 30% NOM 

retention rate (Figure 5-1) were recorded with the pristine membrane. With the 

incorporation of MnO2-Co3O4 nanoparticles, a decrease in water flux (Figure 5-1a, and 

profiles of original flux were present in Figure A4-7) and an increase in membrane 

resistance (Table A4-2) as well as NOM retention rate (Figure 5-1b) were observed. 

Moreover, an increase in the nanoparticle loadings led to a more pronounced change 

in these parameters. For instance, a coating of 0.5 mg nanoparticles only led to a 48% 

decrease in water flux, a 94% increase in membrane resistance, and a 38% NOM 

retention rate. However, a 65% decrease in water flux, a 185% increase in membrane 

resistance, and a 56% NOM retention rate were achieved with a 4 mg MnO2-Co3O4 

nanoparticle coating. The results clearly indicate that increasing nanoparticle load 

could induce an additional decrease in water flux and an increase in membrane 

resistance as well as NOM retention rate. To minimize the influence of the coating on 

water flux and maximize the catalytic ability, a coating of 1mg MnO2-Co3O4 

nanoparticles (i.e., 0.06 mg/cm2) was selected for the following experimental 

conditions and analysis.   

5.3.2 Catalytic performance of the coated membrane 
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Figure 5-2. (a) pCBA and (b) NB removal during filtration with pristine and 

coated membranes with or without PMS addition. Conditions: [pCBA]0 = 2 µM, 

[NB]0 = 2 µM, [PMS]0 = 1 mM, TMP = 1.0  bar, temperature = 20 ± 1°C, pH = 

5.20 ± 0.20 without PMS addition and 3.40 ± 0.10 with PMS addition without 

pH adjustment, pH was adjusted to 7.40 ± 0.20 with 0.01M NaOH for both sole 

and catalytic filtration process. 

The generation of reactive species was confirmed through the filtration of probe 

compound-containing solution in the presence of 1mM PMS. The removal efficiency 

of pCBA and NB (i.e., used as SO4
•– and •OH probe compounds, respectively) under 

different experimental conditions were shown in Figure 5-2. The removal of pCBA by 

sole PMS or adsorption was negligible under both pH conditions (i.e., pH 3.40 and 

7.40), while approximately 20% adsorption efficiency was observed with NB. 

Adsorption of NB onto MnOx- or TiO2- based catalyst have also been reported in 

previous studies (Ma et al., 2005; Yang et al., 2007). Upon addition of PMS (i.e., probe 

compound-containing solution), a significant increase in pCBA removal was observed 

with the coated membrane as compared to the pristine membrane (Figure 5-2a). In 

addition, the removal efficiency was enhanced with an increase in pH. The removal 

rate increased from 35% at pH 3.40 to 70% at pH 7.40. This improved catalytic 

performance was probably caused by an enhancement in radical production and/or the 

increase in the reactivity of pCBA at higher pH conditions (Benner et al., 2009). 

Specifically, the deprotonated form of pCBA at a pH significantly higher than its pKa 

(i.e., 3.98) is more reactive to radicals . The removal of NB through the hybrid PMS-

catalytic membrane process was insignificant at pH 3.40; however, this removal 

increased to 54% with a pH adjusted to 7.40. The increase in NB removal at higher pH 

could probably be attributed to the favorable conversion of OH– to •OH under caustic 

conditions. Overall, these findings suggested that reactive species were generated 

through the catalytic decomposition of PMS by the MnO2-Co3O4 nanoparticles coated 

on the membrane. In addition, the higher removal of pCBA than NB indicated the 
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predominance of SO4
•− in the catalytic membrane system. The results also implied that 

organic pollutants susceptible to these radical species could be potentially removed by 

the catalytic membrane. 

5.3.3  Fouling behavior of catalytic membrane  

5.3.3.1  Fouling behavior of different NOM solutions 
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Figure 5-3. (a) Fouling profile and (b) TOC retention rate for both pristine and 

coated membranes caused by different NOM solutions: 4.28 mgC/L HPO-Blavet 

(pH 5.87), 2.78 mgC/L Colloids-Brittiany (pH 6.74), and 2.76 mgC/L Colloids-

Mery (pH 6.45) at a transmembrane pressure of 1 bar. 

Fouling tests for both pristine and coated membranes were conducted with different 

NOM solutions prepared using ultrapure water (Figure 5-3). Different fouling profiles 

were observed with the selected three NOM solutions. Fouling was minor with the 

presence of sole hydrophobic fractions, for instance, flux decline was lower than 30% 

with the filtration of 400 mL of NOM solution. However, a 55% decrease in the 

normalized flux could be achieved with the filtration of 150 mL of Colloids-Brittany 

solution. Interestingly, even higher fouling was observed with Colloids-Mery, causing 

an approximately 65% decrease in permeate flux with a 60 mL filtration volume. The 

stronger fouling behavior caused by colloids as compared to HPO fractions has been 

reported in previous studies (Zheng et al., 2014). The higher fouling potential of 
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Colloids-Mery in the current study was probably due to its higher content of 

polysaccharides (5.2.1), leading to an enhanced interaction with the membrane surface 

through hydrogen-bonding (Zaouri et al., 2017). Overall, the influence of the coating 

on water flux was insignificant, consistent with previous findings (Figure 5-3a). The 

lowest fouling potential of HPO fractions could be attributed to its smaller molecular 

size (i.e., < 3nm (Aoustin et al., 2001)) as compared to the pore size of the membrane 

(i.e., 8.6 nm, Table A4-1); thus, the HPO molecules would easily transport through the 

membrane without causing significant fouling. Conversely, the colloidal molecules 

with a much larger molecular size would more likely be retained by the membrane (i.e., 

adsorbed on membrane surface or within membrane pores). For instance, the TOC 

retention rate was highest for Colloids-Mery and lowest for HPO-Blavet (Figure 5-3b). 

In addition, more TOC was removed with the coated membrane for all the three NOM 

solutions, also experiencing a slightly higher extent of fouling as compared to the 

pristine membrane. This observation indicated a potential correlation between TOC 

retention rate and fouling in the sole membrane filtration process. 

5.3.3.2 Transformation of organic foulants . 
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Figure 5-4. (a) UV254 and (b) TOC removal rate with pristine and coated 

membranes. NOM solution-B: 0.56 mgC/L Colloids-Brittany + 4.45 mgC/L 

HPO-SRNOM, and NOM solution-M: 0.55mgC/L Colloids-Mery + 4.45 mgC/L 
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HPO-SRNOM. Experimental conditions: Operational pressure =1.0 bar, 

temperature 20±1°C, pH ~ 6 without PMS addition and 3.40±0.10 with 1 mM 

PMS addition.  

The change in UV254 of the NOM solution (i.e., mixture of Colloids and HPO-SRNOM) 

following membrane filtration was investigated as aromaticity has been reported to 

play an important role in membrane fouling (Aoustin et al., 2001). The varying trend 

of UV254 values of the NOM solutions before and after filtration was measured for 

both pristine and coated membranes under varying conditions. The initial UV254 value 

for both NOM solutions was similar at approximately 0.18 (cm–1). The absorbance was 

predominantly contributed by the HPO fractions due to the negligible UV absorbance 

of the colloidal fractions (i.e., SUVA <0.4 m–1(mgC/L) –1). Under sole membrane 

filtration (red bar in Figure 5-4a), a decrease in UV254 value in the permeate was 

observed for both pristine and coated membranes. The difference in the UV254 

retention rate between pristine and coated membranes was insignificant. Interestingly, 

a higher removal in UV254 was recorded for NOM solution-M (i.e., 0.55 mgC/L 

Colloids-Mery + 4.45 mgC/L HPO-SRNOM) than for NOM solution-B (0.56 mgC/L 

Colloids-Brittany + 4.45 mgC/L HPO-SRNOM) i.e., 50% and 40%, respectively. As 

Colloids-Mery showed higher fouling potential than Colloids-Brittany, the higher 

UV254 removal for NOM solution-M than solution-B could be caused by the increased 

retention of HPO fractions due to enhanced interactions with Colloids-Mery. With the 

addition of 1mM PMS in the feedwater, the UV254 removal efficiency was further 

increased (green bar in Figure 5-4a). This increase was higher for coated membrane 

than pristine membrane; specifically, 20.7% versus 6.2% for NOM solution-B, and 

17.1% versus 2.6% for NOM solution-M, respectively. This could be attributed to the 

enhanced reaction between NOM and SO4
•– generated in the catalytic membrane 

system. The slightly enhanced UV254 removal with the pristine membrane was 



88 

 

probably due to the reaction of electron-rich moieties with PMS (Zhao et al., 2019), as 

its production of radical species was detected as negligible (Figure 5-2). 

The TOC removal rate of the two NOM solutions through either sole membrane 

filtration or hybrid oxidation-filtration process was also measured. Consistent with the 

trend observed with the UV254 retention rate, the TOC retention rate (red bar in Figure 

5-4b) was higher for NOM solution-M than NOM solution-B under sole membrane 

filtration. Consistently, the difference in the change of specific UV absorbance at 254 

nm (i.e., SUVA) value before and after filtration was insignificant between NOM 

solution-M and NOM solution-B (Table A4-3). Specifically, a decrease of 15 to 20% 

of the SUVA was observed with sole membrane filtration under all conditions. 

