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SUMMARY 

This dissertation focused on understanding the mechanisms of biofouling control, 

chlorinated byproduct formation and algae photosynthetic activity at electrode surfaces as a 

function of electrode potential and solution conditions. Specific goals of this work were to 1) 

elucidate mechanisms of microorganism poration and attachment on conductive boron-doped 

diamond (BDD) and modified BDD surfaces, 2) develop micro-scale analytical techniques to study 

near surface chemistry and their effect on microorganism poration/attachment, 3) study organic 

and inorganic chlorinated byproduct formation during the electrochemical advanced oxidation 

process at Magnéli phase Ti4O7 electrodes, and 4) investigate the effect of anodic potentials on 

microalgae photosynthetic activity at modified BDD surfaces. 

These goals were accomplished through a combination of carefully designed experimental 

analysis and theoretical techniques. For microorganism related studies, a IrOx ultramicroelectrode 

(UME) was fabricated and scanning electrochemical microscopy (SECM) was used to study the 

real-time near surface solution pH and reactive oxygen species (ROS) detection and use this 

information to interpret electrode-mediated bacteria inactivation. X-ray photo electron 

spectroscopy (XPS) was used to characterize surface modifications on the BDD electrodes. A 

mathematical reactive transport model was developed to interpret the SECM data for a better 

understanding of the near-electrode chemistry. Hydrogen peroxide (H2O2) was the primary oxidant 

formed under cathodic conditions, and a combination of H2O2, Cl•, HO2
• Cl2

•−, and Cl2 formation 

likely contributed to bacteria poration at potentials as low as 0.5 V vs Ag/AgCl. Compared to 

current proposed mechanisms of biofilm control with electrochemical methods, this study focused 

on low applied potentials (e.g., −0.2 to 1 V versus Ag/AgCl) on the electrode surface and real time 
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near surface measurements, which provided insights on the physicochemical properties of the 

initial stages of biofouling control. 

Chelation-induced biofilm control has also been studied in a solution phase for 

destabilization bacteria and reducing their viability. Chelators show a significant impact for 

antibacterial purposes by extracting divalent ions (Mg2+ and Ca2+) from the lipopolysaccharides 

(LPS) of the cell membrane. Based on the first study, the BDD surface was modified with an N-

propyl-2-hydroxyacetamide group, which provided a surface with chelation ability for biofilm 

control. In this study, Pseudomonas aeruginosa (PAO1) was used as a model pathogenic organism 

and low potentials (e.g., −0.2 to 1 V versus Ag/AgCl) were applied on the electrodes. Results 

suggested that divalent ions from the outer membrane of PAO1 were chelated by N-propyl-2-

hydroxyacetamide functional groups that were immobilized on a BDD optically transparent 

electrode (termed OH-BDD/OTE). Two- to three-fold higher percentage of porated bacteria were 

observed on the OH-BDD/OTE compared with BDD/OTE under applied anodic potentials 

between 0.1 to 0.5 V vs. Ag/AgCl. Zeta potential measurements of the PAO1 bacteria as a function 

of chelators and Mg2+ concentrations were performed to support the chelation hypothesis. A 

mathematical model was built on the nonlinear Poisson–Boltzmann equation to interpret 

experimental data.  

Natural organic matter (NOM) is also commonly found in surface and ground waters, as a 

result of a complex matrix of organic substances combining different hydrological, biological and 

geological interactions. Phenolic compounds play a central role in the structure of NOM and many 

industrial contaminants present in natural waters. NOM can react with chlorine and form 

halogenated byproducts which can contaminate drinking water and increase documented health 

risks, such as bladder cancer and birth defects. Electrochemical advanced oxidation processes 
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(EAOPs) have recently been studied as possible new modular technologies for water treatment. In 

our study, resorcinol was used as a model organic compound, and it was oxidized in the presence 

of varying concentrations (1 and 5 mM) of sodium chloride (NaCl) and as a function of electrode 

potential. A Magnéli phase Ti4O7 electrode was used as a reactive electrochemical membrane 

(REM) and characterized by X-ray diffraction (XRD). Electro-oxidation was performed using a 

flow-through electrochemical cell with the presence of NaCl and resorcinol under a constant flow 

rate and different electrode potentials. High-performance liquid chromatography (HPLC), ionic 

chromatography (IC) and liquid chromatography–mass spectrometry (LC-MS) were used to 

determine the possible inorganic, organic and chlorinated byproducts. Furthermore, the 

chlorinated byproducts were proposed based on the chromatography results and density functional 

theory (DFT) simulations.  

For the fourth study, microalgae photosynthetic response under applied anodic potentials 

were investigated. Microalgae are a microorganism which can be harvested as a promising source 

for green energy but harmful for water systems. Electrochemical methods have been studied for 

algae inhibition under anodic current densities (e.g. 10 mA/cm2) for water purification purposes. 

Moreover, anodic oxidation process has been studied for lipid extraction for biofuel production. 

Applied anodic potentials might have an impact on microalgae photosynthetic ability and viability 

during the harvesting process. Hence, monitoring microalgae photosynthetic activity provides the 

insight for a comprehensive understanding of the correlation between electrode potentials and 

algae viability. The modified BDD used in the first study (APTES-BDD/OTE) was used as a 

conductive electrode for algae attachment. SECM was used for surface mapping and measuring 

algae photosynthetic activity using soluble redox couples as electron shuttles. Photosynthetic 

activity was measured as a function of the anodic potentials on the electrode. 
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In summary, work from this dissertation advanced knowledge in the area of 

biological/electrode interactions with respect to water treatment applications. For biofilm control 

at the electrode surfaces, results indicated that applied potentials can caused H2O2 and Cl-based 

oxidants formation at the electrode surface which contributed to bacterial poration. Moreover, 

electrode modification may be a viable method to prevent biofouling of electrode surfaces that are 

operated at low applied potentials. The formation of Cl-based oxidants and OH• at the electrode 

surface can react with organic contaminants and form halogenated byproduct during EAOPs. 

Results indicated that chlorinated byproducts should be carefully monitored during EAOPs and 

multi-barrier treatment approaches are likely necessary to prevent halogenated byproducts in the 

treated water. In addition, photosynthetic activity measurement gives insights for monitoring algae 

harvesting, biomass separation and cell treatment processes for biofuel production by reactive 

electrochemical membrane. 



1 
 

1. Introduction 

1.1 Background 

The interaction between microorganisms and surfaces has become a focal point of 

scientific investigations in both natural and engineered settings. For example, bacteria can often 

have negative impacts in several industries, such as water treatment and distribution, food and 

beverage processing, cooling towers, and medical device implants [1]. These industries spend 

significant time and resources to combat the growth of biofilms on pipes, heat exchangers, 

membranes, medical tools and implants, and other surfaces [1–3]. In addition, the control of 

biofouling or the treatment of water containing biomolecules often results in toxic byproduct 

formation, which is especially problematic for drinking water treatment. The beneficial use of 

biological organisms also demands a greater understanding of their interaction with surfaces. For 

example, algae are currently used as a precursor to biofuel production, where their separation from 

aqueous streams is necessary. Given the array of situations directly or indirectly affected by 

microbiological species, a deeper understanding of the mechanisms of microbial attachment and 

inactivation are needed, so that strategies can be developed to prevent or control the biofouling of 

surfaces and to properly utilize them as a resource. 

Microorganism attachment to surfaces is a two phases process. The initial step involves 

adhesion, which is a rapid and reversible process. It is primarily driven by physicochemical 

interactions that consist of hydrophobic, hydrodynamic, and electrostatic interactions. Generally, 

organisms move to a surface due to Brownian motion, van der Waals attraction, or gravitational 

forces. The second step is irreversible attachment. This step is slower than the former and is driven 

by molecular-specific surface reactions that develop over time[4, 5]. To prevent bacteria adhesion, 

surface structure design [6, 7], polymer brush coatings [8], nanoparticle deposition (e.g., TiO2, 
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ZnO and Ag) [7], and electrochemical techniques have been studied [7–10]. Electrochemical 

techniques offer economic and technical advantages over traditional methods, as chemical reagents 

are not needed for biofouling control. However, the mechanisms for bacteria inactivation on 

conductive surfaces under low applied potentials is not fully understood and represents a gap in 

understanding of biofouling control.  

The reactive conditions that are present during electrochemical biofouling control or algae 

removal processes have the potential for toxic byproduct formation. Natural organic matter (NOM), 

which refers to a wide spectrum of biologically-derived compounds, is found in all natural waters 

and is abundant in biological feedstocks. NOM is generally non-toxic at low concentrations, but 

its reaction with disinfectants or other halogen ions has been shown to form toxic halogenated 

byproducts, which can increase risk of cancer or cause liver, kidney or central nervous system 

problems [13–16]. Also, the USEPA has set maximum contaminant levels (MCLs) in drinking 

water for trihalomethanes (THMs) and haloacetic acids (HAAs) at a combined concentration of 

80 μg L-1 for four regulated THMs and 60 μg L-1 for five regulated HAAs. Recent work has shown 

the EAOPs result in removing various organic contaminants with high rate constants and low 

energy consumption [17–20]. However, work has not yet been done to establish the potential for 

halogenated byproduct formation of Ti4O7 electrodes during their use in EAOPs. Therefore, a goal 

of this dissertation was to investigate both inorganic and organic chlorinated byproduct formation 

during EAOPs using Ti4O7 anodes. 

Algae are a large and diverse group of photosynthetic aquatic organisms in nature which 

can convert solar energy into chemical energy and reduce CO2. Bioelectricity can be directly 

extracted from the photosynthetic electron transport chain (photosystem I and II) before the algae 

convert CO2 into polysaccharides (sugars) and triacylglycerides (fats) [21]. Also, these molecules 
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are the raw materials for producing bioethanol and biodiesel fuels [22]. Algae harvesting and 

biolipid extraction are important steps for biofuel production but these processes can be energy-

intensive and time-consuming, which include mechanical and non-mechanical techniques [23], 

[24] . Algae blooms can also have ecological, aesthetic, and human health impacts if present in 

reservoirs, lakes, and streams [25]. Reactive electrochemical membranes are a possible filtration 

system that can simultaneously harvest and pretreat algae for lipid extraction [23]. Therefore, a 

deeper understanding of the impact of anodic potentials on algae photosynthetic activity is 

necessary.  

1.2 Research Objectives 

The overall goal of this research was to better understand the interactions of bacteria, algae, 

and biomolecules at electrode surfaces. Specifically, scanning electrochemical microscopy 

(SECM) techniques were developed to determine near surface pH, and ROS (O2, H2O2, HO•) 

formation in the micrometer-scale range above the electrodes. Also, it was used for mapping the 

attached microalgae and for measurement of photosynthetic activity. Methodologies are presented 

that consist of experimental studies complemented by mathematical transport modeling and 

quantum chemical calculations. Moreover, biomolecule oxidation on the electrodes was studied 

and possible organic and inorganic byproducts were proposed according to chromatography 

analysis results and density functional theory (DFT) simulations. The specific research objectives 

are as follows: 

1) Determine the Mechanisms of Bacteria Inactivation and Attachment on the Conductive 

Electrodes at Low Applied Voltages 
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Biofilm growth is of critical concern in drinking water systems which can affect the 

performance of water treatment membranes [20, 26] , capacitive deionization electrodes [27], and 

other treatment technologies. Moreover, it is also a significant health concern. Electrochemical 

techniques are effective biofouling control strategies compared with other traditional methods such 

as chemical sterilization [28, 29], surface modification [20, 30] or nanoparticle deposition [7], [31]. 

Although electrochemical methods have been studied to prevent bacteria attachment or 

inactivation [10, 32–34], the mechanisms for bacteria poration at low applied potentials are not 

clearly understood.  

  The objectives of this study were to investigate the mechanisms of bacteria poration at 

electrified interfaces at low applied potentials (<|1.0| V/Ag/AgCl) and provide insights into 

attachment and poration mechanisms. Optical transparent boron-doped diamond (BDD/OTE) and 

positively charged functionalized surfaces were fabricated. SECM was utilized to monitor the 

near-surface pH and formation of ROS resulting from electrochemical reactions. Moreover, 

mathematical modeling was used to interpret the experimental results based on the reaction-

diffusion model. The model simulated the reaction of H2O2 and Cl• and their diffusion between the 

electrode and UME tip surface under steady state conditions. Thus, the work in particular focused 

on bacteria inactivation and attachment on polarized electrode surfaces, and thus seeks to 

determine mechanisms responsible for inactivation of bacteria for applications related to 

biofouling control. 

2) Elucidate the mechanisms for bacteria poration at functionalized electrode surfaces as a 

function of electrode potential 

Extending work from research objective 1, an N-propyl-2-hydroxyacetamide group 

functionalized BDD optically transparent electrode (OH-BDD/OTE) was designed. However, use 
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of the OH-BDD/OTE resulted in a higher proportion of bacteria inactivation than the other OTEs 

under low applied potentials between -0.2 and 1.0 V vs. Ag/AgCl. For example, two- to three-fold 

higher percentage of porated bacteria were observed on the OH-BDD/OTE compared with 

BDD/OTE under applied anodic potentials between 0.1 to 0.5 V vs. Ag/AgCl. The results 

suggested that N-propyl-2-hydroxyacetamide groups provide distinct chelation sites on the OH-

BDD/OTE that inactivated bacteria by extracting divalent ions from the cell membrane. Based on 

this hypothesis, DFT calculations indicated that the chelation mechanism was thermodynamically 

favorable. Also, both experimental studies and mathematical models were conducted to support 

this hypothesis. Zeta potential measurements were made during the addition of chelators to 

solution in the presence of different Mg2+ concentrations (i.e.,0–30 mM). Nonlinear Poisson–

Boltzmann equation model was used to interpret the experimental results of cell surface charges 

and divalent ions binding sites. Results supported the chelation mechanism for bacteria poration, 

which indicates that electrode modification may be a viable method to prevent biofouling of 

electrode surfaces that are operated at low applied potentials. 

3) Chlorinated byproduct formation during the electrochemical advanced oxidation process at 

Magnéli Phase Ti4O7 electrodes 

Chemical disinfection (e.g. chlorine) is widely used for the provision of safe drinking water. 

Although it is effective for disinfection, byproducts are formed from reactions between the 

chemical oxidants and naturally occurring organic and inorganic precursors, such as NOM [35–

37]. NOM can produce byproducts associated with unintended health consequences. Research has 

shown that hypohalous acids (chlorine, bromine, iodine) can react with NOM through oxidation 

reactions and form toxic byproducts [38]. 

Oxidant (e:g., HOCl) + Precursor (e:g:; NOM)→ Byproducts (e:g:; CHCl3) 
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In this study, we simplify this relatively complex system by performing electrochemical oxidation 

experiments with a model organic compound (i.e., resorcinol) that contain key functional groups 

that are representative of NOM in the presence of chloride electrolytes, and byproduct formation 

were studied. BDD electrodes are currently considered to be the state-of-the-art electrode for water 

treatment for electrochemical advanced oxidation processes (EAOPs), because they generate high 

yields of OH• and are corrosion resistant and commercially available [39, 40]. However, the 

application of BDD electrodes for treatment of chloride-containing waters results in the formation 

of THMs and HAAs byproducts, which EPA has set MCLs in drinking water of 80 μg L-1 for four 

regulated THMs and 60 μg L-1 for five regulated HAAs. 

The primary objective of this work was to investigate both inorganic and organic 

chlorinated byproduct formation during EAOPs using a Magnéli phase Ti4O7 reactive 

electrochemical membrane (REM). Porous Magnéli phase Ti4O7 electrodes are high surface area, 

stable anode materials [44, 45] that are capable of direct oxidation of contaminants [43] and 

formation of OH• [42].  Resorcinol was oxidized in the presence of NaCl (1 and 5 mM) as a function 

of electrode potential. Inorganic and organic byproduct formation was characterized using ion 

chromatography (IC) and liquid chromatography–mass spectrometry (LC-MS), respectively. The 

stability and probable fate of resorcinol and chlorinated byproducts were investigated using DFT 

methods. This work is the critical first step in understanding halogenated byproduct formation on 

Ti4O7 electrodes. 