However, the difference in TOC retention rate between NOM solution-M and NOM 

solution-B was higher than that of UV254. This could also be explained by the distinct 

fouling potential of the two colloidal fractions in each NOM solution. Not only the 

moieties with larger molecular size (colloids and high MW UV light-absorbing 

structures) could be easily withheld, the relatively smaller molecular weight moieties 

(i.e., less enriched in aromatic structures) could also be screened out due to a probably 

more efficient interaction of HPO molecules with Colloids-Mery. Similarly, the TOC 

removal efficiency was significantly increased during the hybrid oxidation-filtration 

process, i.e., 16.9% versus 4.8% for NOM solution-B, and 14.1% versus 2.0% for 

NOM solution-M. Moreover, the removal rate of SUVA was also higher with 

PMS/coated membrane than PMS/pristine membrane process (i.e., 29% versus 16%, 

Table A4-3), indicating a more efficient removal of aromatic structures of the former. 

Overall, the enhanced removal of aromatics, as well as TOC, would be attributed to 

the transformation or removal of the organic foulants through reaction with the 

generated SO4
•–.   
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Although an increased removal efficiency for pCBA and NB was observed at pH 7.40, 

the change in the removal efficiency of UV254 and TOC was negligible when pH was 

increased to 7.40 (i.e., within 7%, Figure A4-8). This could be ascribed to the highly 

heterogeneous nature of NOM as compared to simple compounds. Specifically, the 

change in reactivity with pH would not be as significant as a simple compound (i.e., 

pCBA, Figure 5-2). The results indicated that the performance of the catalytic 

membrane would be stable at a pH range from 3.40–7.40, and the catalytic membrane 

would also be applicable in multiple aquatic environments (e.g., natural water, 

wastewater, etc). These results also confirmed that the increase in UV254 or TOC 

removal rate with PMS addition was a product of radical production instead of pH 

change. 

5.3.3.3 Change of fouling profile  
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Figure 5-5. Normalized water flux of the pristine and coated membrane with or 

without PMS addition in (a) NOM solution-B and (b) NOM solution-M. NOM 

solution-B: 0.56 mgC/L Colloids-Brittany + 4.45 mgC/L HPO-SRNOM, NOM 

solution-M: 0.55 mgC/L Colloids-Mery + 4.45 mgC/ L HPO-SRNOM. 

Experimental conditions: Operational pressure =1.0 bar, temperature 20 ± 1 °C, 

pH ~ 6 without PMS addition, and 3.40 ± 0.10 with 1 mM PMS addition. 

The water flux of the pristine and coated membrane with or without PMS addition in 

NOM solution-B or NOM solution-M were also studied at unadjusted pH. As shown 
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in Figure 5-5 (i.e., results selected as representative of multiple tests showing the same 

trend), an approximately 50% flux decline was measured for both membranes upon 

filtration of 100 mL NOM solution-B or NOM solution-M. With the addition of 1mM 

PMS, the flux increase was only 8% for the coated membrane, slightly higher than the 

pristine membrane (i.e., 4%). Moreover, the influence of pH on fouling mitigation was 

negligible (Figure A4-9, fouling profile obtained at pH 7.40). Despite a higher removal 

in UV254 or TOC in the PMS/coated membrane process, the improvement in fouling 

mitigation was insignificant possibly due to the formation of lower molecular weight 

organics (i.e., as reflected by the blue shift of the peaks in fluorescence spectra, Text 

A4-2) adsorbing onto the internal wall of the membrane pores and consequently 

causing more fouling through pore constriction. Specifically, the fouling could be 

caused by the interaction of treated NOM molecules with the membrane through 

hydrogen-bonding due to the formation of hydroxylated products with SO4
•– oxidation 

(Zhang et al., 2019).  

The fouling mitigation effect of catalytic membranes has been less investigated as 

compared to its performance on organic pollutant removal (Cheng et al., 2017b; Guo 

et al., 2016). Interestingly, an insignificant flux increase (i.e., approximately 10%) has 

also been observed with an Mn oxide integrated catalytic ceramic membrane (Wu et 

al., 2019). However, the possible reasons causing this minor effect were not provided. 

To explain the observations in the current study, fouling mechanisms under varying 

conditions were investigated using filtration models. Membrane fouling can be 

classified into four categories: Complete pore blocking, intermediate pore blocking, 

standard pore constriction, and cake layer filtration (Shen et al., 2010). The equations 

and descriptions for different filtration models were listed in Table A4-4. The R2 

values obtained from the fitting of the experimental data using the fouling model 
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equations were summarized in Table 5-1. As reflected by the R2 values in Table 1, the 

standard blocking model displayed the best fitting to the experimental data under all 

experimental conditions, where an R2 value of up to 1.000 was calculated. These 

results indicated the predominance of pore constriction caused by the deposition of 

foulants onto the internal wall of the membrane pores. Nevertheless, other fouling 

mechanisms may also play a role in fouling evolution (Table 5-1). The reaction with 

SO4
•– would more likely occur for organics adsorbed at the membrane surface where 

the MnO2-Co3O4 nanoparticles would mainly be present (section 5.3.1), and radical 

species were generated. Consequently, the oxidation of the organics trapped within 

membrane pores might not be efficient, probably due to its short-lived nature or 

unfavorable radical diffusion (e.g., quenching by NOM molecules in liquid phase). 

Consequently, the overall percentage of the organics exposed to radical would be small 

because the majority of the organics would deposit on the internal wall of the 

membrane pore channel as revealed by the predominant fouling mechanism. 

Specifically, only larger molecules i.e., Colloids-HPO complex could react with 

radicals due to their higher possibility of deposition onto the membrane surface. 

However, the increased fouling caused by the formation of smaller molecules and their 

subsequent adsorption on the pore channel could not be reflected by these fitting 

results, as a fouling mechanism of standard pore constriction was already predominant 

during sole filtration (i.e., absence of PMS in NOM solution, Table 5-1).  

Table 5-1. R2 values from the fitting of the experimental data with filtration 

models (R2: coefficient of determination for different modelings; STDEV: 

Standard deviation in R2 of duplicate modeling. The experimental data used for 

modeling was obtained from fouling tests using NOM solution-M)   

 
Complete 

Blocking 

Intermediate 

Blocking 
Standard Blocking 

Cake Layer 

Filtration 

 R2 STDEV R2 STDEV R2 STDEV R2 STDEV 
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Pristine 0.889 0.00 0.906 0.00 1.000 0.00 0.905 0.02 

Pristine/PMS 0.792 0.00 0.771 0.04 0.999 0.00 0.812 0.01 

Coated  0.876 0.03 0.872 0.03 1.000 0.00 0.879 0.05 

Coated/PMS 0.862 0.06 0.882 0.05 1.000 0.00 0.889 0.03 

 

5.3.4  Cleaning efficiency of catalytic membranes 
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Figure 5-6. Change in normalized water flux during fouling test and PMS 

cleaning for (a) NOM solution-B and (b) solution-M fouled membrane. 

Conditions: Fouling tests were conducted with 100 mL of feed water containing 

0.56mgC/L Colloids-Brittany + 4.45 mgC/L HPO-SRNOM for (a) and 

0.55mgC/L Colloids-Mery + 4.45 mgC/ L HPO-SRNOM for (b). Cleaning was 

performed with 100 mL of 10 mM PMS solution at pH 3.20 ± 0.10.  

 The performance of PMS cleaning for both the pristine and coated membrane was 

studied through flux restoration. PMS cleaning was conducted by the filtration of 10 

mM PMS solution through the fouled membrane at pH 3.20. As shown in Figure 5-6 

(i.e., representative results of multiple cleaning tests), a higher flux recovery was 

obtained with the coated membrane for both NOM solutions. In addition, the flux 

recovery was faster at the beginning of the cleaning phase and then slowed down. 

Specifically, the flux was recovered from 46% to 82% for NOM solution-B and from 
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50% to 62% for NOM solution-M with the filtration of 50 mL of PMS solution. 

However, the flux was only increased by approximately 5% with another 50 mL PMS 

solution. This low flux recovery was probably due to a faster reaction of HPO fractions 

(i.e., major fraction of NOM solution) with SO4
•– at the initial phase, as previously 

reported (Zhang et al., 2019). Moreover, PMS cleaning for the NOM solution-B fouled 

membrane was more efficient as compared to that fouled by NOM solution-M. 

Prolonged cleaning time was applied to further improve the cleaning efficiency as the 

increase in flux slowed down during the cleaning. As an alternative, PMS cleaning 

was conducted by soaking the fouled membrane in 10 mM PMS solution for different 

time durations. The results for the membrane fouled by NOM solution-M (i.e., selected 

as a representative experimental result) showed a slower flux restoration. After a 

soaking time of 10 min, equivalent to the time frame for filtering 100 mL of 10 mM 

PMS solution through the membrane, the water flux was recovered by 19 ± 0.1% 

(Figure A4-11), which was higher than that of the former cleaning method (i.e., 12%). 

The observation seems to indicate that the reaction of NOM with radicals was more 

favorable under static conditions.  

Full flux recovery was achieved when the soaking time was prolonged to 2 hours, 

which equals to a flux increase of approximately 50% (Figure 5-7a). The efficiency of 

other cleaning methods, i.e., backwashing, HCl, and NaOH cleaning was also 

investigated. As it was shown in Figure 5-7a, PMS cleaning exhibited a significant 

increase in water flux as compared to other cleaning means. In addition, the flux 

recovery by PMS cleaning for the pristine membrane was lower than the coated 

membrane (i.e., 75% versus 97%). The increase in water flux for the pristine 

membrane could be attributed to the reaction of NOM with PMS (Zhao et al., 2019). 

However, the significantly improved cleaning efficiency for the coated membrane 
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would be attributed to the catalytic process, where reactive radical species (i.e., mainly 

SO4
•–) were produced through MnO2-Co3O4 nanoparticles-catalyzed PMS 

decomposition. The organic foulants could be transformed/degraded and removed by 

the generated SO4
•– with sufficient exposure time, leading to the observed cleaning 

performance of the coated membrane.  