4) Evaluation of the effects of electrode potential on the photosynthetic activity of algae 

Our previous work has resulted in the development of an innovative Ti4O7 REM filtration 

system for algae harvesting, separation and pretreatment for lipid extraction. This application can 
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be potentially used for biofuel production and biomass separation. The preliminary results 

suggested that anodic oxidation of algae using a Ti4O7 REM can increase the lipid extraction 

efficiency and prevent membrane fouling. However, reducing algae photosynthetic activity is 

possible after REM treatment. In addition, charge transfer from algae’s photosynthetic transport 

chain to a soluble redox species provides the opportunity for determining algae viability [3, 6]. Of 

particular interest in the proposed work is the viability and photosynthetic ability of algae under 

conditions that are representative of electrochemical separation or treatment conditions. The 

overall objective of this research is to characterize the effects of a variety of electrode potentials 

pertinent to electrochemical algae biofuel separations and water treatment using SECM. 

1.3 Outline 

To better understand the interaction of bacteria, algae, and biomolecules at electrode 

surfaces, this dissertation consists of experimental studies that are complemented by mathematical 

transport modeling and quantum chemical calculations. The dissertation is organized as follows. 

Chapter 2 summarizes the state of the art of knowledge of the interaction of biomolecules with 

electrode surfaces for environment applications. Specifically discussed are biofilm control 

methods, mechanisms of electrochemical disinfection method, application of SECM on 

microbiology and electrochemical advanced oxidation processes for water treatment. Chapter 3 

presents the work that was published in Environmental Science and Technology in 2020 entitled 

“Role of Near-Electrode Solution Chemistry on Bacteria Attachment and Poration at Low Applied 

Potentials” with co-authors Shafigh Mehraeen, Gang Cheng, Cory Rusinek, and Brian P. Chaplin. 

This paper addresses research objective 1, investigating the mechanisms of bacteria inactivation 

and attachment on conducive surfaces. Specifically, bacteria attachment and inactivation were 

investigated on optically transparent conductive electrodes and SECM was used to characterize 
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the near electrode surface chemistry. A reactive transport model was used to interpret and 

understand the near surface chemistry. Chapter 4 contains a study that was published in The Royal 

Society of Chemistry, Environmental Science Water Research & Technology entitled “Bacteria 

poration on modified boron-doped diamond electrode surfaces induced by divalent cation 

chelation” with the same co-authors as Chapter 3. This paper addresses research objective 2, and 

uses the modified electrode developed in research objective 1 to understand the mechanism of 

chelation effect on the electrode surface. Both experimental and theoretical methods were 

conducted to support the hypothesis of bacteria poration by the electrode functional groups. 

Chapter 5 consists of a study “Chlorinated Byproduct Formation during the Electrochemical 

Advanced Oxidation Process at Magnéli Phase Ti4O7 Electrodes” with co-authors Devon Manley 

Bulman and Dr. Christina K. Remucal, which is under review at Environmental Science and 

Technology. This study addresses research objective 3 and focuses on both organic and inorganic 

byproduct formation during electrochemical oxidation at Magnéli phase Ti4O7 electrodes, which 

includes DFT simulations that helped to interpret the experimental results. Chapter 6 consists of 

an unpublished study “Investigation the Effect of Microalgae Photosynthetic Activity under 

Different Anodic Potentials” with co-authors Gang Cheng and Brian P. Chaplin. This study 

addresses research objective 4. SECM techniques were used for characterizing algae 

photosynthetic current responses under different anodic potentials. Specifically, the correlation 

between algae viability and photosynthetic activity with respect to the applied anodic potentials 

on the transparent conductive electrode were investigated. Chapter 7 summaries the major 

findings of the dissertation and discusses future related research directions. 
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2. Literature Review 

This chapter provides a review of published literature related to the interaction of 

biomolecules with electrode surfaces as it pertains to environment applications. Specifically, 

literature was reviewed on the electrochemical disinfection of microorganisms and biofilm control, 

electrochemical methods to measure protoplast photosynthetic activity, scanning electrochemical 

microscopy (SECM) application in microbiology, and organic/inorganic byproducts formation. 

2.1 Electrochemical Disinfection of Microorganisms and Biofilm Control   

Biofouling and biofilm formation have detrimental consequences in food processing [45], 

heat exchanger performance [46], ships hulls [47], medical device [48] and water treatment [3]. 

The formation of biofilms can adversely affect processes, health, safety and the equipment surfaces. 

Several strategies have been used for biofilm control, such as chemical agents (biocides and 

disinfectants) [29], antibiotics, and surface modification with polymers, nanoparticles, or the 

formation of composite membrane [8]. Pressure-driven membrane processes such as 

microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) have been 

widely used for water treatment and desalination in past decades [7, 49]. However, these strategies 

are not ideal because of cell resistance to biocides and antibiotics [50], membrane fouling, and 

chemical agents toxicity to the environment risks [51]. Due to these limitations, an alternative 

microbial control strategy is needed to control this persistent issue. Factors influencing bacteria 

adhesion to surfaces are surficial chemical composition (surface hydrophobicity and charge), 

surface roughness, and environmental conditions (e.g., temperature, pH, flow conditions) [5].   

Electrochemical techniques have promise for biofilm control on electrically conductive 

surfaces. The conductive surfaces act as an electrode and prevent or delay biofilm formation under 
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applied potentials or currents. Mechanisms for preventing biofilm formation using electrolysis 

methods can be summarized as follows: electric field effects [33, 34] electroporation [12, 32], 

electrostatic interaction [50, 52] between bacteria and surfaces, and reactive oxygen species 

(e.g. •O2
−, H2O2, 

•OH) formation [10, 53]. The inhibition of microbial attachment on conductive 

surfaces under low-magnitude applied voltages has been previously investigated, and mechanisms 

responsible for preventing initial bacteria attachment have been proposed. Ronen et al. [10] 

proposed that hydrogen peroxide (H2O2) production cause cell apoptosis while the applied 

potentials are greater than 1 V v.s Ag/AgCl. Huo et al. [32] proposed that cell inactivation occurred 

on a carbon nanotube (CNT) sponge under an applied potential of 2 V/Ag/AgCl, due to an electric 

field enhancement by the nanoscopic topography of the CNT sponge, which caused E. coli cell 

membrane electroporation. The survival percentage of the bacteria on the CNT dropped to nearly 

0% after 5 to 10 s of electrolysis time. Pandit et al. [33] mentioned that the high production of 

endogenous ROS affected the redox potential across the cell membrane and disrupted redox 

homeostasis, thereby inhibiting bacterial growth. They researched the mechanisms of 

Pseudomonas aeruginosa (POA1) biofilm formation on conductive surfaces with an applied 

voltage window ±|0.9| V/Ag/AgCl and noted that H2O2 generation might inhibit both planktonic 

and sessile communities of POA1 but ultimately had an insignificant effect on biofilm growth. 

2.2 Impact of Chelator on Cell Membrane Destabilization 

Chelators have been used in food, medical devices and water industries to prevent illnesses 

caused by bacteria and biofilm formation. Food-grade chelators such as citrate, phosphate, 

ethylene glycol-bis( β -aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA), 

ethylenediaminetetra-acetate (EDTA), sodium lactate/bacteriocin and hexametaphosphate have 

been examined to overcome the penetration barrier in E. coli [54]. In addition, EDTA is a chelating 
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agent used wildly to lyse the cell outer membrane by removing either Ca2+, Mg2+ or other divalent 

ions from the bacterial cell lipopolysaccharide (LPS) molecules and cause cell lysis or loss of 

viability [55, 56]. Studies have shown that gram-negative bacteria exposed to EDTA have 

increased permeability, released periplasmic enzymes, cell membrane associated proteins, and 

phospholipids [57, 58].  

In addition, some mild acid based chelating agents (glycolic acid, gluconic acid, 

ethylenediaminetetraacetic acid, and citric acid) can also be used in the closed dyeing process of 

polyester fabrics with metal sensitive dispersive dye [59] for removing hardness of water by 

bonding with Ca2+ and Mg2+ ions and other heavy metal ions in hard water [60]. Glycolic acid is 

also one of the US food and drug administration (FDA) approved chelators for pharmaceutical 

used for inhibiting tyrosinase and inducing lamellar body secretion [61]. All chelators listed above 

have been utilized in the solution phases, but comprehensive considerations are still needed on 

their immobilization on surfaces/solid phases for further application purposes. 

2.3  Disinfection Toxic By-Product Formation 

Natural organic matter (NOM) is a complex matrix of organic substances commonly found 

in surface and ground waters via various biological, geological and hydrological cycles. The 

combination of climatic, hydrological, biological, geological and chemical factors were reported 

to be the main reasons for (1) the variations of NOM in water sources and (2) its increasing 

amounts recurrently monitored around the world during the past 10-20 years [62]. The NOM is 

nontoxic, but it could become a carrier of toxic organic and inorganic pollutants such as pesticides 

and radionuclides. Also, NOM can react with free chlorine disinfectants in conventional treatment 

to form trihalomethanes (THMs) and haloacetic acids (HAAs) which are regulated by U.S. 

Environmental Protection Agency (EPA) [63]. The EPA has set MCLs in drinking water for THMs 
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and HAAs at a combined concentration of 80 μg L-1 for 4 regulated THMs and 60 μg L-1 for 5 

regulated HAAs [36]. 

 Phenolic compounds play a central role in the structure of NOM with a broad spectrum of 

molecular weights, size distributions, functional groups, and substructures. Electrochemical 

advanced oxidation processes (EAOPs) have recently been investigated as novel modular 

technologies for water treatment and removal of algae, taste, odor and color. The mechanism of 

EAOPs involves the production of hydroxyl radicals (OH•) on stable anode materials. However, 

EAOPs may also occur indirectly through the formation of oxidants such as chlorine, hypochlorous 

acid, hypo- chlorite or hydrogen peroxide/ozone at the electrodes and have documented health 

risks. For example, boron-doped diamond (BDD) electrodes are currently considered to be the 

stable anode material for EAOPs, because they generate high yields of OH• and are anodically 

stable, corrosion resistant, and commercially available [39, 40]. Even so, the application of BDD 

electrodes for the treatment of chloride-containing waters have resulted in the formation of both 

inorganic and organic chlorinated byproducts [38, 64–70], which have documented bladder cancer 

and birth defects [71, 72]. Due to the health concerns, careful monitoring of unintended byproducts 

that form during EAOPs are necessary so that appropriate treatment methods can be developed for 

a given water treatment application.  

2.4 Algae Harvesting, Biolipid Extraction and Photosynthetic Electrons Evaluation 

Algae are a large and diverse group of aquatic organisms harvested for their biomass as the 

feedstocks for biodiesel or biofuel production. Most species can convert solar energy into chemical 

energy in the form of polysaccharides (sugars) and triacylglycerides (fats) through photosynthesis. 

These molecules are the raw materials for producing bioethanol and biodiesel fuels. In our previous 

study [23], reactive electrochemical membranes (REM) are one of the filter systems for 



13 
 

simultaneous algae harvesting and pretreatment for lipid extraction. Reduced photosynthetic 

activity and oxygen production rates were the results of REM-treated algae. In addition, charge 

transfer from photosystems to the transport chain, especially charge extraction to an electron, 

support the need for potential applications in algae viability determination.  

Quinones play a key role in fundamental biological processes as electron carriers in aerobic 

respiration (menaquinone or ubiquinone) or photosynthesis (plastoquinone). Recent studies have 

successfully shown the feasibility of harvesting the high energy photosynthetic electrons with 

electron mediator such as quinones, flavin mononucleotide (FMN) and phenazine methosulfate 

(PMS) [73]. Hydroquinone (HQ) is neutral and soluble in the cell membrane which allows it to 

shuttle electrons along the respiratory and photosynthetic chains. These properties allow quinones 

to be used as exogenous redox mediators in microbial applications to extract electrons from 

photosynthetic organisms [74], such as in protoplasts [69], isolated thylakoid membranes [75], 

isolated photosystem II complexes [76], or microbial metabolism [77]. P-benzoquinine (BQ) has 

been used to extract photosynthetic electrons from a single living protoplast by extracellular 

microelectrode measurement for quantitative investigation. Yasukawa et al. [78] reported that the 

carbon disk and gold (Au) disk microelecroedes can be used to monitor the localized 

concentrations of BQ and hydroquinone (HQ) on the cell under light irradiation. The results 

support that the BQ accepted two electrons from the photosynthetic respiratory electron transport 

chains (PSI and PSII) to form HQ. The electron transport can be monitored by reduction or 

oxidation current on the UME. Yue et al. [73] used different wavelengths of light as irradiation 

source and found that the thylakoids have the weakest response at wavelengths in the range 500-

700 nm, which corresponds to green light. This finding indicates that the photocurrent indeed 

comes from the thylakoid membrane since the green color of most plants suggests the absence of 
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absorption of green light by the chloroplast complexes. Longatte [79] tested seven different 

quinones including 2,6-dichlorobenoquinone (2,6-DCBQ), p-phenylbenoquinone (PPBQ) to 

estimate the efficiency of the exogenous quinones from algae in the PBS. 2,6-DCBQ was 

recommended for electrochemical applications as electron carriers in photosynthetic activities. 

2.5  Application of Scanning Electrochemical Microscopy (SECM) in Microbiology   

Scanning electrochemical microscopy (SECM) is a powerful analytical method for 

biochemical kinetic studies, which provides a real-time, label free and noninvasive investigation 

in biological systems [80–82]. SECM utilizes an ultramicroelectrode (UME) for substrate 

characterization by measuring electrochemical current of an aqueous redox molecule as it interacts 

with a substrate. For example, the reaction at the UME can be the diffusion-limited reduction 

reaction of an oxidized redox species O to R (O + ne → R), where the steady state limiting current 

on the UME (iT,∞) is given by equation (2-1) (Figure 2-1a). 

iT,∞ = 4nFDCOa                                                                                                              (2-1) 

In this equation, F is the Faraday constant, D is the diffusion coefficient, CO is the bulk 

concentration of species O, and a is the disk radius.  

The feedback modes of SECM are based on negative and positive feedback effects, which 

are driven by either insulating or conductive substrates, respectively, as shown in Figure 2-1. 

When the UME approaches an insulating substrate, the current on the UME decreases 

proportionally as the distance between the UME and substrate decrease (Figure 2-1b). On the 

other hand, when the UME approaches a conductive substrate, the active redox mediator cycling 

between the UME and the substrate significantly increases as the distance decreases between UME 

and substrate. Therefore, the current on the UME increases when the UME approaches the 
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conductive substrate. It is important to note that the mediator regeneration reaction on the 

conductive substrate can be kinetically limited, hence, the reaction rate constant can be determined 

by this method. The feedback modes of SECM have been applied for measuring cell redox activity 

[83]. 

 

 

Figure 2- 1. Principles of SECM, showing (a) hemispherical diffusion to the disk-shaped tip 

positioned far from the substrate, (b) the negative feedback mode based on hindered diffusion by 

insulating substrate, (c) the positive feedback mode at conductive substrate Modified from 

reference [83]. 
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SECM has also been utilized for rapid chemical species mapping. As expected, the image 

obtained with SECM is dependent on the selectivity of the probe. This selectivity includes pH 

measurements using antimony electrodes [43, 44]. The measurement of fast pH changes and 

chemical activities in microenvironments has been performed using SECM with different UMEs 

[85]. In particular, various metal and metal oxide SECM tips have been used for local pH 

measurement [86]. Specific types of electrodes include Sb2O3, IrO2, TiO2, MnO2, Bi2O3, PtO2, 

SnO2, OsO2, Ta2O5, PdO, RuO2, RhO2, ZrO2, Hg2O, HgO, Co3O4, and PbO2 [74, 75, 85–87]. 

Iridium oxide (IrOx) pH electrodes have the following advantages relative to other metal/metal 

oxides probes: (1) wide linear pH response range (pH 2-10) and (2) fast and stable response in 

aqueous systems [75, 87]. 

Moreover, SECM can also be applied for cell morphology [82, 83], physiology 

phenomenon [83] and species transfer [77] studies in biological systems [88]. Shiku et.al [89] 

investigated O2 consumption of single bovine embryos by SECM monitoring. They concluded the 

embryo size was strongly correlated to the oxygen consumption. Host animals utilize O2 with a 

squid- activated-membrane oxidase complex to produce H2O2 to protect themselves against the 

pathogenic microorganisms. Hence, to counteract this oxidative stress, the catalase on bacteria 

rapidly reduces the concentration of H2O2 through decomposition to water and O2 near the bacteria 

cell surface. Abucayon et al. [90] studied the H2O2 decomposition for catalase activity on the 

biofilms by operating SECM with the Pt UME. Yasukawa et al. [78] explored the application of 

the SECM for studying algae’s photosynthetic activity. During photosynthesis, the respiratory 

electron transfer in the protoplast was monitored using amperometric measurements. In addition, 

SECM can also be used to monitor cell respiration and cellular redox activity. Moreover, DNA can 

also be captured by SECM imaging. Turcu et al. [91] developed an DNA probe by electrostatic 
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approach to visual the status.  Ferricyanide ([Fe(CN)6]
3− ) was used as a mediator for DNA 

detection. Results indicated that when the tip was scanned across a gold electrode functionalized 

with DNA, the tip current decreased due to the repulsive forces between the mediator and DNA. 
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3.  Role of Near-Electrode Solution Chemistry on Bacteria Attachment and 

Poration at Low Applied Potentials 

REPRINTED WITH PERMISSION FROM M.-H. LIN, S. MEHRAEEN, G. CHENG, C. 

RUSINEK and B.P. CHAPLIN, ROLE OF NEAR-ELECTRODE SOLUTION CHEMISTRY ON 

BACTERIA ATTACHMENT AND PORATION AT LOW APPLIED POTENTIALS ENVIRON. 

SCI. TECHNOL. 2020, 54, 446−455 COPYRIGHT 2019 AMERICAN CHEMICAL SOCIETY 

 

3.1  Abstract 

This research investigated mechanisms for biofouling control at boron-doped diamond 

(BDD) electrode surfaces polarized at low applied potentials (e.g., -0.2 to 1 V versus Ag/AgCl), 

using Pseudomonas aeruginosa as a model organism. Results indicated that electrostatic 

interactions between bacteria and ionic electrode functional groups facilitated bacteria attachment 

at the open circuit potential (OCP). However, under polarization the applied potential governed 

these electrostatic interactions and electrochemical reactions resulted in surface bubble formation 

and near-surface pH modulation that decreased surface attachment under anodic conditions. The 

poration of the attached bacteria occurred at OCP conditions and increased with the applied 

potential. Scanning electrochemical microscopy (SECM) provided near-surface pH and oxidant 

formation measurements under anodic and cathodic polarizations. The near-surface pH was 3.1 at 

1.0 V vs. Ag/AgCl and 8.0 at -0.2 V vs. Ag/AgCl and was likely a contributor to bacteria poration. 

Interpretation of SECM data using a reactive transport model allowed for a better understanding 

of the near-electrode chemistry. Under cathodic conditions, the primary oxidant formed was H2O2 

and under anodic conditions a combination of H2O2, Cl•, and Cl2 formation likely contributed to 

bacteria poration at potentials as low as 0.5 V vs. Ag/AgCl. 
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3.2  Introduction 

Biofilm growth is of critical concern in many industries including drinking water systems [30, 46]. 

Biofouling can greatly affect the performance of water treatment membranes [20, 26], capacitive 

deionization electrodes [27], and other treatment technologies. Biofilm growth in water distribution systems 

is also a significant health concern [92]. Currently, the prevailing biofilm control strategies used in water 

treatment include chemical sterilization (e.g., chlorine),[28], [29] surface modification[20, 30], and 

nanoparticle deposition (e.g., Ag) [7, 31]. Although effective, each method has unique challenges. Chemical 

sterilization requires shipment and storage of hazardous chemicals, and both surface modification and 

nanoparticle deposition techniques have a finite service life [51, 93], due to slow fouling of the modified 

surface and nanoparticle depletion, respectively. 

Electrochemical techniques are effective biofouling control strategies [3, 11, 12, 32] and 

offer technical advantages over traditional methods. Disinfectants, including reactive oxygen 

species (ROS) and Cl-based oxidants, can be generated in situ by reactions at the electrode surfaces, 

thus mitigating the concerns over shipping and storage of hazardous chemicals. In addition, system 

performance of electrochemical technologies is easily automated and controlled remotely. 

  Although electrochemical methods have been studied to prevent bacteria attachment or promote 

poration,[32–34, 94] the mechanisms for bacteria poration at low applied potentials is not thoroughly 

understood. Several electrochemical-mediated poration mechanisms have been proposed in the literature, 

including: 1) electroporation [3, 12], 2) disruption of the intracellular redox potential by the applied electric 

field [33], 3) direct electron transfer reactions [95], 4) acidic/basic pH at the electrode surface [53], and 5) 

in situ ROS (OH•, O2
•−, H2O2, O3) and Cl2 generation [14, 96]. 

  The objectives of this study were to investigate bacteria poration at electrified interfaces at low 

applied potentials and provide insights into the attachment and poration mechanisms. A model biofilm 

forming bacteria (i.e., Pseudomonas aeruginosa (PAO1)) was studied at boron-doped diamond (BDD) 
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electrode surfaces at potentials between -0.2 V and 1 V (vs Ag/AgCl). Scanning electrochemical 

microscopy (SECM) was utilized to monitor the near-surface pH and formation of ROS resulting from 

electrochemical reactions. The SECM results were interpreted using a reaction-diffusion model and finite 

element method. Insights gained from the experiments and modeling were used to propose possible poration 

mechanisms for bacteria at low applied potentials. 

3.3 Experimental 

3.3.1 Reagents 

Sodium perchlorate (NaClO4), phosphate buffer silane (PBS), sodium chloride (NaCl), 

oxalic acid dehydrate, 30% hydrogen peroxide (H2O2), potassium hexacyanoferrate (III) 

(K₃[Fe(CN)₆]), potassium hexacyanoferrate (II) (K4[Fe(CN)6]), hexaamineruthenium (II) chloride 

(Ru(NH3)6Cl2), hexaamineruthenium (III) chloride (Ru(NH3)6Cl3) and Nafion® were purchased 

from Sigma-Aldrich (St. Louis, MO USA). The (3-Aminopropyl)triethoxysilane, 98% (APTES), 

iridium tetrachloride (IrCl4), and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) were 

purchased from Alfa Aesar (MA, USA). Tryptone was purchased from IBI Scientific (Iowa, USA). 

Granulated yeast extract and Drisolv® toluene anhydrous were purchased from EMD Millipore 

(USA). MasterMetTM non-crystallizing colloidal silica (0.02 µm) polishing suspension was 

purchased from Buehler (IL, USA). The viability/cytotoxicity assay kit was purchased from 

Biotium (Fremont, CA USA). Solutions were made from Elga purelab flex ultrapure deionized 

(DI) water (18.2 MΩ cm at 21 °C). The PAO1 bacteria was isolated from a patient from University of 

Washington [97]. All chemicals were used as received.Electrode Preparation and Characterization  

Optically transparent electrodes (OTEs) and microelectrode arrays (MEAs) were fabricated at 

Fraunhofer USA Center for Coatings and Diamond Technologies (East Lansing, MI). The OTEs consisted 

of a BDD microcrystalline film deposited on a 2 mm thick quartz glass substrate using hot filament chemical 
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vapor deposition (CVD). The OTEs were cut into 1 cm2 diameter disks using a laser cutting system. The 

MEAs were described in detail previously [98] and consisted of 20 m diameter BDD microelectrodes 

spaced 300 m apart (see Appendix A, Figure A-1). A single microelectrode made up ~ 0.35 % of the 

total BDD surface area. An anodic pretreatment process in 1 M NaClO4  (20 mA cm-2 for 20 min) was used 

to clean the BDD/OTE electrode and terminate it with -OH groups [99]. An APTES-functionalized 

BDD/OTE (APTES-BDD/OTE) electrode was prepared from a pretreated BDD/OTE after rinsing with 

methanol, ethanol, and water. The cleaned BDD/OTE was immersed in 5 mM APTES in anhydrous toluene 

and allowed to react in an Ar-filled glove box for 3 hours. The APTES-BDD/OTE was then rinsed three 

times with toluene and methanol and annealed at 120 °C for 30 min to promote cross-linking of the silanes 

[100, 101]. 

The surface functional groups on the OTEs were characterized by XPS (Kratos Axis-165). 

Cycle voltammetry (CV) scans (100 mV s-1) were performed with ionic redox couples (5 mM 

Fe(CN)6
3−/4− and 5 mM Ru(NH3)6

3+/2+) in the PBS electrolyte to evaluate charge transfer. Contact 

angle measurements were made using the sessile drop method and Image J software with 

DropSnake plugin [102]. 

3.3.2 Bacteria Growth Media and Culture Conditions 

The PAO1 cells were transferred from a stock solution and cultured in lysogeny broth (LB), 

which contained 10 g tryptone, 5 g yeast extract, and 10 g NaCl in 1 L of DI water. The culture 

was incubated at 37oC on a rotary shaker at 160 rotations per minute (rpm) for 16 hours to late-log 

phase [103]. After incubation, bacteria cells were washed three times in PBS by centrifugation at 

7000×g for 5 min at room temperature. The concentration of the bacteria was quantified by optical 

density (OD) measurements at 600 nm (OD600). Direct plate counts were performed and a standard 
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curve of OD versus plate count numbers was constructed (Figure A-2). The bacterial cell 

concentration was ~109 cells mL-1 at an OD600 = 1.0. 

3.3.3 Dual Staining Procedure 

The viability/cytotoxicity assay kit for bacteria live and dead cell counts (Biotium, USA), 

was used according to the manufacturer’s protocol [104, 105]. DMAO is a green nucleic acid dye 

that stains both live and dead bacteria (excitation 503 nm/emission 530 nm), while EthD-III is a 

red dye (excitation 530 nm/emission 620 nm) that only stains cells with a damaged outer 

membrane. More details are provided in the Appendix A. 

3.3.4 Bacteria Attachment/ Poration Studies 

The PAO1 was washed and resuspended in a centrifuge tube with PBS to ~ 109 cells mL-1 

and transferred to a 2 mL Teflon® cell for attachment and poration studies (Figure 3-1). The OTEs 

were the working electrodes and were sealed at the bottom of the cell with an o-ring and a titanium 

foil was used as a current collector. A Pt wire was used as counter electrode and a Ag/AgCl 

electrode was used as a reference (Figure 3-1a). Potentials and currents were controlled and 

monitored with a bipotentiostat (CHI920D model, CH Instrument, Inc). Each experiment was 

conducted for 105 minutes at a constant potential from -0.2 V to 1.0 V vs. Ag/AgCl. Bacteria 

attachment numbers and live/dead ratio were determined after each experiment. Details are 

provided in the Appendix A. 

3.3.5 Ultramicroelectrode pH Probe Fabrication and Measurements  

  To monitor the pH near the OTE surface, a pH probe was fabricated by anodic 

electrodeposition of an iridium oxide film on a commercial Pt ultramicroelectrode (UME) [106], 

[107]. Details of the fabrication method are provided in the Appendix A. The pH measurements 
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were made 2 µm above the OTEs using SECM. The IrO2 UME was calibrated with pH buffer 

solutions (pH 2-10) under ambient conditions, and Nernstian slopes in the range of 50-65 mV pH-

1 were obtained and considered acceptable for pH measurements [106]. The pH was monitored 

over time and as a function of the applied potential on the OTE surface (-0.2 to 1.0 V vs Ag/AgCl). 

The setup for pH monitoring experiments is shown in Figure 3-1b and 3-1c. A standard three-

electrode setup was used to control the potential on the OTEs, as described for the 

attachment/poration studies. The pH was measured by monitoring the potential between the IrO2 

UME and a second Ag/AgCl reference electrode using a digital multimeter (NeotechTM, Hong 

Kong). 

 

Figure 3- 1. Scanning electrochemical microscopy (SECM) setup (a) with 10 µm Pt UME, counter, 

reference electrode and OTE substrate, (b) for pH monitoring with multimeter and additional 

reference electrode. 
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3.3.6 ROS Formation Measurements  

  The Pt UME was used to detect ROS formation from a single microelectrode of the BDD 

MEA. These measurements were conducted over a potential range of -0.5 to 1.0 V vs Ag/AgCl. 

The Pt UME was located 2 µm above the MEA insulating surface and was held constant at 0.9 V 

vs Ag/AgCl. A standard three-electrode setup was used to control the potential on the MEA. 

3.3.7 Reaction-Diffusion Model 

  To interpret the SECM data, a reaction-diffusion model was developed. The model 

simulated the reaction of two species (H2O2 and Cl•) and their diffusion between the BDD and 

UME tip surface at steady-state in two dimensions with radial symmetry. Finite element method 

was used to numerically solve the coupled reaction-diffusion equations with appropriate boundary 

conditions in Matlab. More details about the model, boundary conditions, and solution method are 

provided in the Appendix A (Figure A-3). 

3.4 Results and Discussion  

3.4.1 Electrode Characterization  

Surface hydrophobicity and electrostatic interactions are two critical factors that affect cell 

adhesion to solid surfaces [4, 5, 46]. To understand the surface-bacteria interaction, two different 

electroactive surfaces were used, BDD/OTE and APTES-BDD/OTE. The CV scans were used to 

determine the effect of surface charge on charge transfer reactions with ionic redox couples 

(Figure 3-2). The CV scans illustrated that the BDD/OTE and APTES-BDD/OTE have a similar 

potential window for solvent stability from 0.6 to -0.6 V vs. Ag/AgCl in the PBS electrolyte. The 

similar charging current for the two electrodes indicated that the surface area did not change 

significantly due to the APTES surface modification (Figure 3-2a). The positive surface charge 
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of the APTES-BDD/OTE resulted in a significantly higher peak current for the 5.0 mM Fe(CN)₆3-

/4- inner sphere redox couple relative to the BDD/OTE (Figure 3-2b), which was attributed to 

electrostatic interactions between the anionic redox couple and the positively charged amino 

groups (-NH3
+) on the APTES-BDD/OTE surface. By contrast, the peak current was only slightly 

reduced on the APTES-BDD/OTE relative to the BDD/OTE with the 5 mM Ru(NH3)6
2+/3+ outer 

sphere redox couple (Figure 3-2c). These results indicated that charge transfer reactions involving 

the outer sphere redox couple were not as sensitive to the surface charge of the OTE as the inner 

sphere redox couple. The peak separation of both redox couples was similar for both electrodes, 

indicating that the charge transfer kinetics were not significantly affected by the APTES 

functionalization process. The BDD/OTE had a hydrophilic surface [107], with a measured contact 

angle of 45 degrees (Figure 3-2d). The APTES-BDD/OTE electrode had a hydrophobic surface, 

with a measured contact angle of 97 degrees (Figure 3-2d) and a positively charged surface at 

neutral pH (pKa = 7.6). 

  Analysis of the OTEs by XPS was used to determine the surface chemistry (Figure 3-2e 

and Table 3-1). Analysis of the XPS data determined six separate C 1s peaks (Table 3-1). 

Assignments for the C 1s spectrum were based on literature values [99]. Past studies have shown 

that the various oxygenated functional groups form on the BDD surface as a result of anodic 

polarization [64]. The BDD/OTE contained primarily C-H (C1 = 42%), C-C (C2 = 21%) and C-

OH (C4 = 19%) groups. A significant proportion of the C-NH (C3 = 18%) and –(CH2CH2NH)n- 

(C6 = 16%) groups were detected on the APTES-BDD/OTE as a result of the functionalization 

(Figure 3-2f and Table 3-1a). The peak area ratios for C/O, C/N, and C/Si are shown in Table 3-

1b. The C/O ratio was similar for both OTEs, but the C/N and C/Si ratios decreased due to APTES 
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functionalization. Comparing the C/N and C/Si ratios before and after functionalization provided 

an estimate of 70% APTES surface coverage (see Appendix A). 