The applicability of PMS cleaning was further evaluated by performing different 

fouling cycles with both pristine and coated membranes. The filtration of 100 mL 

NOM solution-M (pH 6.28) followed by PMS cleaning with a soaking time of 2 hours 

were included in each cycle. The normalized water flux decreased to approximately 

55% at the end of fouling test (cycle 1) (Figure 5-7b). Following PMS cleaning, a full 

flux recovery was observed with the coated membrane, and a flux recovery of 82% 

was observed with the pristine membrane, leading to a lower initial flux at the 

beginning of the second filtration cycle. The flux recovery was negligible with PMS 

cleaning for the pristine membrane at cycle 2; however, the normalized flux increased 

to 80% for the coated membrane. These results indicated that the catalytic membrane 

not only exhibited better performance with PMS cleaning but also remained relatively 

stable in performance within 3 cycles of filtration. 
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Figure 5-7. Flux recovery rate with (a) multiple cleaning methods and (b) 

fouling profiles during filtration cycles with PMS cleaning applied between each 

fouling cycle for both pristine and coated membranes. Feedwater for fouling 

tests was prepared with a mixture of 0.55 mgC/L Colloids-Mery and 4.45 

mgC/L HPO-SRNOM (pH 6.28). The black dash lines in Figure 5-7a indicate 

the range of the values in normalized water flux before cleaning.   

5.3.5  Metal leaching  

The content of leached metals in permeate, i.e., Mn and Co, from MnO2–Co3O4 

nanoparticles was measured under different experimental conditions (Table A4-5). 

The leaching level was higher at acidicconditionos (i.e., pH 3.40) than in basic 

environments (i.e., pH 7.40). Besides, metal leaching increased after the first cycle of 

PMS cleaning and decreased after the second cycle of PMS cleaning. Overall, the 

concentration of leached Mn ranged from 0.002–0.04 mg/L, accounting for 0.2%–3.7% 

of MnO2-Co3O4 nanoparticles coated on the membrane (1 mg). The concentration of 

leached Co was measured as 0.008–0.1 mg/L, accounting for 1.4%–10% of the weight 

of the coated catalyst. The concentration of leached Mn in the current experiments falls 

within the range of Mn detected in freshwaters, 0.001–0.2 mg/L (WHO, 2004). 

Leached Co level is higher than that reported for surface water or groundwater ranging 

from <1µg/L to 1–10µg/L(Kim et al., 2006), suggesting the need for developing 

efficient Co-based catalyst with less metal leaching.  
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5.4 Summary  

MnO2-Co3O4 coated ceramic UF membrane was prepared through a membrane 

filtration of nanoparticles suspensions followed by sintering and sonication. The 

incorporation of 1 mg nanoparticles (i.e., 0.06 mg/cm2) onto the membrane slightly 

decreased the surface roughness and showed an insignificant impact on the membrane 

permeability with pure water. The catalytic property of the MnO2-Co3O4 coated 

membrane was confirmed with the remarkable removal of pCBA during the hybrid 

oxidation and filtration process. SO4
•– was found as the predominant radical species in 

the catalytic membrane system because of the higher removal efficiency of pCBA than 

NB. Compared with the pristine membrane, the coated membrane showed a more 

robust removal of organic foulants with PMS added in the feedwater as well as a higher 

cleaning efficiency with PMS as a cleaning agent. However, the improvement in 

permeate flux during fouling tests with PMS added in feedwater was insignificant, 

probably due to the unfavorable radical oxidation of the organic molecules adsorbed 

onto the internal walls of membrane pores under the current experimental conditions. 

The current study provided a comprehensive insight into the performance of SO4
•–-

based catalytic membrane process. However, further studies are highly required to 

improve the performance of the catalytic membrane on fouling control. A coating on 

the membrane surface, as well as onto the inner walls of membrane pores could be 

developed to increase the efficiency of radical production. In addition, the 

development of highly efficient catalysts with lower or no metal leaching is highly 

beneficial and required for the successful implementation of SO4
•–-based catalytic 

membrane process in industrial processes. 
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8 Chapter 6. Conclusions and Future 

Perspectives 

The thesis systematically provides new insights into the reactivity of NOM in 

advanced oxidation processes and the performance of a SO4
•−-based catalytic 

membrane for NOM transformation, fouling mitigation and TOrCs removal in water 

treatment.  

Radical species play a critical role in the performance of the catalytic membrane 

according to previous studies on •OH-based catalytic membrane. The information on 

the reactivity of NOM with SO4
•− ultimately provided guidance for the applicability of 

SO4
•−-based catalytic membrane associated with organic foulant transformation and 

consequently fouling mitigation. The reaction of NOM with SO4
•− was distinguished 

into two phases where an initial fast reaction phase was observed followed by a slow 

reaction phase. The second-order-rate constant of fast reacting NOM was calculated 

at an order of 108 M–1s–1. The knowledge also implied the application of UVA254 

decrease of NOM as a surrogate indicator of TOrCs removal efficiency in permeate. 

The reaction was initiated with the depletion of EDC at fast reacting phase and 

eventually led to significant carbon removal at slow reacting phase.  

A molecular-level investigation on the reactivity of NOM with •OH and SO4
•− using 

FT-ICR MS advanced our fundamental understanding on their distinct radical-specific 

reactivity. Generally, a faster reaction of NOM was observed with •OH as compared 

to SO4
•− .The higher reaction rate was attributed to the different reaction sites as well 

as reaction pathways. Approximately 10–20% of reactive sites were identified as 

exclusively reactive to specific radical using FT-ICR MS. •OH would react with more 

aliphatic molecules with higher H/C and lower DBE besides electron-rich moieties. 
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However, SO4
•− preferentially targeted at molecules with higher electron density, i.e., 

with lower H/C, higher O/C, DBE and m/z. The difference in the reactive sites and the 

associated reaction pathways would lead to the observed different reactivity. The 

preferential selection of molecules enriched with –COOH by SO4
•− provided 

molecular-level evidence for its higher carbon removal as compared to •OH as well as 

the potential of application of SO4
•−-based catalytic membrane.  

Catalyst applied for catalytic membrane preparation is also critical for the performance 

of the modified membrane by impacting the efficiency of radical production. Besides 

catalytic capability, the interfacial interaction between the catalyst and NOM should 

also be taken into account in the selection of catalyst due to its direct relationship with 

catalytic membrane fouling as well as available reactive sites. The information could 

be obtained by indirectly tracking the influence of NOM on catalyst nanoparticle 

aggregation using TR-DLS, and directly measuring the interaction force using AFM. 

Using the analytic techniques, the interaction between NOM with MnO2 nanoparticles 

(i.e., a potential catalyst for SO4
•− production) was found correlated with solution 

chemistry and NOM characteristics. Specifically, the interaction was enhanced with 

the presence of Ca2+ due to cation bridging. In addition, NOM with more complex and 

polymeric structure was found more attractive to MnO2 surface and consequently more 

efficient in blocking reactive sites.  

The investigation on the performance of the SO4
•−-based catalytic membrane (i.e., with 

MnO2-Co3O4 as catalytic material) reflected its good application potential for the 

improvement on permeate quality and fouling mitigation. Removal of pCBA as a SO4
•− 

probe compound also implied the capability to remove other SO4
•−-susceptible TOrCs 

during the application of the catalytic membrane in water treatment. Due to the 
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reactivity of feed water NOM with SO4
•−, significant removal of chromophoric NOM 

as well as carbon was observed. This contributes to the improved permeate quality as 

well as flux recovery after PMS cleaning. However, its contribution to fouling control 

was not obvious probably due to the pore constriction fouling mechanisms 

unfavourable for NOM-radical reaction. Further study targeting at the optimization of 

the SO4
•−-based catalytic membrane process is strongly recommended. 

Future perspectives were proposed based on the major findings of the current PhD 

project as follows. Novel membrane modification technique could be developed to 

realize a coating onto membrane surface as well as the internal wall of membrane pores 

to obtain a more efficient radical production. To better understand the efficiency of 

NOM transformation during catalytic membrane process, a study on the distribution 

of radical species at membrane surface as well as within membrane pores could be 

conducted. In addition, the different in the reaction of NOM with radical species under 

static and dynamic conditions could also be investigated. Though metal leaching level 

in the thesis complies with the currently available regulations, catalyst showing no 

leaching or metal-free while with comparable catalytic ability could be developed for 

the better application of catalytic membrane.
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1 Appendix 1 Supporting Information-Chapter 2 

Text A1-1. Evolution of fluorophores as a function of PMS exposure in 

Co(II)/PMS system 

Fluorescence excitation-emission matrixes (EEM) of the DOM fractions were shown 

in Figure A1-11. Two fluorescence peaks (Em~450 nm) were detected for all DOMs 

and were ascribed to humic-like substances containing fluorophores associated with 

the activation of aromatic rings. Peak location and peak intensity for each DOM were 

summarized in Table A1-2. Interestingly, S-HPOA (i.e., showing the highest SUVA 

value, Table A1-1) exhibited the lowest fluorescence intensity for both peaks. This 

observation has been widely reported and attributed to DOM of larger molecular 

weight and higher light absorbing capacities being more likely to reabsorb the emission 

energy, resulting in a lower fluorescence intensity.  

The peak with lower excitation wavelength (Ex=230nm) was selected to determine the 

fluorescent decrease for each sample during the oxidation process due to its: 1) higher 

fluorescence intensity compared to the peak with higher excitation wavelength, and 2) 

identical decrease rate with the peak with higher excitation wavelength (Figure A1-12). 

Similar with EDC or UVA254 decrease, two stages of fluorescence decrease could be 

distinguished with the increase of PMS exposure, except for S-HPOA (Figure A1-13). 