 

Figure 3- 2. Cyclic volatammogram (CV) curves of bare BDD/OTE and APTES-BDD/OTE in 

the (a) phosphate buffer solution (PBS) (b) PBS containing 5 mM K3Fe(CN)6 / K4Fe(CN)6 and (c) 

PBS containing 5mM Ru(NH3)6Cl3/Ru(NH3)6Cl2. (V v.s Ag/AgCl) (d) Contact angles of 

BDD/OTE and APTES-BDD/OTE. XPS spectra analysis of (e) BDD/OTE and (f) APTES-

BDD/OTE. XPS peak identification provided in Table 3-1. 
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Table 3- 1. (a) Summary of XPS peaks and (b) elements ratio on both OTEs  

Peak 

Label 

Binding 

energy (eV) 

Possible 

functional groups 

 Surface Coverage 

BDD/OTE (%) 

Surface Coverage 

APTES-BDD/OTE (%) 

Reference 

C1 284.6 ± 0.15 C-H 41.9 17.7 [99] 

C2 285.1 ± 0.3 C-C 20.8 25.8 [99] 

C3 286 ± 0.3 C-O/C=O/ 

-(CH2CH2NH)n- 

9.1 17.6 [108] 

C4 286.4 ± 0.3 C-OH 18.8 19 [99] 

C5 288.7±0.15 -COOH 0                     4 [99] 

C6 285.5 C-NH 9.3  15.6 [109] 

 

(b) Elements ratio on both OTEs.  BDD/OTE APTES-BDD/OTE 

C/O 5.9 3.4 

C/N 59.5 18.5 

C/Si 64.5 20.5 

 

3.4.2 Bacteria Attachment/ Poration Studies 

  Initially, bacteria cells suspended in the bulk solution experience hydrodynamics and 

physicochemical forces (i.e., van der Waals, electrostatic interactions) as they approach the surface 

of a substrate. These intermolecular forces are primarily between the -COO-, -NH3
+and -PO4

2- 

functional groups of the bacteria surface and the functional groups of the substrate [110]. Results 

for the bacteria attachment studies are shown in Figure 3-3a and indicate a relationship between 

the number of attached cells and the applied potential on the OTEs. In general, bacteria attachment 

was significantly enhanced on the hydrophobic, positively charged APTES-BDD/OTE compared 

to the hydrophilic BDD/OTE at the open circuit potential (OCP) and under applied anodic 

potentials. The total bacteria attachment numbers were similar on both OTEs under cathodic 
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potentials with the exception of the most cathodic potential (-0.2 V vs Ag/AgCl), where attachment 

was observed for the APTES-BDD/OTE but not for the BDD/OTE (Figure 3-3a). These results 

were attributed to electrostatic interactions between the APTES-modified surface and bacteria. 

The zeta potential measurements for PAO1 as a function of pH indicated that they were negatively 

charged over the pH range of 5 to 12 (Appendix A, Figure A-4). Therefore, under anodic 

potentials the positively charged electrode attracted the bacteria and they were electrostatically 

adsorbed at the positively charged -NH3
+ functional groups of APTES. Higher anodic potentials 

showed a decrease in the attachment numbers, which was attributed to the generation of small 

bubbles from water oxidation, which likely blocked the electrode surface [111]. At the same time, 

the surface pH on the electrode was < 5.0 when the applied potentials were higher than 0.5 V vs 

Ag/AgCl, due to water oxidation (see Figure 3-4 and associated discussion). The bacteria surface 

becomes positively charged in this pH range (Appendix A, Figure A-4). Therefore, the decrease 

in the attachment numbers at higher anodic potentials may also be due to electrostatic repulsive 

forces between the positive surface charges of bacteria and the anode. These phenomena are most 

evident at the highest anodic potential (1.0 V vs Ag/AgCl). The cell attachment on both OTEs 

decreased upon the application of cathodic potentials due to the repulsive forces between the OTEs 

and bacteria cells, indicating that the polarization charge of the electrode was more significant than 

the ionic charge of the -NH3
+ functional groups of APTES and the functional groups were also 

deprotonated at the alkaline surface pH. 

  After each experiment the attached cells were analyzed for their membrane integrity using 

fluorescent microscopy. Figure 3-3b shows the percentage of dead cells as a function of the 

applied potential on the OTEs, which was determined by averaging the mean direct count values 

from triplicate experiments. The error bars represent the standard deviation about mean values. 



29 
 

The mean value from an individual experiment was obtained by averaging the direct count of 10 

random locations (128 by 128 µm area) on each sample. In general, damage to the bacterial 

membrane was observed at applied potentials that were > 0.8 or < -0.1 V vs. Ag/AgCl (Figure 

4b). Representative fluorescent images showing the live/dead cells at each potential on the OTEs 

are provided in the Appendix A (Figure A-5). It should be noted that planktonic control 

experiments under similar solution conditions showed low cell deaths (< 3%), indicating that 

electrode mediated processes were responsible for bacteria membrane damage even at the OCP.
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(a) 
 

 
(b) 

 
Figure 3- 3. (a) Comparison of the Pseudomonas aeruginosa (PAO1) attachment on the different 

substrates with applying different potentials (bars). Bacteria were not detected on the BDD surface 

when applied -0.2 V. (b) Comparison of the dead bacteria ratio (bars) on the two different 

substrates as a function of the applied potential. The data points represent the measured current. 
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3.4.3 SECM Characterization 

  There are several proposed mechanisms for bacteria poration at polarized electrode 

surfaces at low potentials (< |±1.0| V/SHE). These mechanisms include: 1) electroporation [32], 

2) disruption of the intracellular redox potential by the applied electric field [50], 3) direct electron 

transfer reactions [95], 4) acidic/basic pH at the electrode surface [53], and 5) ROS (OH•, O2
•−, 

H2O2, O3) and Cl2 generation at the electrode surface [96]. Electroporation was not considered a 

significant contributor to cell poration because the electric field strength was rather small (e.g., 

500 V m-1, Appendix A, Table A-1). Generally electric fields of > 20,000 V m-1 are needed to 

cause electroporation [112]. The electric field effect on the intracellular redox state was not 

investigated, but the mechanism responsible for this effect was not clearly described in prior work 

[14], and it is also difficult to imagine how a relatively weak electric field of approximately 500 V 

m-1 would affect intracellular processes. Direct electron transfer reactions were also not considered 

as a primary contributor to cell poration, as measured currents did not increase upon the 

progressive addition of cells to solution (data not shown). The remaining probable mechanisms 

(i.e., pH change and ROS and Cl2 production) were further explored using SECM experiments. 

  Under anodic and cathodic polarization conditions the oxygen evolution reaction (reaction 

3-1) and the hydrogen evolution reactions (reactions 3-2 and 3-3), respectively, can significantly 

alter the near-surface pH. 

 2H2O → O2 + 4H+ + 4e-              (3-1) 

 2H+ + 2e- → H2              (3-2) 

 2H2O + 2e-
→ H2 + 2OH-                         (3-3) 
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  In our previous study we estimated the surficial pH (pHs) using mass transport calculations 

was pHS = 4.4 at an anodic surface potential of 0.8 V vs. Ag/AgCl and pHS = 10.5 at a cathodic 

surface potential of -0.5 V vs. Ag/AgCl. It was concluded that the acidic/alkaline pH was the 

primary contributor to bacteria poration [53]. To provide further support for this mechanism, an 

IrO2 UME was utilized to monitor the pH ~2 µm above the OTE surface at the various potentials 

used in the poration experiments (Figure 3-4). Results indicated that the final measured pH ranged 

from 3.1 at an anodic potential of 1.0 V vs Ag/AgCl to approximately 8.0 at a cathodic potential 

of -0.2 V vs Ag/AgCl, where the bulk pH remained constant at 7.4 by the buffering capacity of the 

PBS electrolyte. The acidic/basic surface conditions measured by SECM correlate with the 

poration trends shown in Figure 3-3b, which suggests that they may have contributed to bacteria 

poration. The adaptive acid and alkaline tolerance range for neutrophilic bacteria is between pH 

values of 5.5 to 8.5 [113, 114]. SECM results clearly demonstrated that conditions near the 

electrode surface, where bacteria were adsorbed, were significantly different from the neutral pH 

in the bulk solution. 

  The pH measurements also indicated that the pH change as a function of potential was 

more moderate for the APTES-BDD/OTE compared to the BDD/OTE (Figure 3-4). For example, 

the pH decreased sharply when a 1.0 V vs. Ag/AgCl anodic potential was applied to the BDD/OTE 

after 30 minutes and remained around pH 3.5. By contrast, the surface pH decreased slowly on the 

APTES-BDD/OTE over the duration of the 90-minute experiment. These results were attributed 

to the buffer capacity of the -NH2/-NH3
+ groups of APTES. This surficial buffer capacity may 

explain the generally lower ratio of dead bacteria observed on the APTES-BDD/OTE relative to 

the BDD/OTE (Figure 3-3b).
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(a) 

 

(b) 

 

Figure 3- 4. Measurement of pH ~ 2 μm from the electrode surface: (a) BDD/OTE and (b) APTES-

BDD/OTE. Dashed line represents the bulk solution pH. The results were averaged from duplicate 

experiments. 

 

  As a complementary experiment, planktonic bacteria experiments were conducted to 

determine the effect of the bulk pH on bacteria poration. The bacteria size and poration ratio were 

observed to change as a function of bulk pH and time (Figure 3-5). As shown, the bacteria size 
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increased from 1 µm to 5 µm over the duration of the 90-minute experiment under both acidic and 

alkaline conditions with a more pronounced increase in cell size at pH > 8.0 (Figure 3-5a). The 

ratio of dead bacteria in these experiments was counted after 90 minutes (Figure 3-5b). Results 

indicated that the bacteria membranes were compromised at pH values greater than 8.4 and less 

than 5.5, which are in the range of the surficial pH measurements shown in Figure 3-4. The 

increase of the dead bacteria ratio in the different pH solutions may be due to the loss of a binding 

enzyme on the bacteria’s outer membrane inducing membrane instability, bacteria swelling, and 

ultimately cell death.
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(a) 

 

(b) 

 

Figure 3- 5. (a) The percentage of ~ 5 µm bacteria as a function of solution pH and experimental 

time. (b) The ratio of dead bacteria at each pH after 90 minutes. 
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  Bacteria poration at low potentials has previously been attributed to ROS and Cl2 

production [10, 33]. Under cathodic polarization conditions the formation of H2O2 and O2
•− is 

possible according to reactions (3-4) and (3-5), respectively. 

 O2 + e- → O2
•−                          (3-4) 

 O2
•− + 2H+ + e- → H2O2             (3-5) 

In addition, ROS can form under anodic conditions (i.e., OH•, H2O2, and O3) according to the 

following overall redox reactions [96,115–118]: 

 H2O → OH• + H+ + e-                Eo = 2.39 V vs. Ag/AgCl             (3-6) 

2H2O → H2O2 + 2e- + 2H+    Eo = 1.58 V vs. Ag/AgCl      (3-7) 

 H2O2 → O2 + 2H+ + 2e-               Eo = 0.49 V vs. Ag/AgCl      (3-8) 

 O2 + H2O → O3 + 2H+ + 2e-    Eo = 1.87 V vs. Ag/AgCl      (3-9) 

  SECM experiments were conducted to determine the production of ROS under the anodic 

and cathodic potentials of the poration experiments using a 100 mM NaClO4 electrolyte to prevent 

the formation of Cl-based oxidants. In order to determine the anodic formation rate of ROS on the 

BDD MEA, the SECM experiment was conducted in a substrate generation tip collection (SG-TC) 

mode directly above a single 20 μm diameter microelectrode. A schematic of the positioning of 

the UME above the MEA is shown in the Appendix A, (Figure A-1d). The BDD MEA was held 

at different anodic potentials. The Pt UME was positioned ~2.0 μm above the MEA insulating 

layer (i.e., 3.0 microns above the BDD) and was held at a constant potential of 0.9 V vs. Ag/AgCl 

to oxidize the ROS that was formed at the BDD at a diffusion-limited rate. The ROS formation 

rate was calculated assuming that H2O2 was the major oxidizable compound formed, as O2, OH•, 
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and O3 are not oxidized at the potential of the UME. A standard curve was developed for H2O2, 

and the H2O2 oxidation current at 0.9 V vs. Ag/AgCl was linear for bulk H2O2 concentrations 

between 10 and 455 μM (R2 = 0.99; Appendix A, Appendix A-6). The electrochemical half 

reactions are shown below, with equilibrium potentials (Eeq) calculated based on solution 

conditions (e.g., pO2 = 0.21 and pH = 7.5). 

BDD (Generation): 2H2O → H2O2 + 2e- + 2H+  Eeq = 1.17 V vs. Ag/AgCl    (3-10)  

UME (Collection): H2O2 → O2 + 2e- + 2H+  Eeq = 0.06 V vs. Ag/AgCl    (3-11) 

The results in Figure 7a show a significant increase in the background-corrected UME current at 

substrate potentials ≥  0.5 V vs. Ag/AgCl, indicating the onset of anodic H2O2 formation. A 

reactive transport model was fit to the total measured current at the UME by changing the value 

for the H2O2 production rate (𝑣𝐻2𝑂2) at the BDD surface. The values for 𝑣𝐻2𝑂2 are shown in Table 

2 and range from 8.4 x 10-6 mol m-2 s-1 at 0.5 V vs. Ag/AgCl to 1.43 x 10-4 mol m-2 s-1 at 1.0 V vs. 

Ag/AgCl. Simulations were able to reproduce BDD substrate currents within a factor of 3.7 (Table 

2). These results suggest that H2O2 production was occurring under the anodic potentials used in 

the poration experiments. 

  SECM experiments were also conducted in the PBS electrolyte to determine the effect of 

Cl- on ROS formation (PBS electrolyte contains 140 mM Cl-). The UME current during anodic 

polarization of the BDD was approximately an order of magnitude lower for the PBS solution 

compared to the NaOCl4 electrolyte (see Figure 3-6a and 3-6b). Since the BDD substrate currents 

were similar for the two electrolyte solutions (see Table 2), these results indicated that Cl- reacted 

on the BDD surface under anodic conditions to form Cl-based oxidants, which in turn reacted with 

H2O2. In order to interpret the experimental data, the generation of both H2O2 and Cl-based 
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oxidants at the BDD substrate was simulated using the reaction-diffusion model, which also 

included homogeneous reaction between solution phase oxidants. Model fits to the UME tip 

current utilized the same values for 𝑣𝐻2𝑂2 as were determined for the NaClO4 electrolyte, as it was 

assumed that the change in electrolyte did not significantly affect H2O2 production (see Appendix 

A, Figure A-7). Simulations indicated that the experimental UME tip currents could be obtained 

under conditions where the homogeneous kinetics were under diffusion-control (i.e., k > 1 x 108 

M-1 s-1). Based on a review of published second-order reaction rate constants between H2O2 and 

Cl-based oxidants [119], it was determined that Cl• was the probable primary Cl-based oxidant 

present in the experiments (𝑘𝐶𝑙•,𝐻2𝑂2= 2.0 x 109 M-1 s-1). The formation of Cl2 according to reaction 

13 was also included in the transport model [120, 121].  

 2 Cl• → Cl2                 𝑘𝐶𝑙•,𝐶𝑙• = 8.8 x 107 M-1 s-1           (3-12) 

Any Cl2 that formed would have negligible effects on the H2O2 concentration, due to slow reaction 

kinetics [122].  

 Cl2 + H2O2 → O2 + 2HCl        𝑘𝐶𝑙2,𝐻2𝑂2 = 1.3 x 104 M-1 s-1               (3-13) 

In addition, the formation of HOCl/OCl- and their subsequent reactions with H2O2 were also 

assumed to be negligible based on the relatively slow reaction rate constants, as shown in the 

reactions below [123, 124] .  

 Cl2 + H2O → HOCl + Cl- + H+                𝑘𝐶𝑙2, 𝐻2𝑂 = 15 M-1 s-1     (3-14) 

 HOCl + H2O2 →  HCl + H2O + O2  𝑘𝐻𝑂𝐶𝑙, 𝐻2𝑂2 = 1.1 x 104 M-1 s-1     (3-15) 

 OCl- + H2O2 → Cl- + H2O +O2
   𝑘𝑂𝐶𝑙−, 𝐻2𝑂2 = 1.7 x 105 M-1 s-1     (3-16) 
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The low UME current also suggested that Cl-based oxidants did not react on the UME under anodic 

polarization (i.e., 0.9 V vs. Ag/AgCl). The simulated Cl• production rates ranged from 3.36 x 10-5 

mol m-2 s-1 at 0.5 V vs. Ag/AgCl to 2.92 x 10-4 mol m-2 s-1 at 1.0 V vs. Ag/AgCl (Table 3-2). 

Simulations were able to reproduce BDD substrate currents within a factor of ~2.2. 

Additional SECM experiments were conducted under cathodic polarized conditions to 

determine the rate constant for the 2e- oxygen reduction reaction (ORR) to H2O2 on BDD (𝑘𝐻2𝑂2). 

The BDD substrate was polarized cathodically to facilitate the ORR and the experiments were 

conducted in the SG-TC mode (Figure 3-6c). The half reactions for this experiment are as follows: 

BDD (Generation): O2 + 2e- + 2H+ → H2O2          Eeq = 0.05 V vs. Ag/AgCl                   (3-17) 

UME (Collection): H2O2 → O2 + 2e- + 2H+          Eeq = 0.05 V vs. Ag/AgCl                   (3-18) 

  Results indicated that H2O2 began to form at -0.5 V vs. Ag/AgCl (Figure 3-6c). The 

reaction-diffusion model was fit to the experimental UME current by varying the value for 𝑘𝐻2𝑂2 

at the BDD surface. For the SG-TC mode simulation a value of 𝑘𝐻2𝑂2 = 0.13 s-1 was determined. 

The results for cathodic H2O2 formation in the PBS electrolyte were nearly identical to the NaClO4 

results (𝑘𝐻2𝑂2 = 0.17 s-1, Figure 3-6d). These results suggested that H2O2 was the primary oxidant 

formed under cathodic conditions. 
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Figure 3- 6. SECM experiments for H2O2 detection in substrate generation-tip collection mode. 

The Pt UME was held constant at 0.9 V vs Ag/AgCl. The solid line represents the background-

corrected UME current and the red squares are model fits. The MEA substrate potentials are listed 

in each figure. (a) substrate polarized anodically in 0.1 M NaClO4, (b) substrate polarized 

anodically in PBS, (c) substrate polarized cathodically in 0.1 M NaClO4, (d) substrate polarized 

cathodically in PBS. 
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Table 3- 2. Summary of experimental SECM and reaction-diffusion simulation results: (a) 0.1 M 

NaClO4 electrolyte and (b) PBS electrolyte. 

  

a)

b)

Potential

Measured 

UME Current

Sim ulated 

UME Current

Measured 

BD D  Current

Sim ulated 

BD D  Current

H 2O2 

production rate

V vs. Ag/AgCl (nA) (nA) (nA) (nA) (m ol m
-2

 s
-1

)

0.5 0.30 0.30 1.9 0.51 8.40E-06

0.8 1.9 1.9 2.7 3.1 5.16E-05

1.0 5.3 5.3 23 8.7 1.43E-04

Potential

Measured 

UME Current

Sim ulated 

UME Current

Measured 

BD D  Current

Sim ulated 

BD D  Current

H 2O2 

production rate

Cl
●  

production 

rate

V vs. Ag/AgCl (nA) (nA) (nA) (nA) (m ol m
-2

 s
-1

) (m ol m
-2

 s
-1

)

0.5 0.01 0.01 1.4 3.1 8.40E-06 3.36E-05

0.8 0.39 0.39 3.0 6.4 5.16E-05 1.08E-04

1.0 0.57 0.57 18 18 1.43E-04 2.92E-04



42 
 

3.5 Conclusion 

Results from the SECM experiments suggested that a combination of pH change and 

oxidant formation at the BDD OTE surface were the primary contributors to bacteria poration. 

Under cathodic conditions oxidant production had a limited role in bacteria poration, since -0.2 V 

vs Ag/AgCl was the most cathodic potential tested and H2O2 formation was not detected until a 

cathodic potential of -0.5 V vs Ag/AgCl. Under anodic conditions both H2O2 and Cl-based 

oxidants were formed in the PBS solution at anodic potentials of ≥ 0.5 V vs Ag/AgCl. The Cl-

based oxidants (e.g., Cl•) were likely a primary contributor to bacteria poration. While prior studies 

have shown that H2O2 is a weak disinfectant [33], the reactions between H2O2 and Cl-based 

oxidants could produce various other oxidants that contributed to bacterial poration. 
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DIAMOND ELECTRODE SURFACES INDUCED BY DIVALENT CATION CHELATION, 

ENVIRON. SCI.: WATER RES. TECHNOL. COPYRIGHT 2020 THE ROYAL SOCIETY OF 

CHEMISTRY 

 

4.1  Abstract 

  This research investigated mechanisms for biofouling control at modified boron-doped 

diamond (BDD) electrode surfaces polarized at low applied potentials (e.g., -0.2 to 1 V versus 

Ag/AgCl), using Pseudomonas aeruginosa (PAO1) as a model pathogenic organism. Results 

indicated that electrostatic interactions and electrochemical reactions under polarized conditions 

can affect cell attachment and poration, respectively. However, results suggested that divalent ions 

from the outer membrane of PAO1 can be chelated by N-propyl-2-hydroxyacetamide functional 

groups that were immobilized on a BDD optically transparent electrode (termed OH-BDD/OTE). 

It was observed that two- to three-fold higher percentage of porated bacteria were observed on the 

OH-BDD/OTE compared with BDD/OTE under applied anodic potentials between 0.1 to 0.5 V 

vs Ag/AgCl. Density functional theory calculations indicated that the chelation mechanism was 

thermodynamically favorable. Zeta potential measurements of the PAO1 bacteria as a function of 

chelator and Mg2+ concentrations were performed and interpreted using a mathematical model 

based on the nonlinear Poisson-Boltzmann equation. Results supported the chelation mechanism 

for bacteria poration, which indicates that electrode modification may be a viable method to 

prevent biofouling of electrode surfaces that are operated at low applied potentials. 
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4.2 Introduction 

The interaction between microorganisms and surfaces has become a focal point of 

scientific investigations in both natural and engineered settings. Bacteria can often have negative 

impacts in several industries, such as water treatment and distribution [46], food [125, 126], and 

medical device implants [48, 127]. These industries spend significant time and resources to combat 

the growth of biofilms on pipes, heat exchangers, membranes, medical tools and implants, and 

other surfaces [1–3]. As a result, it is important to understand methods and mechanisms that control 

bacteria attachment and cause inactivation. 

Electrochemical techniques have emerged as potentially effective biofouling control 

strategies [10, 14, 33, 128–130]. However, high cell potentials (e.g., > 5.0 V) are often needed to 

generate sufficient disinfectant concentrations [45]. Therefore, electrochemical techniques are not 

always cost effective due to high power consumption, and other electrochemical water treatment 

methods, such as capacitive deionization [27, 131], experience biofouling due to their low 

operating cell potentials (e.g., ~ 1.0 V). Recent work has shown that reactive oxygen species (ROS) 

and Cl-based oxidants can be generated at electrode surfaces at low-applied potentials (≤ |1.0|V vs. 

Ag/AgCl), and can cause poration of bacterial cell membranes [132]. However, there is still a need 

to develop strategies that increase antimicrobial activity of electrode surfaces at low cell potentials 

for effective biofouling control. 

Several studies have shown that chelators such as citrate, phosphate, ethylene-

bis(oxyethylenenitrilo)tetraacetic acid (EGTA), ethylenediaminetetraacetic acid (EDTA), and 

hexametaphosphate possess antibacterial activity [54, 57, 133]. These chelators extract Mg2+, Ca2+ 

and other divalent ions from the lipopolysaccharides (LPS) of the cell membrane, which causes 

membrane destabilization [134, 135]. Studies have shown that chelators can be immobilized on 
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surfaces to impart antimicrobial activity. For example, EDTA was used to inactivate P. aeruginosa 

amd Salmonella enterica serovar bacteria by chelating Mg2+, Ca2+, and Fe2+ from their cell 

membranes [55, 133]. In addition, polyphosphate has also been shown to chelate divalent cations 

from the cell membrane of Bacillus cereus, which caused growth inhibition and cell lysis [136]. 

Chelator coatings on electrodes have been studied and applied for biosensing purposes [137–139] 

and as electrocatalysts [140]. However, to our knowledge this strategy has not been tested on 

electrode surfaces for antimicrobial control during water treatment. 

In this study we investigated the attachment and antimicrobial properties of functionalized 

electrode surfaces under low applied potentials between -0.2 and 1.0 V vs Ag/AgCl. BDD 

electrodes were used as model stable electrode surfaces and modified with N-propyl-2-

hydroxyacetamide groups to produce distinct chelation sites. These modified electrodes were 

tested for their antibacterial activity using Pseudomonas aeruginosa (POA1) as a model biofilm 

forming bacteria, which is a known opportunistic pathogen that causes severe acute and chronic 

infections within the urinary and respiratory tracts of humans [141]. The electrode surfaces were 

characterized by cyclic voltammetry (CV) and X- ray photoelectron spectroscopy (XPS), and 

POA1 attachment and poration studies were conducted as a function of the applied potential and 

Mg2+ concentration. Experimental results suggested that the N-propyl-2-hydroxyacetamide groups 

acted as divalent chelation sites that caused bacteria poration, which were supported by density 

functional theory (DFT) calculations. Zeta potential measurements of the PAO1 bacteria as a 

function of chelator and Mg2+ concentrations were performed and interpreted using a mathematical 

model based on the nonlinear Poisson-Boltzmann equation. These results supported the chelation 

mechanism for bacteria poration. 
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4.3 Materials and Methods 

4.3.1 Reagents 

Sodium perchlorate (NaClO4), phosphate buffer saline (PBS, with compositions of with 

composition of 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 1.8 mM KH2PO4),glycolic acid 

(GA), magnesium chloride hexahydrate (MgCl26H2O), potassium hexacyanoferrate (III) 

(K3[Fe(CN)6]), potassium hexacyanoferrate (II) (K4[Fe(CN)6]), hexaamineruthenium (II) chloride 

(Ru(NH3)6Cl2), hexaamineruthenium (III) chloride (Ru(NH3)6Cl3), glycolic acid (GA), and 4-

morpholinoethanesulfonic acid (MES) were purchased from Sigma-Aldrich (St. Louis, MO USA). 

Ethylenediaminetetraacetic acid and disodium salt dihydrate (EDTA) were purchased from Fisher 

Chemistry (MA, USA). N-hydroxysuccinimide (NHS) was purchased from Chem-Impex 

International (IL, USA). (3-Aminopropyl) triethoxysilane, 98% (APTES), and 1-(3-

Dimethylaminopropyl)-3-ethylcarbodiimide (EDC) were purchased from Alfa Aesar (MA, USA). 

Tryptone was purchased from IBI Scientific (IA, USA). Granulated yeast extract and Drisolv® 

toluene anhydrous were purchased from EMD Millipore (USA). The viability/cytotoxicity assay 

kit was purchased from Biotium (Fremont, CA USA). Solutions were made from Elga purelab flex 

ultrapure deionized (DI) water (18.2 MΩ cm at 21°C). The POA1 bacteria was isolated from a 

patient at the University of Washington [97]. All chemicals were used as received. 

4.3.2 Electrode Preparation 

Optically transparent electrodes (OTEs) were fabricated at Fraunhofer USA Center for 

Coatings and Diamond Technologies (East Lansing, MI, USA). A boron-doped diamond (BDD) 

microcrystalline film was deposited on a 2 mm thick quartz glass substrate by hot filament 

chemical vapor deposition (CVD) and was cut into 1 cm2 disks using a laser cutting system. The 
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BDD/OTE electrode was pretreated anodically in 1 M NaClO4 (20 mA cm-2 for 20 min) to 

terminate it with -OH groups [142]. The pretreated BDD/OTE was rinsed sequentially with ethanol, 

methanol, and water. Next, the cleaned BDD/OTE was placed in an Ar-filled glove box and 

immersed in 5 mM APTES in anhydrous toluene for 3 hours. The APTES functionalized 

BDD/OTE (APTES-BDD/OTE) was then rinsed three times with toluene and methanol and 

annealed at 120°C for 30 min to promote cross-linking of the silanes [100], [101]. The N-propyl-

2-hydroxyacetamide modified BDD electrode (OH-BDD/OTE) was prepared from an APTES-

BDD/OTE using GA and the EDC/NHS method. The chemical structure of the OH-BDD/OTE 

functional group is shown in Figure 4-1. Details of the electrode functionalization methods are 

provided in the Appendices (Appendix B, Figure B-1). 

 

Figure 4- 1. The structure of N-propyl-2-hydroxyacetamide modified BDD (OH-BDD/OTE). 
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4.3.3 Electrode Characterization 

The OTEs were characterized by CV, XPS (Kratos Axis-165), and contact angle 

measurements. The CV scans were performed with two different ionic redox couples (5 mM 

K3Fe(CN)6/K4Fe(CN)6 and 5 mM Ru(NH3)6Cl3/Ru(NH3)6Cl2 at 1:1 molar ratios)  in the PBS 

background electrolyte (pH = 7.4) to evaluate the charge transfer between the redox couples and 

the OTE surfaces. The potential was swept at a scan rate of 100 mV s-1. Contact angle 

measurements were obtained by Image J software with DropSnake plugin [102]. 

4.3.4 Bacteria Growth Media and Culture Conditions 

The POA1 bacteria cells were transferred from a stock solution and cultured in lysogeny 

broth (LB), which contained 10 g tryptone, 5 g yeast extract, and 10 g NaCl in 1 L of DI water. 

The culture was incubated at 37o C on a rotary shaker at 160 rotations per minute (rpm) for 16 

hours, which corresponded to late-log phase of bacteria growth [103]. After incubation, bacteria 

cells were washed three times in PBS by centrifugation at 7000×g for 5 min at room temperature. 

The concentration of the bacteria in the solution was quantified by optical density (OD) at 600 nm 

(OD600). Direct plate counts were performed, and a standard curve was constructed of OD versus 

plate count numbers (Appendix B, Figure B-2). The bacteria cell concentration was determined 

to be approximately 1×109 cells mL-1 at an OD600 value of 1.0. 

4.3.5 Dual Staining Procedure 

The bacteria counts were made with a viability/cytotoxicity assay kit according to the 

manufacture’s protocol (Biotium, USA). Prior to staining, bacteria were washed three times with 

a 0.85% NaCl solution. The viability/cytotoxicity assay was prepared by mixing 10 µL of DMAO, 

20 µL of Ethidium Homodimer-III (EthD-III), and 80 µL of 0.85% NaCl. DMAO is a green dye 



49 
 

capable of staining nucleic acids in both intact and porated bacteria cells (excitation 503 nm/ 

emission 530 nm). The EthD-III red dye (excitation 530 nm/ emission 620 nm) selectively stains 

cells with a porated outer membrane. Mixed reagent solutions were prepared freshly before each 

experiment. A 1 µL volume of reagent solution was added to each 100 µL of PBS washed bacteria 

suspension. The bacteria were incubated in the reagent solution at room temperature without light 

irradiation for 15 minutes. A cover slide was placed over the OTE after staining and the cells were 

imaged at 10 individual random spots (128 by 128 µm area) using an inverted fluorescent 

microscope (Olympus IX73, Japan) with band-pass filter sets, which have blue wide pass with 

excitation 460-495 nm; emission 510-550 nm (FITC filter), and green wide long pass with 

excitation 530-550 nm; emission 575 nm (TRITC filter). 