The slight fluorescence increase of S-HPOA at lower PMS exposure was probably due 

to: i) the transformation of phenol groups into quinone structures which are reported 

as more fluorescent (Cory et al., 2005); or ii) the breakdown of the higher molecular 

weight polycondensates into smaller MW fractions which showed higher fluorescence 

intensity. Similar observation for fluorescence changes of this DOM fraction upon 

chlorination has been previously reported (Korshin et al., 1999).  
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Considering the similar decreasing trend observed between UVA254 and FI, the 

correlation between chromophore and fluorophores was studied and shown in Figure 

A1-14. Interestingly, an identical correlation was found between UVA and FI, except 

for S-HPOA and B-HPOA at lower PMS exposures, which would be caused by a 

smaller decrease or slight increase in fluorescence signal at lower PMS exposure due 

to the abovementioned reasons. These results clearly indicated the insensitivity of the 

measurement based on fluorescence signal and the suitability of UV indices used as 

an indicator for humic substances.  

Text A1-2. Calculation of PMS exposures under different initial PMS 

concentrations 

The decomposition of PMS (i.e, ranging from 0.00 to 1.00 mM) was measured and 

plotted against time. A pseudo-first-order decomposition was found and expressed by 

Equation A1-1, where k was the pseudo-first-order rate constant (Table A1-5). The 

effective contact time (tc, Table A1-4) for each condition was determined from the 

decomposition equation (Equation A1-1), based on the assumption that complete PMS 

consumption was reached when PMS residual ([PMS]) was approximately 5% of 

[PMS]0. It should be noted that the effective contact time (tc) is a theoretical calculated 

value rather than an experimental value. Therefore, PMS exposure was calculated 

following the PMS decomposition equation (Equation A1-1) from 0 to tc, which could 

be expressed as Equation A1-2. The values of PMS exposures were calculated and 

shown in Table A1-5. The calculation was only conducted in S-HPOA containing 

system as the PMS decomposition was similar in the presence of different DOMs.  

   
0

PMS   PMS kte−=                                           Equation A1-1 
c -kt

0
0

PMS exposure [PMS] e dt
t

=                                            Equation A1-2 
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Table A1-1. Characteristics of selected DOM fractions 

DOM TOCa 

(mgC∙L-1) 

UV254 

(cm-1) 

SUVA 

(L∙ mgC -1∙m-1) 

EDC 

(mAU∙s) 

EDCn
b 

(mAU∙s∙ L∙ mgC-1) 

S-HPOA 3.96 0.1893 4.78 1.79E+05 4.52E+04 

B-FLV 3.98 0.1617 4.06 1.07E+05 2.69E+04 

R-HPO 3.74 0.1196 3.22 5.60E+04 1.50E+04 

C-HPO 3.93 0.0840 2.14 2.45E+04 6.24E+03 

a Concentration of total organic carbon used in the current study. 

b Normalized EDC results with DOC concentration. 

Table A1-2. Peak location and maximum fluorescence intensity of each peak for 

the DOM fractions  

NOM Peak I 
 

Peak II 
 

Peak I/Peak II 

 
Ex/Em(nm) Intensity Ex/Em(nm) Intensity ΔEx (nm) a Intensity ratio 

S-HPOA 230/450 16.37 335/450 8.60 105 1.90 

B-FLV 230/440 26.99 325/440 12.18 95 2.22 

R-HPO 230/435 26.79 315/435 11.60 85 2.30 

C-HPO 230/430 11.74 310/425 3.27 80 3.59 

a Difference between the excitation wavelengths of the two peaks. 

Table A1-3. Second order rate constants of pCBA, t-BuOH, and EtOH with •OH 

and SO4
•−  

Radicals pCBA t-BuOH EtOH 

•OH 
5.2 109 M−1s−1(Pi 

et al., 2005) 

t-BuOH + •OH ∼ (3.8–

7.6) 109 M−1s−1(Cong et 

al., 2015) 

EtOH + •OH ∼ 1.2–2.8 × 

109 M−1 s−1(Hussain et al., 2014) 

SO4
•− 

3.6108 

M−1s−1(Neta et al., 

1977) 

t-BuOH + SO4
•− ∼ 4.0–9.1 

× 105M−1s−1(Hussain et al., 

2014) 

EtOH + SO4
•− ∼ 1.6–7.7 × 

107M−1s−1(Hussain et al., 2014) 
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Table A1-4. Calculation of PMS exposures with an initial PMS concentration of 

1 mM at different reaction time in S-HPOA containing system 

( -kt

0
0

PMS exposure ( )M s [ ] e dt
t

PMS =  ) 

Reaction time (s) 0 10 30 60 120 240 360 480 600 

k (s-1) / 810–4 810–4 810–4 310–4 310–4 310–4 310–4 310–4 

PMS exposure 

(M∙s) 0 0.0100 0.0296 0.0586 0.1179 0.2316 0.3412 0.4470 0.5491 

 

Table A1-5. Calculation of PMS exposures with different initial PMS 

concentrations in S-HPOA containing system ( c -kt

0
0

PMS exposure ( )M s [ ] e dt
t

PMS=  ) 

[PMS]0 

(mM) 
0.00 0.02 0.04 0.06 0.08 0.10 0.20 0.60 1.00 

k (min-1) / 0.110 0.050 0.039 0.035 0.030 0.016 0.010 0.006 

tc (min) 0.00 26.60 62.39 77.88 86.60 93.60 187.45 282.84 473.00 

PMS 

exposure 

(M∙s) 

0.00 0.01 0.05 0.09 0.14 0.16 0.72 2.87 8.04 
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Figure A1-1. Calibration curve for PMS determination (PMS (μM) = 99.92 A734-

29.052, R2=0.9998) 
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Figure A1-2. UVA254 decrease of different DOM fractions in the solely presence 

of PMS as a function of time. Conditions: [PMS]0 = 1.0 mM; DOM = 3.90 ± 0.11 

mgC/L; pH = 8.00 ± 0.05(borate buffer); T = 20°C. 
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Figure A1-3. Correlation between the reaction rate constant of CDOMslow and 

SUVA for each DOM fraction. Conditions: [PMS]0 = 1.0 mM; Co(II) = 1.0 μm; 

DOM = 3.90 ± 0.11 mgC/L; pH = 8.00 ± 0.05 (10 mM borate buffer); T = 20°C. 
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Figure A1-4. Removal of pCBA in the presence and absence of scavengers in 

PMS/Co(II) system. Conditions: [PMS]0 = 1.0 mM; Co(II) = 1.0 μM; [pCBA]0 

=10 μM; pH = 8.00 ± 0.05 (borate buffer) ; T = 20°C.  
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Figure A1-5. PMS decomposition in Co(II)/PMS system with or without  DOM 

isolates. Conditions: [PMS]0 = 1.00 mM; Co(II) = 1.00 μM; DOM = 3.90 ± 0.11 

mgC/L; pH = 8.00 ± 0.05 (10 mM borate buffer); T = 20°C. 
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Figure A1-6. (a) PMS decomposition and (b) pCBA decrease in Co(II)/PMS 

system containing different DOM isolates. Conditions: [PMS]0 = 1.00 mM; 

Co(II) = 1.00 μM; [pCBA]0 = 1.0 μM; DOM = 3.90 ± 0.11 mgC/L; pH = 8.00 ± 

0.05 (10 mM borate buffer); T = 20°C. 
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Figure A1-7. Correlation between pCBA decay and PMS exposure (<0.1 M∙s) in 

Co(II)/PMS system containing different DOM fractions. Conditions: [PMS]0 = 

1.00 mM; Co(II) = 1.00 μM; [pCBA]0 = 1.0 μM; DOM = 3.90 ± 0.11 mgC/L; pH 

= 8.00 ± 0.05 (10 mM borate buffer); T = 20°C. Rct0-0.01 and Rct0.01-0.1 represent 

the calculated Rct values at a PMS exposure of 0-0.01M∙s and 0.01-0.1M∙s, 

respectively. 



107 

 

0 2 4 6 8 10

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 S-HPOA

 B-HPOA

 R-HPO

 C-HPO

E
D

C
/E

D
C

0

PMS exposure (M·s)
 

Figure A1-8. EDC decrease of different DOM isolates in Co(II)/PMS system as a 

function of PMS exposures. Conditions: PMS exposure = 0.00–8.04 M∙s; Co(II) 

= 1.0 μM; DOM = 3.90 ± 0.11 mgC/L; pH = 8.00 ± 0.05(borate buffer); T = 

20°C. 
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Figure A1-9. UVA254 decrease of different DOM samples in Co(II)/PMS system 

as a function of PMS exposures. Conditions: PMS exposure = 0.00–8.04 M∙s; 

Co(II) = 1.0 μM; DOM = 3.90 ± 0.11 mgC/L; pH = 8.00 ± 0.05(borate buffer); T 

= 20°C. 
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Figure A1-10. TOC removal of different DOM samples in Co(II)/PMS system as 

a function of PMS exposures. Conditions: PMS exposure = 0.00–8.04 M∙s; 

Co(II) = 1.0 μM; DOM = 3.90 ± 0.11 mgC/L; pH = 8.00 ± 0.05(borate buffer); T 

= 20°C. 

 

Figure A1-11. EEM spectra of (a) S-HPOA, (b) B-HPOA, (c) R-HPO, and (d) C-

HPO. DOC = 3.90 ± 0.11 mgC/L; pH = 8.00 ± 0.05 (10 mM borate buffered); T = 

20°C. 
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Figure A1-12. Correlation of fluorescence between Peak I and Peak II during 

Co(II)/PMS oxidation process.  
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Figure A1-13. FI decrease of different DOM samples in Co(II)/PMS reaction 

system as a function of  PMS exposures. Conditions: PMS exposure = 0.00–8.04 

M∙s; Co(II) = 1.0 μM; DOM = 3.90 ± 0.11 mgC/L; pH = 8.00 ± 0.05(borate 

buffer); T = 20°C. 
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Figure A1-14. Correlation between the relative residual UV254 and FI of 

different DOM samples in Co(II)/PMS system. Conditions: PMS exposure = 

0.00–8.04 M∙s; Co(II) = 1.0 μM; DOM = 3.90 ± 0.11 mgC/L; pH = 8.00 ± 

0.05(borate buffer); T = 20°C.  
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2 Appendix 2 Supporting Information-Chapter 3 

Text A2-1. 