4.3.6 Bacteria Attachment/Poration Studies 

The POA1 cells were washed and resuspended in a centrifuge tube with PBS to ~ 109 cells 

mL-1 and transferred to a 2 mL Teflon® cell for attachment/poration studies (Figure 4-2). The 

OTEs were used as working electrodes and sealed at the bottom of the SECM holder with an o-

ring and a titanium foil was used as a current collector. A Pt wire was used as a counter electrode 

and a Ag/AgCl electrode was used as a reference. Potentials and currents were controlled and 

monitored with a bipotentiostat (CHI920D model, CH Instrument, Inc). Each experiment was 

conducted for 105 minutes at a constant potential (-0.2 V to 1.0 V vs. Ag/AgCl). For studying the 

effect of divalent cations on bacteria inactivation, different concentrations of Mg2+ (5, 10, 15, 20 

mM) were added into the PBS solution and cathodic/anodic potentials were applied on the OTEs. 

Every experiment was repeated three times and all reported errors and error bars represent the 

standard deviation about mean values. 
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Figure 4- 2. Experiment setup including OTE substrate, reference electrode and platinum counter 

electrode with bipotentiostat. 

 

4.3.7 Bacteria Surface Charge Measurements 

The PAO1 zeta potentials were measured as a function of solution conditions using 

electrophoretic light scattering (Nano-ZS, Malvern). The POA1 cells (~ 109 cells mL-1) were 

washed and resuspended in a 20 mL beaker with PBS. Small amounts of EDTA or GA as chelators 

were added into the glass vial continuously by auto titration (MPT-2, Malvern), and solution pH 

was monitored and recorded simultaneously. Solution phase experiments were conducted with 

planktonic bacteria to determine the effect of GA and EDTA as chelators in the presence of Mg2+ 

(0 - 30 mM). 
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4.3.8 Bacteria Titration Experiments  

The titration experiments were conducted to determine the charge regulation on the 

bacteria cell surface [143, 144]. The bacteria were grown in the LB to stationary phase. A 

concentration of ~1×1010 cells mL-1 was suspended in a beaker with 5 mL of 0.1 M NaCl, which 

was adjusted to pH 11 by 0.1 N NaOH addition. The concentration of bacteria was determined by 

OD600 as shown in Appendix B, Figure B-3. A 0.1 N HCl solution was titrated into the beaker 

and solution pH was monitored and recorded. Bacteria were transported continuously into 

disposable capillary cells for surface potential measurements using a zetasizer (Nano-ZS, Malvern). 

The titration results were used to estimate the dissociation constants (𝐾𝑎𝑖) and their corresponding 

site numbers (𝑁𝑎𝑖) of acidic and basic functional groups on the bacteria cell surface. Details are 

shown in the Appendix B. 

4.3.9 Quantum Mechanical Calculations 

Density functional theory (DFT) calculations were performed to determine the Gibbs free 

energy for adsorption of Mg2+ at the 2-hydroxyacetamide functional group. Simulations were 

performed using Gaussian 16 software [145]. Unrestricted spin, all-electron calculations were 

performed using the 6-31G+(d) basis set for geometry optimization, frequency, and energy 

calculations. A scale factor of 0.9806 was used to correct for known systematic errors [136]. The 

gradient corrected Becke, three- parameter, Lee−Yang−Parr (B3LYP) functional was used for 

exchange and correlation. Implicit water solvation was incorporated using the SMD model [146]. 

4.3.10 Mathematical Model 

To interpret bacteria poration, chelation of metallic ions on the cell surface, and surface 

charge measurements, we developed a mathematical model based on the nonlinear Poisson-
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Boltzmann Equation, which estimates the distribution of counter ions near the charged cell surface 

[147]. Using the Henderson-Hasselbalch equation for PBS, GA, and EDTA under different pH 

conditions, the model accounts for protonation/deprotonation of acidic groups, and chelation of 

divalent cations at fixed sites on the cell surface. We assumed that these cations are subject to both 

an attractive non-electrostatic and electrostatic interaction potential from the cell membrane [148]. 

We also hypothesized that bacterial surface charges arise from carboxylic, hydroxyl, and 

phosphoric groups, which yield the pH dependence [144]. 

Ignoring the radius of curvature of the cell surface and considering the cell surface as a flat 

ion-penetrable layer with finite thickness (𝑟𝑑), where there are not any basic groups, we described 

the electric potential distribution with respect to distance from the cell surface by [148] : 

𝑑2𝑦

𝑑𝑥2
= {

−𝜌 − 𝑐0∑ 𝑧𝑖𝑛𝑖𝑒
(−𝑧𝑖𝑦)

𝑖 ,         𝑥 < 𝑥𝑑
         −𝑐0∑ 𝑧𝑖𝑛𝑖𝑒

(−𝑧𝑖𝑦)
𝑖 ,        𝑥 ≥ 𝑥𝑑

}                                                                 (4-1) 

where 𝑦 = 𝑒 𝜓 𝑘𝑇⁄  and 𝜓 are the dimensionless and dimensional electric potentials, respectively; 

𝑒 is the charge of an electron; 𝑘𝑇 is the thermal energy; 𝑥 = 𝑟 𝜅⁄  is the dimensionless distance 

from the ion-impenetrable core of the cell surface; 𝑥𝑑 = 𝑟𝑑 𝜅⁄ ; 𝜅 = √(𝜖𝑤𝜀0𝑘𝑇) (𝑒2𝑁𝐴∑ 𝑧𝑖
2𝑛𝑖𝑖 )⁄  

is the Debye-Huckel length; 𝑛𝑖 is the molar concentration of ions of type i; 𝑁𝐴 is the Avogadro’s 

number; 𝑧𝑖  is the valence of ions of type i; 𝜖𝑤  is the dielectric constant of the bulk; 𝜀0  is the 

permittivity of the vacuum; and 𝑐0 = (𝜅
2𝑒2𝑁𝐴) (𝜖𝑤𝜀0𝑘𝑇)⁄ . 

In equation (4-1), 𝜌 is the density of static charges in the ion-penetrable layer of the cell 

surface, which can be defined by protonation and deprotonation of ionizable acidic groups 

according to the following equilibrium reactions [144, 149, 150] :  

R𝑎𝑖H ⇋ R𝑎𝑖
− + H+                          (4-2) 
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and the adsorption of divalent cations is given by [144] :  

R𝑎𝑖M
+ ⇋ R𝑎𝑖

− +M2+                                                                                                                  (4-3) 

where R𝑎𝑖
−  indicates ionizable acidic groups of type i, namely, phosphoric, carboxylic, and 

hydroxyl groups, and M2+ represents the divalent cations. The static charge density in the ion-

penetrable layer is given by: 

𝜌 =
𝜅2𝑒2

𝑘𝑇𝜖0𝜖𝑤
{−∑

𝑁𝑎𝑖𝐾𝑎𝑖

𝑘𝑎𝑖+
[H+]𝑒−𝑦+

𝐾𝑎𝑖
𝐾𝑀

[M2+]𝑒−2𝑦
𝑖 +

𝐾𝑎𝑖
𝐾𝑀

[M2+]𝑒−2𝑦

𝑘𝑎𝑖+
[H+]𝑒−𝑦+

𝐾𝑎𝑖
𝐾𝑀

[M2+]𝑒−2𝑦
− 2

[H2Y
2−]𝑁𝑑𝑒

2𝑦−Δ𝑔

1+[H2Y2−]𝑒2𝑦−Δ𝑔
}     (4-4) 

where the last term represents adsorption of H2Y
2− on to the ion-penetrable layer, and chelation 

of a metallic ion by the displacement of the weakly acidic protons using a modified Langmuir 

isotherm [149, 151, 152], as shown in Figure 4-3. The adsorption is occurring according to the 

following reaction: 

M2+ + H2Y
2− ⇋ MY2− + 2H+.                                                                                          (4-5) 

In equation (4-4), [H+], [M2+], and [H2Y
2−] are the concentrations of the hydrogen ions, divalent 

cations, and dissociated divalent chelator anions, respectively; 𝑁𝑎𝑖 and 𝑁𝑑 are the number of acidic 

sites of type i, and adsorption sites for chelation per unit volume, respectively; 𝐾𝑎𝑖 and 𝐾𝑀 are 

dissociation constants of acidic group of type i and binding constants of adsorbed divalent cations, 

respectively; and Δ𝑔  is the Gibbs energy of specific interaction nondimensionalized by 𝑘𝑇 . 

Equation (4-1) is subjected to the following boundary conditions  

𝑑𝑦

𝑑𝑥
|
𝑥=0

= 0,   𝑦|𝑥=∞ =
𝑑𝑦

𝑑𝑥
|
𝑥=∞

= 0,   lim
𝑥→𝑥𝑑

+
𝑦 = lim

𝑥→𝑥𝑑
−
𝑦,                                                      (4-6) 
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where 𝑥 = 0 indicates the ion-impenetrable core of the cell surface, and 𝑥 = ∞ represents the bulk 

solution. Using the finite difference scheme with the direct discretization of the derivative terms, 

we solved equation (4-1) numerically to find dimensionless zeta potential, 𝑦, where we applied the 

boundary conditions in equation (4-6) via a shooting method, and assumed the thickness of ion-

penetrable layer to be 𝑟𝑑 = 5  nm. We used a fully nonlinear optimization to find the model 

parameters (𝑁𝑎1to 𝑁𝑎4, 𝑁𝑑, 𝐾𝑎1to 𝐾𝑎4, 𝐾𝑀, and Δ𝑔) by fitting the zeta potentials from the model 

to those from the experimental measurements. 

 

Figure 4- 3. Schematic presentation of a charge profile of bacteria surface and divalent ions 

binding sites in the ion-penetrable layer. Left panel: red circles represent binding sites occupied 

by protons and blue symbols represent binding sites where a M2+ cation is present. 

 

4.4 Results and Discussion 

4.4.1 Electrode Characterization 

Two different electrode surfaces (i.e., BDD/OTE and OH-BDD/OTE) were characterized 

using CV scans to determine the effect of surface functional groups on the charge transfer reactions 
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with aqueous ionic redox couples (Figure 4-4). The CV scans in the PBS electrolyte illustrated 

that the average charging currents on BDD/OTE and OH-BDD/OTE were 29 μA and 16 μA, 

respectively, at a potential of 0 V vs. Ag/AgCl (Figure 4-4a). These results indicated that the 

reactive surface area decreased by ~ 45% after electrode modification, likely due to a blockage of 

active sites by the functionalization process. Therefore, more work is needed to develop these 

coatings so that reactive surface area is not compromised, but the bacteriostat properties of the 

coatings are anticipated to prevent biofilm growth, which if not addressed can result in the 

complete blockage of the electrode surface.  CV scans containing 5.0 mM of the Fe(CN)6
3-/4- inner 

sphere redox couple showed a lower current for the OH-BDD/OTE relative to the BDD/OTE and 

a positive shift in the formal electrode potential (Figure 4-4b). These results were attributed to 

repulsive electrostatic interactions between the anionic redox couple and the negative dipoles of 

the oxygen atoms in the 2-hydroxyacetamide functional groups. Thereby, increasing the surface 

concentration of the oxidized redox species relative to the reduced one. The charge transfer of the 

Fe(CN)6
3-/4- inner sphere redox couple is very sensitive to surface termination of the electrodes [64, 

153, 154]. By contrast, the peak current was only slightly reduced at the OH-BDD/OTE relative 

to the BDD/OTE with the 5 mM Ru(NH3)6
2+/3+ redox couple (Figure 4-4c). The results indicated 

that the Ru(NH3)6
2+/3+ outer sphere redox couple was less sensitive to electrostatic interactions than 

the inner sphere redox couple [154]. Also, the peak separation of both redox couples were 

approximately the same for both electrodes, indicating that only access of the redox couples to the 

electrode surface were affected and that the charge transfer kinetics were not greatly affected by 

the functionalization process. The BDD/OTE had a hydrophilic surface [64], with a measured 

contact angle of 45 degrees (Figure 4-4d). The OH-BDD/OTE electrode had a more hydrophobic 

surface with a measured contact angle of 65 degrees (Figure 4-4d). 
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To determine the stability of the electrode modification under the potential range of the 

experiments (-0.2 to 1.0 V vs. Ag/AgCl), CV scans were performed for the OH-BDD/OTE after a 

total anodic charge of 256 C and cathodic charge of -129 C were applied to the electrode. The CV 

scans showed similar results for the Fe(CN)6
3-/4- and Ru(NH3)6

2+/3+ redox couples before and after 

this “ageing” process (Appendix B, Figure B-4), indicating that the surface modification was 

stable in the potential range of -0.2 to 1.0 V vs. Ag/AgCl.  

The surface chemistry of the OTEs were analyzed by XPS and results are shown in Figure 

4-5 and Table 4-1. The C1s spectrum assignments were based on previous literature data [99]. The 

BDD/OTE contained primarily C-H (C1 = 42%), C-C (C2 = 21%), and C-OH (C4= 19%) 

functionalities. By contrast, a significant proportion of the C-C (C2 = 93.2%), C-O/C=O/-

(CH2CH2NH)n- (C3 = 4.2%), and -COOH (C5 = 2.6%) groups were detected on the OH-BDD/OTE. 

The peak area ratios for C/O, C/N, and C/Si are shown in Table 4-1b. The C/O ratios were similar 

for both OTEs (5.9 for BDD/OTE and 4.1 for OH-BDD/OTE), but the C/N ratios (59.5 for 

BDD/OTE and 17.2 for OH-BDD/OTE) and C/Si ratios (64.5 for BDD/OTE and 17.4 for OH-

BDD/OTE) decreased due to 2-hydroxyacetamide functionalization. Comparing the C/N and C/Si 

ratios before and after functionalization provided an estimate of ~ 77% surface coverage of the 2-

hydroxyacetamide functional groups on the BDD surface (see Appendix B for details). 
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Figure 4- 4. Cyclic voltammogram (CV) curves of bare BDD/OTE and OH-BDD/OTE in the (a) 

phosphate buffer saline (1x PBS), pH = 7.4 (b) PBS containing 5 mM K3Fe(CN)6/K4Fe(CN)6 and 

(c) PBS containing 5mM Ru(NH3)6Cl3/Ru(NH3)6Cl2. (V v.s Ag/AgCl) (d) contact angles of 

BDD/OTE and OH-BDD/OTE. 
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Figure 4- 5. XPS spectra analysis of (a) BDD/OTE and (b) OH-BDD/OTE. C1 purple, C2 green, 

C3 brown, C4 red, C5 yellow, C6 grey and orange line for total peak area. 
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Table 4- 1. (a) Summary of XPS peaks and (b) elements ratio on both OTEs determined by XPS. 

(a) 

Peak 

Label 

Binding 

energy (eV) 

Possible 

functional 

groups 

 Surface Coverage 

BDD/OTE  

(%) 

Surface Coverage 

OH-BDD/OTE 

(%) 

Reference 

C1 284.6 ± 0.15 C-H 41.9 0 [99] 

C2 285.1 ± 0.3 C-C 20.8 93.2 [99] 

C3 286 ± 0.3 C-O/C=O/ 

-

(CH2CH2NH)n- 

9.1 4.2 [108] 

C4 286.4 ± 0.3 C-OH 18.8 0 [99] 

C5 288.7±0.15 -COOH 0 2.6 [99] 

C6 285.5 C-NH 9.3 0 [109] 

(b) 

Elements ratio on both OTEs.  BDD/OTE OH-BDD/OTE 

C/O 5.9 4.1 

C/N 59.5 17.2 

C/Si 64.5 17.4 

 

4.4.2 Bacteria Attachment/ Poration Studies 

Results for bacteria attachment numbers and the percentages of porated cells as a function 

of the applied potential on the OTEs are shown in Figure 4-6a and Figure 4-6b, respectively. 