1. As illustrated in Figure A2-1, a total of three 15 W low-pressure Hg UV-lamps (UV 

Technik Meyer, Germany) were installed in the collimated beam device. A petri dish 

placed under the collimator was used as UV-AOPs reactor. The petri dish was mounted 

on top of a xy-cross slide table with a magnetic stirrer (Cimarec i Micro Stirrers and a 

Telemodul 20 C controller, Thermo Scientific). The distance between the lamp and the 

surface of the slide table was measured as ca. 30 cm. A certified UV-

C radiometer (UV-surface-D, sglux, Germany) was used for the determination of the 

average UV-C intensity (~0.9 mW∙cm−2) across the petri dish. The UV-C intensity was 

further corrected with radiometer, divergence, reflection, petri and water factor for 

each experiment system(Bolton et al., 2003).   

2. The steady state radical concentration, i.e, [•OH]ss or [SO4
•−]ss, were measured using 

pCBA as probe compounds (
OH, CBA

k
p• = 5.2 × 109 M−1 s−1,(Pi et al., 2005) 

4SO , CBA
k

p•−

= 3.6 × 108 M−1 s−1). Nitrobenzene (NB) was also used for the detection of [•OH]ss 

produced in UV/PDS system due to its low reaction rate with SO4
•− (

4SO , 
k

NB•−  

<106 M−1 s−1,(Neta et al., 1977) 
OH, 

k
NB•  = 3.2 × 109M−1 s−1 ). The calculations of the 

radical concentrations were shown in the following equations. Experiments were 

conducted in 30mL unbuffered solution with an incident UV intensity of 0.9 mW∙cm−2, 

a NOM concentration of ~ 4 mgC∙ L−1 and an initial oxidant concentration of 0.0, 0.1 

or 1.0 mM. A petridish with a diameter of 84 mm was used as the reactor.  

(1). In direct UV photolysis system,  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/radiometers


112 

 

−ln(
[pCBA]𝑡
[pCBA]0

) = 𝑘𝑈𝑉,𝑑𝑖𝑟𝑒𝑐𝑡 × t  
Equation A2-1 

 

where [pCBA]t is the concentration of pCBA at time t, [pCBA]0 is the initial pCBA 

concentration and kUV,direct is the direct photolysis rate constant of pCBA by UV 

irridation. The kUV,direct value obtained in the equation would be used in the following 

equations.  

(2). In UV/H2O2 system,  

t
ss ,OH, CBA

0

[ CBA]
ln( ) (k [ OH] k ) t 

[ CBA]
UV directp

p

p
•

•− = + 

 

 

 

Equation A2-2 

 

where k•OH,pCBA is the second order rate constant between •OH and pCBA, and [•OH]ss 

is the steady-state concentration of •OH. 

3. In UV/PDS system, 

4

t
ss 4 ss ,OH, CBA SO , CBA

0

[ CBA]
ln( ) (k [ OH] k [SO ] k t 

[ ]
UV directp p

p

pCBA
• •−

• •−− = + + )

 

Equation A2-3 

 

where kSO4•−,pCBA is the second order rate constant between 4SO•−
and pCBA, and 

4 ss[SO ]•−
 is the steady-state concentration of 4SO•−

.The value of [•OH]ss could be 

calculated from Equation A2-4.   

t
ssOH, NB

0

[NB]
 ln( ) k [ OH] t

[NB]
•

•− = 

 

Equation A2-4 
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where k•OH,NB is the second order rate constant between •OH and NB. 

4. The acidified samples were concentrated with solid phase extraction (SPE) using 

Bond Elut PPL cartridges (6 mL, 1 g, Agilent Technologies) for FT-ICR MS analysis. 

Briefly, the cartridges were conditioned sequentially with 10 mL of methanol, 10ml of 

ethyl acetate, and 10 mL ultrapure water (acidified to pH~2 with HCl). The acidified 

NOM samples were loaded onto the cartridges at a flow rate of ~3mL∙min−1 with a 

vacuum pump. To minimize the interference of salt, the loaded cartridges were rinsed 

with 10 ml of acidified ultrapure water and left vacuum-dried before elution. 10 mL of 

LCMS grade methanol was used for NOM elution and the eluted samples were dried 

with nitrogen gas and stored at –20°C in the dark.  

5. The study on the reaction pathways taking place for the major reactive molecules 

was achieved by another set of experiments conducted with 30 mL solution in a 

petridish (84 mm in diameter). An incident UV intensity of ~0.9 mW∙cm−2 and a series 

of initial oxidant concentrations (i.e., 0.00, 0.02, 0.04, 0.06, 0.08, 0.10 mM) was 

applied. The initial UV fluence was calculated as 1268, 1311, and 1353 mJ∙cm−2 for 

S-HPOA-, R-HPO-, and C-HPO-containing solutions, respectively. The change in 

UV254 was recorded and corrected by subtracting the contribution of oxidants and sole 

UV irradiation at the end of 30 min reaction. Samples for Electron Donating Capacity 

(EDC) analysis were collected and kept in Amber vials without quencher addition to 

avoid any interference with EDC signal. The change in UV254 or EDC was negligible 

with sole H2O2 or PDS oxidation in 30 min. 

6. The instrument was externally and internally calibrated with 10 mM sodium formate 

and a known homologous series of NOM, respectively. An excellent sensitivity with a 

mass error of less than 0.2 ppm was achieved after calibration. The molecular formula 
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for each m/z peak with a signal-to-noise ratio (S/N) larger than 5 was assigned using 

Bruker Daltonics data analysis software version 4.0. The formulas calculation were 

conducted based on the elemental rules of 12C1-100
1H2-202

16O1-102
14N0-3

32S0-2 and the 

elemental ratio restrictions of 0.33<H/C<2.0 and 0.23<O/C<1.2. The criteria that the 

mass error between the measured and the calculated chemical formula should be below 

1 ppm was also applied in the calculation. The assignment of formulas above 500 Da 

was achieved through identification of homologous series differing only by integer 

multiples of —CH2 units. The calculation of the molecular characteristics and 

categorization of the assigned molecules were detailed in the following sections. 

7. Van Krevelen diagram obtained by plotting H/C against O/C of all the assigned 

formulas for each sample for the visualization of the distribution and class of the 

molecules. The VK diagram was then divided into different regions representing all 

together seven classes of compounds commonly found in NOM, i.e., aromatic 

structures (H/C = 0.2–0.7, O/C = 0.0–0.67), unsaturated hydrocarbons (H/C = 0.7–1.5, 

O/C = 0.0–0.1), lignis/CRAM-like structures (H/C = 0.7–1.5, O/C = 0.1–0.67), tannins 

(H/C = 0.6–1.5, O/C = 0.67–1.0), lipids (H/C = 1.5–2.0, O/C = 0.0–0.3), aliphatic 

proteins (H/C = 1.5–2.2, O/C = 0.3–0.67), and carbohydrates (H/C = 1.5–2.4, O/C = 

0.67–1.2). The calculation of various molecular characteristics were illustrated as 

follows: 

1). Double bond equivalent:  

( )1/ 2 2 2DBE C N H=   + − +
 

Equation A2-5 
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2). The weight averaged values for specific molecular characteristic (Xwa) were 

calculated as follows: 

n

wa R

=1

X = X Ii i

i


 

Equation A2-6 

n

R

=1

I  = I / Ii i i

i


 

Equation A2-7 

 

where Xi and IRi represents the value of a specific molecular characteristic and the 

relative intensity of formula i in a sample, IRi was calculated by normalizing the 

intensity of formula i (Ii) by the total intensity of all the assigned formulas in a sample 

(
n

=1

Ii

i

 ).  

3). The value of KMD (COO) was calculated using the following equations:   

KMD (COO) = Observed nominal mass - Kendrick Mass (COO) Equation A2-8 

Exact m/z of the peak = calculated m/z + 1.00784 – 0.000549 Equation A2-9 

Kendrick Mass (COO) = exact m/z of the peak  (nominal mass of 

COO/ exact mass of COO) 

Equation A2-10   

 

where the observed nominal mass is the integer value of the observed mass,  nominal 

mass of COO is 44.00000, and exact mass of COO is 43.98983. 

8. Molecular formulas were compared between treated and original samples to 

determine reactive, resistant and produced molecules. Specifically, molecules that 

disappeared after reaction was identified as reactive, molecules remaining unchanged 

after reaction were identified as resistant, and molecules newly formed were 

indentified as produced. Similarly, the exclusively reactive molecules were determined 
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by comparing reactive molecules between •OH and SO4
•− oxidation processes. 

Molecules only found in •OH(SO4
•−)-oxidation process were defined as exclusively 

reactive to •OH/(SO4
•−).  
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Text A2-2. 

 As was shown in the van Krevelen diagram (Figure A2-2), the distribution of the 

assigned formulas were comparable and CHO molecules were the major components 

for all three NOM isolates. The majority (95.7%, 96.0%, and 97.5% for S-HPOA, R-

HPO and C-HPO, respectively) of assigned molecules belong to aromatic structures, 

lignis/CRAM-like structures (H/C = 0.7–1.5, O/C = 0.1–0.67), tannin (H/C = 0.6–1.5, 

O/C = 0.67–1.0) and (H/C = 0.2–0.7, O/C = 0.0–0.67). This is probably due to the fact 

that the aquatic NOMs shared the similar sources of organic input (i.e., terrestrial input) 

and the same protocol of extraction. However, different N or S contents were found 

among the organics. Specifically, the respective N and S content were 0.06% and 0.10% 

for S-HPOA, 0.38% and 0.07% for R-HPO, and, 0.12% and 0.07% for C-HPO. This 

is probably attributed to the different degree of microbial activity in each aquatic 

system. The weight averaged DBE (DBEwa,Table A2-2) were 10.73, 9.73, and 9.30 for 

S-HPOA, R-HPO, and C-HPO, respectively. The trend for the variation of the DBEwa 

among the three NOM isolates were consistent with that of SUVA values (Table A2-2). 

The weight averaged m/z (m/zwa, Table A2-2) was approximately 430, 424, and 437 

for S-HPOA, R-HPO, and C-HPO, respectively. The results were notably smaller than 

those previously reported, for instance, 1,100 Da for humic substances from Suwannee 

River.(Lee et al., 2006) This may be ascribed to the difference in the technique for size 

measurement. Collectively, a variation in characteristics of the selected NOM samples 

would represent a wider spectrum of aquatic environment. The good agreement of the 

findings in the current study with a previous study using a 12T mass spectrometer 

indicated the consistency and reliability of this instrument.   
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Table A2-1. Bulk properties of NOM isolates 

NOM TOCa UV254 SUVAb EDCc EDCn
d 

 mgC∙ L−1 cm−1 L∙ mgC−1∙m−1 mAU∙s mAU∙s∙ L∙mgC−1 

S-HPOA 3.89 0.189 4.94 1.76E+05 4.74E+04 

R-HPO 4.09 0.129 3.20 6.64E+04 1.63E+04 

C-HPO 3.86 0.078 1.98 3.76E+04 9.74E+03 

a Concentration of total organic carbon for each NOM isolate in the experiment 

(mgC∙ L−1). 
b Specific UV absorbance at 254nm (SUVA, L∙ mgC−1∙m−1). 
c Electron donating capacity (EDC ,mAU∙s). 
d Normalized EDC results with TOC concentration.  

Table A2-2.  Molecular characteristics of NOM isolates studied in the 

experiment 

NOM DBEwa
a m/zwa

a H/Cwa
a O/Cwa

a Cwa%a Hwa%a Owa%a Nwa%a Swa%a 

S-HPOA 10.73 430.51 1.05 0.51 39.15 40.78 19.90 0.06 0.10 

S-HPOAb 11.00 432.60   39.70 42.17 17.94 0.15 0.04 

R-HPO 9.73 424.70 1.11 0.53 37.65 42.15 19.75 0.38 0.07 

R-HPOb 9.90 435.20   37.60 42.44 19.30 0.58 0.08 

C-HPO 9.30 437.76 1.19 0.52 36.96 44.05 18.80 0.12 0.07 

C-HPOb 9.60 453.80   37.04 44.81 17.97 0.14 0.04 

a Weight averaged values of different characteristics for the assigned formulas from 

FT-ICR MS (see Equation A2-6 and Equation A2-7  for calculation.) 
b Results from Niu et al (Niu et al., 2018). 

Table A2-3. Rate constant (k) and correlation coefficient (R2) of pseudo-first-

order kinetics of UV254 decrease and steady-state radical concentration. 

(Conditions: Incident UV intensity = 0.9 mW∙cm−2, [TOC]0 = 3.89 ± 0.18 

mgC∙L−1, [H2O2]0 or [PDS]0 = 1.00 mM, [pCBA]0 or [NB]0 = 1.00 µM at 

unadjusted pH ([pH]0(H2O2) = 4.65±0.09, [pH]0(PDS) = 4.66±0.18) and room 

temperature (20°C). ) 

 UV254 [ SO4
•−]ss UV254 [•OH ]ss 

 k (min-1) R2 M (10-12) k (min-1) R2 M (10-12) 
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S-HPOA 0.029±0.006 0.995±0.011 1.625±0.191 0.014±0.001 0.999±0.004 0.650±0.085 

R-HPO 0.046±0.006 0.991±0.000 3.230±0.552 0.023±0.001 1.000±0.002 0.625±0.148 

C-HPO 0.044±0.005 0.959±0.001 6.180±1.089 0.024±0.000 0.994±0.007 1.005±0.106 

 

Table A2-4. Statistics on molecules reactive or resistant to •OH and SO4
•−. 

Sample  
  

Number N%a I% b 

S-HPOA •OH reactive 750 0.380 0.197 

  resistant 1224 0.620 0.803 

 SO4
•− reactive 811 0.411 0.223 

  resistant 1163 0.589 0.777 

R-HPO •OH reactive 1329 0.460 0.205 

  resistant 1557 0.540 0.795 

 SO4
•− reactive 1437 0.498 0.235 

  resistant 1449 0.502 0.765 

C-HPO •OH reactive 1037 0.413 0.160 

  resistant 1476 0.587 0.840 

 SO4
•− reactive 1231 0.490 0.246 

  resistant 1282 0.510 0.754 

a: Number percentage 

b: Intensity percentage 

 

Table A2-5. Removal efficiency of different NOM classes by •OH and SO4
•−. 

Sample  Aromatics% Lignins% Tannins% 
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S-HPOA •OH 53 41 3 

 SO4
•− 62 44 3 

R-HPO •OH 80 46 24 

 SO4
•− 81 79 41 

C-HPO •OH 75 42 9 

 SO4
•− 83 65 8 

 

Table A2-6. Comparison of molecular characteristics between reactive and 

resistant molecules in •OH and SO4
•−-based AOPs. 

NOM  
  

m/zwa
 Cwa  DBEwa H/Cwa O/Cwa 

S-HPOA •OH reactive 537.65 26.13 14.05 1.015 0.465 

  resistant 410.25 18.85 9.96 1.053 0.549 

 SO4
•− reactive 551.72 26.48 14.69 0.974 0.485 

  resistant 401.96 18.51 9.63 1.066 0.546 

R-HPO •OH reactive 481.06 22.99 11.99 1.044 0.470 

  resistant 410.17 18.73 9.14 1.132 0.547 

 SO4
•− reactive 483.63 22.96 12.04 1.038 0.483 

  resistant 406.62 18.57 9.02 1.037 0.546 

C-HPO •OH reactive 518.13 25.78 11.42 1.189 0.417 

  resistant 422.46 19.45 8.90 1.189 0.536 

 SO4
•− reactive 524.59 26.64 11.55 1.1278 0.4550 

  resistant 416.28 19.10 8.56 1.2089 0.5387 
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Table A2-7. Percentage of molecules with different molecular compositions 

reactive to •OH and SO4
•−. 

Sample   CHO% CHON%  CHOS% CHONS % 

S-HPOA •OH 94 3 1 2 

 SO4
•− 94 3 1 2 

R-HPO •OH 53 37 9 1 

 SO4
•− 55 38 7 0 

C-HPO •OH 63 24 13 0 

 SO4
•− 67 24 9 0 

 

Table A2-8. Molecular characteristics of molecules exclusively reactive to •OH 

or SO4
•−. 

Sample  H/Cwa O/Cwa DBEwa
a DBEwa

b m/zwa Cwa  

S-HPOA •OH  1.11 0.45 8.36 10.86 447.53 21.87 

 SO4
•− 0.86 0.55 7.40 15.66 563.80 25.88 

R-HPO •OH  1.06 0.50 7.86 11.06 456.06 21.01 

 SO4
•− 1.02 0.55 9.54 11.86 484.52 22.13 

C-HPO •OH  1.03 0.47 6.69 10.47 400.97 18.99 

 SO4
•− 1.02 0.52 13.11 11.53 470.65 22.06 

a: DBEwa of molecules in Area I. 

b: DBEwa of total exclusively reactive molecules in Figure 3-3. 

Table A2-9. Characteristics of molecules produced through •OH or SO4
•− 

oxidation. 

Sample 
 

m/zwa Cwa  H/Cwa O/Cwa DBEwa 

S-HPOA •OH  562.74 23.55 1.08 0.68 11.89 
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 SO4
•− 509.85 20.15 1.14 0.75 9.82 

R-HPO •OH  487.81 22.50 1.03 0.53 12.73 

 SO4
•− 461.82 19.48 1.12 0.64 10.41 

C-HPO •OH  490.86 21.93 1.07 0.56 11.73 

 SO4
•− 482.12 19.24 1.08 0.72 10.26 

 UV lamp  15W*3

Magnetic

stirrer

Reactor

Incident UV 

intensity:

~0.9 mW∙cm−2

 

Figure A2-1. Schematic representative of the collimated beam device (front 

view). 

 

Figure A2-2. van Krevelen diagrams of the formulas assigned from FTICR-

MS peaks of three NOM isolates: (a) S-HPOA, (b) R-HPO, and (c) C-HPO. 