These values were determined by averaging the direct count of 10 random locations on each 

sample. Initially, approximately 109 cells mL-1 were suspended in the bulk solution with a total 

solution volume of 2 mL. The currents on both OTEs were similar, but the attached cell numbers 

were higher on the OH-BDD/OTE, except for applied potentials of 0.8 and 1.0 V vs Ag/AgCl 

(Figure 4-6a). These results suggested that the functionalization of the OH-BDD/OTE provided 
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additional adsorption sites for bacteria, possibly due to a higher hydrophobicity. However, at the 

higher anodic potentials, the formation of oxygen bubbles likely offsets this difference. 

The attached cells were analyzed for their membrane integrity using fluorescent 

microscopy (Figure 4-6b). In general, the percentage of bacteria with membrane damage 

increased upon increases in anodic and cathodic potentials on the BDD/OTE (Figure 4-6b). These 

results were attributed to basic and acidic local pH environments due to water electrolysis under 

cathodic and anodic potentials, respectively, and the formation of ROS and reactive chlorine 

species [132]. However, two- to three-fold higher percentage of porated bacteria were observed 

on the OH-BDD/OTE compared with BDD/OTE under applied anodic potentials between 0.1 to 

0.5 V vs Ag/AgCl (Figure 4-6b), suggesting that other mechanisms may be responsible for 

bacteria inactivation under these conditions. 
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Figure 4- 6. Comparison of the (a) bacteria total attachment number and (b) percentage of porated 

bacteria (bars) on the two different substrates as a function of the applied potential. Measured 

currents given as data points. 
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One possible mechanism for destabilization of the bacteria membrane is chelation of the 

divalent cations from charge balancing sites. The cell membrane consists of -COO-, -HPO4
-, and -

PO4
2- functional groups on the polyanionic LPS [155], which are neutralized and mechanically 

stabilized by divalent cations such as Ca2+ and Mg2+ [156]. The structure of the 2-

hydroxyacetamide functional group on the OH-BDD/OTE provides a possible site that can chelate 

divalent cations from the LPS and cause bacterial membrane damage. DFT simulations were 

performed to provide evidence for the existence of this chelation site. The Gibbs free energy for 

adsorption of Mg2+ at the 2-hydroxyacetamide functional group was calculated as ∆𝐺 = -180 kJ 

mol-1 (Figure 4-7). These results support the hypothesis that divalent cation chelation by the OH-

BDD/OTE was thermodynamically favorable. 

 

Figure 4- 7. Optimized geometry of adsorption of Mg2+ at the 2-hydroxyacetamide functional 

group of the OH-BDD/OTE determined by DFT simulations. Atom key: Oxygen = red; Carbon = 

gray; Nitrogen = blue; Silicon = dark-grey; Magnesium = yellow; Hydrogen = white. 
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However, the DFT results do not provide evidence that this chelation effect is strong 

enough to remove divalent cations from the LPS. To support this possibility, various Mg2+ 

concentrations were added into the 2 mL Teflon® cell under applied potentials of 0.2 V and -0.15 

V vs. Ag/AgCl for both the BDD/OTE and OH-BDD/OTE (Figure 4-8). The results in Figure 4-

8a show that under an applied anodic potential of 0.2 V vs. Ag/AgCl and in the absence of Mg2+, 

the percentage of viable bacteria, which is defined as bacteria with uncompromised cell 

membranes, was 82 ± 2.0% on the BDD/OTE and 53.3 ± 1.7% on the OH-BDD/OTE. Upon the 

addition of Mg2+ to solution (5 to 15 mM) the percentage of viable bacteria significantly increased 

for both OTEs (Figure 4-8a). The percentage of viable bacteria increased from 53.3 ± 1.7% to 

92.4 ± 2.7% on the OH-BDD/OTE and increased from 82 ± 2.0% to 89 ± 3.3% on the BDD/OTE. 

This result may be due to the ability of the additional Mg2+ ions to stabilize the cell membrane. By 

contrast, upon the addition of Mg2+ to solution with a polarization of -0.15 V vs. Ag/AgCl, the 

percentage of viable bacteria significantly increased from 55 ± 4.1% % to 75 ± 4.5% on BDD/OTE, 

but was approximately constant on the OH-BDD/OTE with and without the presence of Mg2+ 

(Figure 4-8b). For example, the percentage of viable bacteria was 55 ± 5.02% on the OH-

BDD/OTE without the addition of Mg2+ and were 62.4 ± 4.8%, 60.0 ± 4.5%, and 57.9 ± 4.2% with 

Mg2+ concentrations of 5, 10, and 15 mM, respectively (Figure 4-8b). These results suggest that 

both the applied potential and the Mg2+ concentration both play roles in the bacteria poration 

process. It is hypothesized that when the OTE is polarized as a cathode, the electric double layers 

of the adsorbed POA1 cells and the OTEs begin to overlap [157]. Therefore, there is a three-way 

competition for Mg2+ ions between the 2-hydroxyacetamide chelation sites, PAO1 bacteria, and 

the OTE double layer. Apparently under cathodic conditions the Mg2+ ions are more 

thermodynamically favorable (or kinetically trapped) at the chelation sites and OTE double layer 
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over the PAO1 surface. It was beyond the scope of work to investigate this mechanism in further 

detail in this study. However, more experimental and theoretical work is needed to test the 

proposed hypothesis. 

              

              

Figure 4- 8. Comparison of POA1 viable ratio on the different substrates with different 

concentration of MgCl2 when the applied potential was (a) 0.2V and (b) -0.15V (n = 3). 
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To support the chelation hypothesis by the 2-hydroxyacetamide functional group of the 

OH-BDD/OTE, solution-phase experiments were conducted by adding different concentrations of 

either GA or EDTA to solutions containing bacteria. GA was used as a solution phase surrogate 

for the 2-hydroxyacetamide functional groups and EDTA was used for comparison purposes, as it 

is a well-known chelator [108, 135]. 

Bacteria numbers were controlled by OD600 readings before each experiment. As shown in 

Figure 4-9, in general, the percentage of viable bacteria decreased with increases in the 

concentration of chelator from 0 to 20 mM. The percentage of viable bacteria decreased from 77 

± 1.5% to 45 ± 2.0% when the concentration of GA was increased from 0 to 20 mM (Figure 4-

9a), and the percentage of viable bacteria decreased from 75 ± 1.5% to 35 ± 2.3% over the same 

concentration range for EDTA (Figure 4-9b). The results indicated that GA behaved similarly to 

the well-known EDTA chelator and supports the hypothesis that the 2-hydroxyacetamide 

functional groups can act as a chelator of divalent cations.
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Figure 4- 9. Comparison of the percentage of viable bacteria under different concentrations of (a) 

glycolic acid (GA) and (b) EDTA without applied potential (n = 3). All experiments used 

planktonic bacteria. Bacteria cells were exposed to different concentrations of EDTA and GA 

solutions for 90 minutes. 
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For a deeper understanding of the effects that the solution phase chelators and divalent 

cations have on the bacteria surface charge, zeta potential measurements were made during the 

addition of EDTA or GA into solution in the presence of different Mg2+ concentrations (i.e., 0-30 

mM). The POA1 bacteria surface charge was around -13 mV in the PBS electrolyte (pH = 7.5) in 

the absence of either chelators or added divalent cations (Figure 4-10a). However, the bacteria 

surface charge became more negative upon the addition of EDTA in the absence of Mg2+ and 

reached a value of -18 mV at a concentration of 30 mM EDTA (Figure 4-10a). The addition of 

Mg2+ (10, 20 and 30 mM) resulted in similar zeta potential versus EDTA concentration profiles, 

but they were shifted to higher surface charge values at a given EDTA concentration (Figure 4-

10b-d). The solution pH dropped from 7.5 to 5.5 while 30 mM EDTA was titrated into the system 

(data not shown). The zeta potential dropped to -22 mV once cell lysis occurred and a white 

precipitate was observed (data not shown). 
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Figure 4- 10. Comparison of the percentage of viable bacteria under different concentrations of 

(a) glycolic acid (GA) and (b) EDTA without applied potential (n = 3). All experiments used 

planktonic bacteria. Bacteria cells were exposed to different concentrations of EDTA and GA 

solutions for 90 minutes. 

 

The same experiments were conducted using GA as a chelator and similar experimental 

trends were observed (Figure 4-11). The POA1 bacteria zeta potential was around -12 mV in the 

PBS electrolyte (Figure 4-11a). The zeta potential decreased to -16 mV upon the progressive 

addition of GA in the absence of Mg2+. Additional Mg2+ (10, 20 and 30 mM) increased the cell 

surface zeta potential as shown in Figures 4-11b-d. Similar to the EDTA experiments, the cell 

surface potentials decreased when GA was titrated into solution. Consequently, the solution pH 
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dropped from 7.5 to 3.5 while 30 mM GA was titrated into the system (data not shown). These 

results indicated that the bacteria surface charge increased with an increase in the concentration of 

divalent cations and that high enough concentrations of either EDTA or GA could chelate these 

ions, leading to decreases in surface charge and eventually cell lysis. 

A mathematical model was used to interpret the experimental zeta potential measurements 

as a function of solution conditions. The dissociation constant (𝐾𝑎𝑖), and the corresponding site 

number (𝑁𝑎𝑖) of acidic functional groups for bacteria were determined from experimental titration 

data (Appendix B, Figure B-5). Previous titration studies demonstrated that bacteria have four 

primary acid/base functional groups including carboxylic, phosphate, amine, and hydroxyl groups 

[35, 139]. In our titration study (as shown in Appendix B, Figure B-6) the results demonstrated 

that POA1 has four pKai values of 3.9, 7.4, 8.6 and 10.6 with their corresponding site numbers of 

6.5, 5.4, 8.3 and 16.1 number/nm2, as shown in the first row of Table 4-2. The mathematical model 

was also used to optimize 𝑁𝑎𝑖 and pKai values by fitting simulated zeta potentials to those from 

experimental measurements. Table 2 compares optimized POA1 𝑁𝑎𝑖  and pKai  values obtained 

from the model with those from the experimental measurements, where three of the four pKai 

values were closely matched. The model also predicts Gibbs free energy of chelation and the 

corresponding 𝑁𝑎𝑖  for EDTA and GA under various divalent cation concentrations. Overall, 

parameters predicted by the model are in the same order of magnitude and reasonable agreement 

with the experimental measurements (sum of squared residuals for dimensionless zeta potential, y, 

were 9.3x 10-3, 2.7 x 10-2, 2.3 x 10-2, and 2.1 x 10-2, for EDTA with 0, 10, 20, and 30 mM Mg2+, 

respectively, and 1.1 x 10-2, 1.7 x 10-2, 1.5 x 10-2, and 1.2 x 10-2 for GA with 0, 10, 20, and 30 mM 

Mg2+, respectively). Figure 4-10 and 4-11 compare zeta potentials obtained from experimental 

measurements and simulations for EDTA and GA, respectively. The reasonable agreement 
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between experimental data and the mathematical model supports the chelation mechanism as a 

viable explanation for PAO1 poration in our studies. 

 

Figure 4- 11. Zeta potential of POA1 as function of different GA concentrations and (a) 0 mM, 

(b) 10 mM, (c) 20 mM and (d) 30 mM Mg2+ in the solution. 
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Table 4- 2. Deprotonation rate constants, their corresponding site numbers, and number of 

adsorption sites for chelation for EDTA and GA.§ 

 Deprotonation Rate Constant Site number (number/nm2) ¶  

Solution pKa1 pKa2 pKa3 pKa4 KM Na1 Na2 Na3 Na4 Nd ΔG* 

Experimental 

Solution Condition 

3.9 

(0.05) 

7.4 

(0.31) 

8.6 

(0.67) 

10.6 

(0.24) 

- 6.5 

(2.7) 

5.4 

(1.5) 

8.3 

(5.4) 

16.1 

(3.7) 

- - 

EDTA, 0 mM Mg2+ 3.3 7.5 5.6 10.3 5.0 11.0 3.3 10.4 15.7 41.7 0.4 

EDTA, 10 mM Mg2+ 3.3 7.5 5.2 10.3 5.0 11.0 16.3 10.4 15.9 62.0 0.4 

EDTA, 20 mM Mg2+ 3.3 7.5 5.2 10.3 5.0 11.0 16.3 10.4 15.9

=9 

62.9 0.4 

EDTA, 30 mM Mg2+ 3.3 7.5 5.2 10.3 5.0 11.0 16.3 10.4 15.9 57.8 0.4 

GA, 0 mM Mg2+ 3.3 7.5 6.4 10.3 5.0 2.8 16.3 10.4 16.0 44.3 5.0 

GA, 10 mM Mg2+ 3.3 7.5 6.2 10.3 5.0 8.9 16.3 10.4 16.0 50.8 5.0 

GA, 20 mM Mg2+ 3.3 7.5 5.9 10.3 5.0 11.0 16.3 10.4 16.0 66.1 5.0 

GA, 30 mM Mg2+ 3.3 7.5 5.2 10.3 5.0 11.0 16.3 10.4 16.0 76.4 5.0 
§Standard deviation for experimental values is given in parentheses. *ΔG is the free energy in 

kJ/mol. ¶ Site volume number density was converted to surface number density assuming a uniform 

site distribution along a 50 nm fibril length [148].  

 

4.5 Conclusion 

The BDD electrode surface was successfully modified with 2-hydroxyacetamide 

functional groups. CV scans of Fe(CN)6
3-/4- and Ru(NH3)6

2+/3+ redox couples confirmed that the 

reactive surface area decreased by ~ 45% after electrode modification, likely due to a blockage of 

active sites by the functionalization process. XPS measurements confirmed the functional groups 

on the OTEs. The bacteria poration ratio on the OH-BDD/OTE surface was generally higher than 

on the BDD/OTE surface, which was attributed to chelation of divalent cations from the POA1 

cell membrane leading to poration. Solution phase experiments with POA1, Mg2+, and GA as a 

model chelator supported this chelation mechanism, which was corroborated with DFT 

simulations and a mathematical model based on the nonlinear Poisson-Boltzmann equation. 

Further work is needed to minimize the decrease of reactive surface area upon electrode 

modification and determine the interaction of bacteria cells on polarized electrode surfaces under 
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complex solution conditions and in the presence of various surface functional groups. BDD was 

used as a model electrode, due to its inert surface, chemical stability, and ability to fabricate as an 

OTE to facilitate the experimental work. However, in practice the BDD electrode may be replaced 

with other electrode materials, since the modification occurs through a self-assembly process via 

reaction with -OH groups on the electrode surface. Therefore, the modification is appropriate for 

carbon and metal oxide electrodes, and thus should have applicability on a range of electrode 

materials. 

4.6 Acknowledgements 

Funding for this work was provided by two National Science Foundation awards to B.P. Chaplin 

(CBET-1453081; CBET-1604776).



73 
 

5. Chlorinated Byproduct Formation during the Electrochemical Advanced 

Oxidation Process at Magnéli Phase Ti4O7 Electrodes 

5.1 Abstract 

This research investigated chlorinated byproduct formation at Ti4O7 anodes. Resorcinol 

was used as a model organic compound representative of reactive phenolic groups in natural 

organic matter and industrial phenolic contaminants and was oxidized in the presence of NaCl 

(0—5 mM). Resorcinol mineralization was >79% in the presence and absence of NaCl at 3.1 

V/SHE (residence time = 13 s). Results indicated that ~4.3% of the initial chloride was converted 

to inorganic byproducts (free Cl2, ClO2
-, ClO3

-) in the absence of resorcinol and this value 

decreased to < 0.8% in the presence of resorcinol. Perchlorate formation rates from chlorate 

oxidation were 115—371 mol m-2 h-1, approximately two orders of magnitude lower than 

reported values for boron-doped diamond anodes. Liquid chromatography-mass spectroscopy 

detected two chlorinated organic products. A multi-chlorinated alcohol compound (C3HCl4OH) at 

2.5 V/SHE and a mono-chlorinated phenolic compound (C8H7O4Cl) at 3.1 V/SHE were proposed 

as possible structures. Density functional theory calculations estimated that the C3HCl4OH product 

was resistant to direct oxidation at 2.5 V/SHE and the C8H7O4Cl compound was likely a transient 

intermediate. Chlorinated byproducts should be carefully monitored during EAOPs and multi-

barrier treatment approaches are likely necessary to prevent halogenated byproducts in the treated 

water. 