Relative abundance of molecules containing respective CHO (blue), CHON 

(green), CHOS (orange)  and CHONS (pink) groups were reflected by the 

height of stacked columns. Bubble sizes reflect the relative intensities of 

respective mass peaks.  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/mass-spectra
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Figure A2-3. UV254 decrease of R-HPO (Ribou reservoir hydrophobic fraction) 

and C-HPO (Colorado river hydrophobic fraction) with •OH or SO4
•− 

treatment. Conditions: Incident UV intensity = 0.9 mW∙cm−2, [TOC]0 = 3.89 ± 

0.18 mgC∙L−1, [H2O2]0 or [PDS]0 = 1.00 mM, at unadjusted pH ([pH]0(H2O2) = 

4.65±0.09, [pH]0(PDS) = 4.66±0.18) and room temperature (20°C).   
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Figure A2-4. TOC change of three NOM isolates with •OH or SO4
•− treatment 

for 30 min. Conditions: Incident UV intensity = 0.9 mW∙cm−2, [TOC]0 = 3.89 ± 

0.18 mgC∙L−1, [H2O2]0 or [PDS]0 = 1.00 mM, at unadjusted pH ([pH]0(H2O2) = 

4.65±0.09, [pH]0(PDS) = 4.66±0.18) and room temperature (20°C). 
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Figure A2-5. (a,c)van Krevelen diagrams and (b,d) molecular compositions of 

R-HPO after •OH or SO4
•− treatment. Green points/bars represent formulas 

disappeared after reaction (reactive), and red points/bars reflect formulas 

remaining unchanged after reaction (resistant). 
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Figure A2-6. (a,c) van Krevelen diagrams  and (b,d) molecular compositions  of 

C-HPO after •OH or SO4
•− treatment. Green points/bars represent formulas 

disappeared after reaction (reactive), and red points/bars reflect formulas 

remaining unchanged after reaction (resistant).   
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Figure A2-7. KMD (COO) of molecules exclusively reactive with •OH or SO4
•− 

as a function of oxygen number in the NOM isolate of (a) R-HPO and (b)C-

HPO.  
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Figure A2-8. DBE of molecules exclusively reactive to (a) •OH or (b) SO4
•− as a 

function of carbon number in the NOM isolate of R-HPO. The dash line was 

drawn at approximately a DBE value of 11.86 (DBEwa of the molecules 

exclusively reactive to SO4
•−). 
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Figure A2-9. DBE of molecules exclusively reactive to (a) •OH or (b) SO4
•− as a 

function of carbon number in the NOM isolate of C-HPO. The dash line was 

drawn at approximately a DBE value of 11.53 (DBEwa of the molecules 

exclusively reactive to SO4
•−). 
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Figure A2-10. Normalized decrease of (a), (b), and (c) UVA254  and (d), (e), and 

(f) EDC of different NOM isolates after reaction with •OH and SO4
•−. 

Conditions: Incident UV intensity = 0.9 mW∙cm−2, [TOC]0 = 3.89 ± 0.18 

mgC∙L−1, and [H2O2]0 or [PDS]0 = 0.00–0.10 mM, at unadjusted pH 

([pH]0(H2O2) = 4.65±0.09, [pH]0(PDS) = 4.66±0.18) and room temperature 

(20°C). 
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3 Appendix 3 Supporting Information-Chapter 4 

Text A3-1. Synthesis of MnO2 and nano-scaled particle preparation  

MnO2 particles were synthesized by reducing manganese nitrate (Mn(NO3)2) with 

potassium permanganate (KMnO4). Briefly, Mn(NO3)2 was added into KMnO4 

solution drop by drop under dynamic magnetic stirring. The resulting suspension was 

continuously and vigorously stirred. The sediments were collected and dried at 373 K. 

Finally, the precursor was calcined in air atmosphere at 723 K and stored in a 

desiccator. The resulting MnO2 particles were ground into nanoscale particles in a 

grinder for 5-8 min for several runs (ROCKLABS BTRM 459, Rocklabs Limited, 

Auckland, New Zealand). Nanoparticle suspensions were prepared by adding DDI 

water. The suspension was sonicated (UNISONICS, Australia) for 1 h, followed by 1 

h of settling. An aliquot of the supernatant was collected to prepare MnO2 stock 

solution by adding DDI water. Size and electrophoretic mobility of MnO2 particles 

were measured with a Zetasizer (nano ZS, Malvern, UK) using a laser at a wavelength 

of 633 nm and a scattering angle of 173°. UV-Vis spectra of MnO2 suspensions were 

recorded with an Agilent Cary 60 spectrophotometer from 200-800 nm.  
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Text A3-2. Measurements of Zeta potential and hydrodynamic diameter 

Samples for Zeta potential measurement were prepared by adding a specific 

concentration of electrolyte solution in a clean cuvette containing a predetermined 

volume of diluted nanoparticle suspension and OMs to a final volume of 1 mL. The 

obtained solution was then pipetted into the zeta cell and then placed into the light 

scattering compartment, where the measurement was immediately performed. A 

minimum of three measurements per sample were conducted for each solution 

condition and the data sets were subjected to statistic processing. 

The initial hydrodynamic diameter (Dho) of MnO2 nanoparticles was measured 

immediately before every TR-DLS experiment as a baseline. Samples analyzed by TR-

DLS were prepared by adding 1 ppm of MnO2 nanoparticles to electrolyte solutions to 

a final ionic strength ranging from 1 to 100 mM Na+ or Ca2+, and to a final DOM 

concentration of 0 or 10 mg C/L for DOM-containing electrolyte solutions. The sample 

was gently shook and immediately placed into the Zetasizer for measurement.  
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Text A3-3. Preparation of MnO2-coated silica surface and DOM-coated AFM 

probe  

The MnO2 surface used was prepared using Pulse-Laser Deposition (PLD) technique 

as previously described (Lu et al., 2016b). Briefly, a layer of approximately 10 nm of 

MnO2 was deposited on a smooth silica wafer (RRMS: 0.3 nm) using a 

COMPexPro201, Coherent. The MnO2 coating was further confirmed by Scanning 

Transmission Electron Microscopy (STEM) (Titan 80-300, FEI), and the elements of 

the MnO2-coated surface were confirmed with the Energy Dispersive Spectroscopy 

(EDS) accessory of the STEM as shown in a previous study (Lu et al., 2016b). A Silica 

AFM colloidal probe (i.e., termed as Silica AFM Probe) was prepared by gluing a 

silica colloid to the tip of an AFM cantilever. The diameter of the silica colloid was 

measured by SEM for further normalization of interfacial forces (F/R: units of mN/m) 

as previously described (Gutierrez et al., 2015a). This silica AFM probe was coated 

with a specific DOM isolate according to the layer-by-layer protocol (Aubry et al., 

2013). Briefly, a silica AFM probe was placed in an iron oxide solution for eight hours. 

After rinsing in MQ water, the probe was immersed into a 50 mg C/L DOM solution 

and allowed to coat for 8 hours. The probe was removed from the DOM solution and 

rinsed with MQ water prior to use. The sensitivity of the cantilever was measured using 

a mica surface prior to each experiment. The cantilever spring constant was measured 

by thermal tuning method, where deflection (V) was converted to force (nN) according 

to Hooke’s Law (Aubry et al., 2013). The MnO2 surface, i.e. MnO2-coated silica wafer, 

was carefully rinsed before each experiment.   
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Text A3-4. DLVO interaction between bare particles 

Total DLVO interaction energy (J) between bare particles is the sum of Vvdw, i.e., van 

der Waals attractive interaction energy (J), and VEDL, i.e., electron double layer 

repulsion energy (J).  

dw ( )
12 (1 14 / )

Aa
V J

h h



= −

+  

Equation A3-1 

 

Where A is the Hamaker constant of the particle in aqueous media, a is the particle 

radius, λ is the dielectric wavelength, and h is the separation distance between two 

particles (nm).  

2 2

0 1 2 01 02 01 02

2 2

1 2 01 02

( ) 2 1 exp( )
( ) ln ln(1 exp( 2 ))

( ) 1 exp( )

r
EDL

a a h
V J h

a a h

      


  

  + + −
= + − −  

+ + − −  （ ）  

Equation A3-2 

 
 

εr is the relative permittivity of water, ε0 is the permittivity of free space, ψ is the 

surface potential (V), k is Debye length (m-1). In the current study, a1=a2 and ψ01=ψ02 

due to the presence of only one population of nanoparticles, i.e., MnO2. Energy barrier 

is defined as the maximum DLVO interaction at a specific separation distance.  
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Table A3-1. Major characteristics of HPO and HPI DOM fractions 

Isolate Sampling location ✗C/O ✗C/N ✓Arom-C (%) #SUVA254 

GRW-HPO 
Gartempe River (Lathus - Vienne, 

France) 
1.6 28.9 22 4.4 

CRW-OC-

HPO 

Colorado River (La Verne, 

MWDSC, CA USA) 

Post-ozonated water (pilot unit) 

1.8 43.7 nd 1.4 

JWW-HPO 
Jeddah treated urban wastewater 

(Jeddah, Saudi Arabia) 
2.8 7.6 24 2.9 

RRW-HPI 
Ribou Reservoir (Cholet-Maine et 

Loire, France) 
1.0 8.5 7 1.2 

✗: Mass ratio 

✓: Aromatic-C content from Solid-State 13C-NMR 

#: Unit: L mg C−1 m−1 

nd: Not determined 
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Figure A3-1. (a) XRD and (b) UV-Vis spectra of MnO2 particles 
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Figure A3-2. Aggregation kinetics of MnO2 particles under different Na+ or 

Ca2+ concentrations at unadjusted pH (5.8) and at 25°C 
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Figure A3-3. DLVO interaction energy profiles between bared MnO2 particles 

as a function of separation distance under different solution condition at 

unadjusted pH (5.8)  
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Figure A3-4. Aggregation kinetics of MnO2 particles in the presence of 10 mg 

C/L DOM and in 30 mM NaCl solution at unadjusted pH (5.8) and at 25°C 

 

Figure A3-5. Mass spectra (left) and van Krevelen Diagrams (right) for JWW-

HPO, CRW-OC-HPO, and RRW-HPI. Colors reflect the molecular series, i.e., 

CHO: blue, CHOS: green, CHNO: orange, and CHNOS: red. Bubble areas 

reflect the relative average intensities of the respective mass peaks  
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Figure A3-6. Aggregation kinetics of MnO2 particles in the presence of 10 mg 

C/L DOM and in 33.3 mM CaCl2 solution at unadjusted pH (5.8) and at 25°C 

 

 

Figure A3-7. Probability density function describing the mean hydrodynamic 

diameter () and variance () of MnO2 nanoparticles in the (a) absence of DOM 

in solution and in (b) GRW-HPO-containing solutions, after contact with H2O2. 

a. b. 
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Figure A3-8. Change of Zeta Potential of MnO2 particles in 30 mM NaCl 

solution at unadjusted pH, before and after 1 mM H2O2 addition  
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4 Appendix 4 Supporting Information-Chapter 5 

Text A4-1.  

The XPS spectrum for Mn2p and Co2p of the coated membrane was shown in Figure 

A4-5. For the XPS spectra of Co2p (Figure A4-5(a)), two main peaks centered at 780.6 

and 795.8eV could be assigned to Co2p3/2 and Co2p1/2, respectively. With 

deconvolution, the existence of Co(III)and Co(II) could be confirmed with assignment 

of the two peaks at 780.5 and 795.5 eV, and another two peaks at 782.9 and 797.1 eV. 

Similarly, two major spin-orbit lines of 2p3/2 at 641.7 eV and 2p1/2 at 654.0 eV with 

the difference as 12.3 eV was detected wit XPS spectra of Mn (Figure A4-5(b)). Two 

peaks at 642.7 and 654.6 eV representative of the Mn(IV), and the other two peaks at 

640.8 and 652.9 eV characteristic of Mn(III) could be obtained after deconvolution. 

The observations were consistent with those previously reported (Todorova et al., 2012; 

Wang et al., 2015). No significant difference in the XPS spectra was observed with the 

sonicated catalytic membrane (Figure A4-5(c) and (d)), indicating the negligible 

impact of sonication on the oxidation state of Co and Mn within the coating layer.  
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Text A4-2.  

To further differentiate the influence on NOM transformation between pristine and 

coated membranes in the presence of PMS, fluorescence EEM spectra were collected 

for feedwaters (B and M), permeate from pristine and coated membranes in the 

presence of 1 mM PMS in feedwater. As was shown in Figure A4-10a and d, both 

types of feed water showed similar fluorescent peaks representative of hydrophobic 

NOM fractions (i.e., major fluorescent compositions in the NOM solution). A decrease 

in the intensity of fluorescent peaks was observed after membrane filtration with PMS 

added in feedwater. However, a higher decrease was recorded with the coated 

membrane as compared to the pristine membrane. Moreover, a significant peak shift 

from longer (448/446 nm) to shorter emission (436/420 nm) wavelength was detected 

with both NOM solutions treated by PMS-coated membrane process, which was 

however negligible with the PMS-pristine membrane process (Figure A4-10g and h). 

The blue shift indicated the breakdown of larger molecular weight structures and the 

formation smaller molecules. The higher decrease in the fluorescent intensity and the 

more pronounced blue shift of fluorescent peaks indicated the enhanced 

transformation of NOM due to its reaction with the generated sulfate radical in the 

PMS-catalytic membrane system  
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Table A4-1. Characteristics of original ceramic membranes. 

Dimension Discs with diameter of 47 mm 

Filtration area 17.35 (cm–2) 

Active layer material TiO2/ZrO2 

Support layer material TiO2 

Thickness 2.46mm 

Membrane pore size 50 kDa (8.6 nm) 

Maximum operating pressure 4 bar 

 

Table A4-2. Flux and resistance of membrane with different catalyst loadings 

(0–4mg) before (J0 and R0) and after (Jf and Rf) fouling. Fouling experiments 

were conducted with NOM-containing feed water (~5mgC/L NOM mixture with 

~10% colloids and ~90% HPO fractions) at unadjusted pH of 6.3 ± 0.2 and 

operating pressure of 1bar. 

 
0 mg  0.5 mg  1 mg  2 mg 4 mg 

J0 ( Lm−2h−1) 377.63 388.01 379.71 350.66 346.51 

R0 (1012m−1) 1.07 1.04 1.07 1.15 1.17 

Jf ( Lm−2h−1) 225.45 199.83 197.45 154.29 121.28 

Rf (1012m−1) 1.79 2.02 2.05 2.62 3.34 
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Table A4-3. SUVA value (m–1(mg/L) –1) of feedwater and permeate under 

different experimental conditions: NOM solution-B: 0.56 mgC/L Colloids-

Brittany + 4.45 mgC/L HPO-SRNOM, and NOM solution-M: 0.55mgC/L 

Colloids-Mery + 4.45 mgC/L HPO-SRNOM. Experimental conditions: 

Operational pressure = 1.0 bar, temperature 20 ± 1°C, pH ~ 6 without PMS 

addition and 3.40 ± 0.10 with 1 mM PMS addition. 

Samples NOM solution-B NOM solution-M 

Feed water 3.65 3.76 

Permeate-pristine 2.92 3.19 

Permeate-pristine/PMS 2.80 3.14 

Permeate-coated 3.07 3.08 

Permeate-coated/PMS 2.65 2.66 

 

Table A4-4. Equations and descriptions of different filtration models. 

Filtration model Equation Description 

Complete pore blocking  J= − AV+ J0  Foulants with comparable size seal pore upon 

reaching it.  

Intermediate pore blocking J0/V =  1/t + B  Foulants either seal pores or deposit on already 

sealed pores.   

Standard pore constriction  ln J = − CV+ ln J0   Foulants deposit on the internal pore wall, causing 

a reduced pore diameter.  

Cake layer filtration (1/J) = DV+ (1/J0)  Foulants are retained due to size exclusion and 

form a cake at membrane surface. 
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Table A4-5. Leaching of cobalt and manganese ions from the coated membrane 

under different conditions. 

No. Feed water description Co Mn 
  

mg/L %* mg/L %* 

1 Nanoparticle suspension 0.028 2.80 0.0013 0.13 

2 NOM+PMS(1mM) pH3.40 0.100 10.0 0.0370 3.70 

3 NOM+PMS(1mM) pH7.40 0.020 2.00 0.0063 0.63 

4 NOM-1st cycle no PMS(10mM) cleaning 0.008 0.82 0.0025 0.25 

5 NOM-2nd cycle after PMS(10mM) cleaning 0.039 3.90 0.0100 1.00 

6 NOM-3rd cycle after PMS(10mM) cleaning 0.014 1.40 0.0021 0.21 

*Percentage calculated based on total MnO2-Co3O4 catalyst (1mg) coated on 

membrane.   
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Figure A4-1. FTIR spectra of Colloids-mery 

 

 

 

Figure A4-2. Schematic representative of membrane filtration set-up 
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Figure A4-3. Zeta potential of MnO2-Co3O4 particles as a function of solution 

pH. 
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Figure A4-4. Optical pictures (a), topography (3D-height sensor) images (b) and 

phase images (c) of original (left) and MnO2-Co3O4-coated membranes (right). 

Images were acquired by AFM scan (tapping mode) in air with a scan area of 3 

µm × 3 µm. 

  

(a) 

(b) 

(c) 

Original Coated 

https://www.sciencedirect.com/topics/chemistry/topography
https://www.sciencedirect.com/topics/physics-and-astronomy/image-sensor
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Figure A4-5. XPS spectra of Co2p and Mn2p for coated membrane without (a, 

b) and with sonication (c, d).   
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Figure A4-6. Comparison of original and coated ceramic membrane (1mg 

MnO2-Co3O4 nanoparticles) for pure water permeability (TMP: 1 bar, 

Temperature: 20 ± 1 °C). 

0 20 40 60 80 100
0

50

100

150

200

250

300

350

400

 0.0 mg

 0.5 mg

 1.0 mg

 2.0 mg

 4.0 mg

 C
h

a
n

g
e
 i

n
 F

lu
x

 (
L

 m
-2

 h
-1

)

Filtration Volume (mL)
 

Figure A4-7. Flux decline for coated membranes with different MnO2-Co3O4 

loadings (0.0–4.0 mg). Fouling experiments were conducted with NOM-

containing feed water (~5mgC/L NOM mixture with ~10% colloids and ~90% 

HPO fractions) at unadjusted pH of 6.3±0.2 and operating pressure of 1bar. 
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Figure A4-8. UV254 and TOC removal rate after filtration of 100 mL NOM 

solution for both original and coated membranes. NOM solution: Colloids-Mery 

0.55mgC/L + HPO SRNOM 4.45 mgC/L. Experimental conditions: Operational 

pressure =1.0 bar, temperature 20 ± 1 °C, pH was adjusted with NaOH to 7.40 ± 

0.2.  
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Figure A4-9. Normalized water flux of the original and coated membrane with 

or with PMS addition in NOM solution-M (Colloids-Mery 0.55 mgC/L + HPO 

SRNOM 4.45 mgC/ L). Experimental conditions: Operational pressure 

=1.0 bar, temperature 20 ± 1 °C, pH was adjusted with NaOH to 7.40±0.2. 
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Figure A4-10. Fluorescence EEM spectra of (a) NOM solution-B and (d) 

solution-M, permeate from pristine membrane with PMS added in (b) NOM 

solution-B and (e) solution-M, and permeate from coated membrane with PMS 

added in (c) NOM solution-B and (f) solution-M. Emission spectra of (g) NOM 

solution-B and (h) solution-M before and after filtration under different 

condtions at an excitation wavelength of 230 nm.  
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Figure A4-11. Flux recovery by soaking fouled membrane in 10 mM PMS 

solution (pH 3.20 ± 0.10) for 10 min. Conditions: fouling tests were conducted 

with 100 mLof NOM solution-M (Colloids-Mery 0.55mgC/L and HPO SRNOM 

4.45 mgC/L).  
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