5.2 Introduction  

Electrochemical advanced oxidation processes (EAOPs) have recently been intensely 

researched as possible new modular technologies for drinking water treatment [158], industrial 
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wastewater treatment [159–161], and groundwater remediation [162, 163]. EAOPs rely on stable 

anode materials that primarily degrade contaminants through direct oxidation reactions at the 

anode surface and indirect oxidation through reactions with hydroxyl radicals (OH•) that form 

from the oxidation of water [38, 64]. Boron-doped diamond (BDD) electrodes are currently 

considered to be the state-of-the-art anode for EAOPs, because they generate high yields of OH• 

and are anodically stable, corrosion resistant, and commercially available [39], [40]. However, the 

application of BDD electrodes for treatment of chloride-containing waters results in the formation 

of inorganic and organic chlorinated byproducts [38, 64–69, 164–166] which have documented 

health risks, such as bladder cancer and birth defects [71, 72]. 

The generation of inorganic chlorinated byproducts during EAOPs is initiated by the 

oxidation of chloride (Cl-) at the anode surface. The general oxidation pathway is shown below: 

  Cl- → Cl• → HOCl/OCl- → ClO2
- → ClO2 → ClO3

- → ClO4
-        (5-1) 

where chlorine is oxidized from an initial oxidation state of -1 in Cl- to +7 in perchlorate (ClO4
-). 

The electrochemical formation of chlorite (ClO2
-), chlorate (ClO3

-), and ClO4
- has been reported 

in studies using BDD electrodes [64, 68–70]. The U.S. Environmental Protection Agency (EPA) 

has set a maximum contaminant level (MCL) for ClO2
- in drinking water at 1.0 mg L-1 and 

proposed a non-enforceable MCL goal (MCLG) for ClO4
- at 56 µg L-1 [167]. In addition, 

Massachusetts and California have set more stringent, enforceable drinking water standards for 

ClO4
- of 2 μg L-1 and 6 μg L-1, respectively [168, 169]. Currently, ClO3

- is not regulated, but the 

EPA has set a health reference level (HRL) at 210 μg L-1 [63]. 

Organic chlorinated byproducts may also form during EAOPs through reactions between 

organic compounds and chlorine species shown in reaction (5-1), such as chlorine radical (Cl•), 
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hypochlorous acid/hypochlorite (HOCl/OCl-), and chlorine dioxide (ClO2). For example, the 

electrochemical treatment of saline waters using BDD anodes formed trihalomethanes (THMs), 

haloacetic acids (HAAs), haloacetonitriles, haloketones, 1,2-dichloroethane, and unidentified 

adsorbable organic chlorine compounds [65–67, 164, 165]. The EPA has set MCLs in drinking 

water for THMs and HAAs at a combined concentration of 80 μg L-1 for four regulated THMs and 

60 μg L-1 for five regulated HAAs [36]. Several other halogenated industrial organic chemicals 

have also been regulated by the EPA at the μg L-1 range. Due to the health concerns associated 

with both regulated and unregulated halogenated organic compounds, close scrutiny of unintended 

byproducts that form during EAOPs is necessary so that appropriate treatment trains can be 

developed for a given water treatment application. 

Recent work has shown that porous Magnéli phase Ti4O7 electrodes are high surface area, 

stable anode materials [41, 42] that are capable of direct oxidation of contaminants [43] and 

formation of OH• [42].  When operated in flow-through mode, Ti4O7 anodes achieve over an order 

of magnitude higher mass transport rates compared to traditional parallel plate electrochemical 

cells (e.g., BDD) [170]. The combination of enhanced mass transport and high specific surface 

area results in significant removal of various organic contaminants with high rate constants and 

low energy consumption, even when operated in a single-pass mode with low hydraulic residence 

times (~ 10 s) [43, 44, 170–174]. However, work has not yet been done to determine the potential 

for halogenated byproduct formation during their use in EAOPs. 

Therefore, the aim of this study was to investigate both inorganic and organic chlorinated 

byproduct formation during EAOPs using a Magnéli phase Ti4O7 reactive electrochemical 

membrane (REM). Since phenolic compounds play a central role in the structure of natural organic 

matter (NOM) and many industrial contaminants present in natural waters [175–177] resorcinol 
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was used as a model organic compound, and it was oxidized in the presence of NaCl (1 and 5 mM) 

and as a function of electrode potential. Inorganic and organic byproduct formation was 

characterized using ion chromatography and liquid chromatography–mass spectrometry (LC-MS), 

respectively. The stability and probable fate of resorcinol and chlorinated byproducts were 

investigated using density functional theory (DFT) methods. This work is the critical first step in 

understanding halogenated byproduct formation on Ti4O7 electrodes. 

5.3 Materials and Methods 

5.3.1 Reagents 

Sodium chloride (NaCl), sodium chlorite (NaClO2), sodium chlorate (NaClO3), potassium 

phosphate monobasic (KH2PO4) and HPLC grade methanol were purchased from Alfa Aesar (MA, 

USA). Sodium perchlorate (NaClO4), sodium hypochlorite solution (NaOCl) with 10-15 wt/vol% 

available chlorine, and titanium dioxide (TiO2) were purchased from Sigma-Aldrich (MO, USA). 

Resorcinol was purchased from MP Biomedical (OH, USA). Paraffin oil was purchased form 

EMD Millipore (USA). Sodium sulfite (Na2SO3) was purchased from Thermo Fisher (MA, USA). 

Chemical Oxygen Demand (COD) reagents were purchase from Hach (CO, USA). Solutions were 

made with deionized (DI) water (18.2 MΩ cm at 21°C). All chemicals were used as received. 

5.3.2 REM Synthesis and Characterization 

REMs were synthesized using a previously published method [178]. Briefly, 5g TiO2 

powder (particle diameter = 32 nm) was reduced to Ti4O7 in a tube furnace at 1050oC for 6 hours 

in the presence of 1 atm H2 gas (flow rate = 252 cm3 min-1). The Ti4O7 powder (0.65 g) was mixed 

with 1.25 wt.% paraffin oil as a binder. The mixture was compressed in a 1.12 cm diameter die 

with a uniaxial pressure of 2.7 MPa. The thickness of the pellet was approximately 2 mm. Pellets 
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were placed in a tube furnace at 1050oC for 6 hours in the presence of 1 atm H2 for sintering. The 

Magnéli phases present in the pellet were determined by XRD (Siemens D-5000) with Cu-Ka 

radiation (λ = 1.5418 Å) and diffraction peaks were identified according to the standard database 

[178]. 

5.3.3 Experimental Flow-Through Reactor Setup 

A schematic of the reactor setup is shown in Appendix C (Figure C-1). Experiments were 

performed in a flow-through reactor in single-pass mode with a standard three-electrode setup 

(Appendix C, Figure C-1a). The Ti4O7 REM was used as the working electrode (anode) with an 

exposed projected surface area of 0.5 cm2. The current collector was Ti, and a 0.35 cm2 BDD film 

on Nb (BDD/Nb) ring electrode was placed between the Ti and REM to prevent Ti corrosion in 

the presence of reactive chlorine species (Appendix C, Figure C-1b). The BDD/Nb electrode did 

not participate significantly in the reaction, as control experiments showed similar resorcinol 

oxidation when it was removed (data not shown). The counter electrode (cathode) was Ti and a 1 

mm diameter leak-free Ag/AgCl was used as the reference electrode (Warner Instruments, LF-100, 

CT, USA) (Appendix C, Figure C-1b). Permeate flux (J = 240 L m-2 hr-1 (LMH)) was controlled 

and adjusted using a digital gear micropump (Cole-Parmer, IL, USA). Applied potentials and 

currents were controlled and measured by a Gamry Reference 600 potentiostat/galvanostat (PA, 

USA). All potentials were corrected for potential drop in the solution (iRs) and reported versus the 

standard hydrogen electrode (/SHE). 

5.3.4 Electrochemical Oxidation Experiments 

All oxidation experiments were conducted in the flow-through reactor at 22±1 oC, pH = 

6.7, and a solution conductivity of 283 μS cm-1 using a KH2PO4 background electrolyte. The 
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solution conductivity value was chosen to mimic that of typical natural waters [179] and was 

measured using a conductivity probe (PC2700, Oakton, Cole-Parmer, IL, USA). Control oxidation 

experiments were performed with either 1 mM resorcinol or NaCl (1 and 5 mM), to determine a 

baseline for resorcinol oxidation and inorganic chlorinated byproduct formation. The following 

potentials were applied during electrochemical oxidation experiments: open circuit potential (OCP 

= 0.11 V/SHE), 0.99 ± 0.09, 1.56 ± 0.03, 2.07 ± 0.04, 2.5 ± 0.04 and 3.1 ± 0.03 V/SHE. Two 

solution conditions were used to study chlorinated byproduct formation: (1) 1 mM NaCl and 1 

mM resorcinol; (2) 5 mM NaCl and 1 mM resorcinol. All experiments were performed in duplicate, 

and errors reported represent 95% confidence intervals on average values. The 1 mM concentration 

of resorcinol was chosen to ensure transformation product detection and the 1—5 mM NaCl 

concentrations were chosen to bracket the Cl- concentrations found in typical natural waters [180]. 

Separate experiments were conducted to measure the kinetics of ClO4
- formation from a 1 

mM NaClO3 and 10 mM KH2PO4 solution under OCP and 3.0 V/SHE with flow rates of 240 to 

1200 LMH. In order to compare with the electrochemical system, batch control experiments were 

also conducted in a beaker containing 1 mM NaOCl, 1 mM resorcinol, and the background 

KH2PO4 electrolyte under constant mixing. 

5.3.5 Analytical Methods 

The permeate samples were split during collection. One part was immediately quenched 

by Na2SO3 addition and used for further analyses; the other part was used for free chlorine 

measurements. Concentrations of Cl-, ClO2
-, ClO3

-, and ClO4
- were determined by ion 

chromatography (Dionex ICS-2100; Dionex Ion Pac AS16 column; KOH eluent; 0.75 mL min−1 

flow rate) with method detection limits of 10 nM for ClO2
-, ClO3

-, and ClO4
- and 5 nM for Cl-. 

Free chlorine (as Cl2) concentrations were determined by Hach method 8021 (USEPA N,N-
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diethyl-p-phenylenedi-amine (DPD) method) [142] according to the manufacturer’s protocol. The 

Cl- concentration was calculated by subtracting the measured free chlorine concentration from the 

IC measured Cl- concentration, where the later was quenched with Na2SO3. The total moles of Cl 

were calculated using equation (5-2). 

Total mole of Cl = 2×Free Chlorine (Cl2) + Cl- + ClO2
- + ClO3

- + ClO4
-                             (5-2) 

Resorcinol concentrations were determined using a Shimadzu UFLC XR HPLC with a 

Phenomenex Kinetex 5 μm C18 column (5μm, 100 Å, 250 × 4.6 mm) and a photodiode array 

detector (PDA) (Nexera X2, Shimadzu). The mobile phase was 75:25 (%, v/v) mixture of methanol 

and DI water with a flow rate of 1.0 mL min−1. The PDA detector was set to 254 nm for resorcinol 

analysis [142, 181, 182]. Chemical oxygen demand (COD) measurements were used to estimate 

resorcinol mineralization. according to the manufacturer’s protocol [183]. 

Select samples were analyzed by negative mode electrospray ionization liquid 

chromatography mass spectrometry (LC-MS; Agilent 1260 HPLC coupled to an Agilent 6460 

triple-quad MS). Elutions were achieved using an Agilent Poroshell 120 EC-C18 column with 0.1% 

formic acid (10% acetonitrile, v/v) and acetonitrile as the aqueous and mobile phases, respectively, 

at a flow rate of 0.25 mL/min. The mass-to-charge ratios (m/z) of chlorinated compounds were 

identified from a full MS2 scan from 25 – 500 m/z based on the isotopic signature of chlorine. All 

m/z values measured by LC-MS were converted to Daltons (Da) by adding the mass of one proton 

after verifying that the ions were singly charged. The differences in the masses of proposed 

structures and the measured masses may be due to slight differences in the Cl35:Cl37 isotope ratios 

but are within the error of the LC-MS. For all proposed Cl-containing compounds it was assumed 

that Cl had a standard molar mass of 35.45 Da. 
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5.3.6 Quantum Mechanical Simulations 

DFT simulations were performed using Gaussian 16 software [145]. Unrestricted spin, all-

electron calculations were performed using the 6-31G++(d) basis set for frequency and geometry 

optimization, and the 6-311G++(3df,2p) basis set for energy calculations. The M06-2X hybrid 

meta exchange-correlation functionals was used [184], and implicit water solvation was simulated 

using the SMD model [185]. Individual explicit water molecules were incorporated into 

simulations where appropriate, in order to simulate important hydrogen bonding interactions. 

Direct electron transfer reactions were modeled using Marcus theory, according to methods 

described previously [173, 186]. The E0 values for a given direct electron transfer reaction were 

calculated by the following equation: 

𝐸0 = −
∆𝑟𝐺

0

𝑛𝐹
− 𝐸𝑎𝑏𝑠

0 (𝑆𝐻𝐸)             (5-3) 

where ∆𝑟𝐺
0 is the standard free energy for the reduction reaction, F is the Faraday constant, n is 

the number of electrons transferred, and 0 ( )absE SHE  is the absolute standard reduction potential of 

the SHE ( 0 ( )absE SHE  = 4.28 eV) [187, 188]. The potential dependent Gibbs free energy of 

activation (G‡) for direct electron transfer oxidation reactions were calculated using Marcus 

theory according to the following equation [189]: 

∆𝐺‡ =
𝜆𝑓

4
[1 −

96.5(𝐸−𝐸0

𝜆𝑓
]
2

              (5-4) 

where E is the applied electrode potential and
f is the total reorganization energy of the forward 

oxidation reaction. The effect of the solvent on 
f was not considered as previous research showed 

negligible solvent effects in polar solvents [190]. 
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5.4 Results and Discussion 

5.4.1 Resorcinol Oxidation Experiments 

The Ti4O7 Magnéli phase reactive electrochemical membranes (REMs) used in this study 

were thoroughly characterized in prior work [178]. The conductivity of the REM was 765 S m-1, 

and the XRD pattern contained the characteristic peak at 20.8o and other peaks the matched the 

Ti4O7 standard data (Figure 5-1a). A schematic showing the possible electrochemical reaction 

pathways for resorcinol and chloride oxidation are shown in Appendix C, Figure C-2. Control 

oxidation experiments were conducted containing only 1 mM resorcinol (flux = 240 LMH; 

KH2PO4 electrolyte; solution conductivity = 283 μS cm-1; pH = 6.7). As shown in Figure 5-1b, 

under OCP conditions (0.11 V/SHE), resorcinol removal was not observed, which indicated that 

it did not significantly adsorb on the REM. Measurable resorcinol oxidation began at potentials > 

1.0 V/SHE, and average normalized permeate resorcinol concentrations (Cp/Cf) for duplicate 

experiments were 0.80 ± 0.01, 0.52 ± 0.001, 0.29 ± 0.01, and 0.12 ± 0.01 at anodic potentials of 

1.6, 2.1, 2.5, and 3.1 V/SHE, respectively. The OCP, 2.5, and 3.1 V/SHE were used for subsequent 

resorcinol electrochemical oxidation experiments, which is a realistic potential range for which 

electrochemical oxidation would be used in a treatment scenario.  
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Figure 5- 1. (a) XRD analysis of Ti4O7 pellet (blue line) and the standard diffraction data of Ti4O7 

(JCPDS. No. 50-0787) (orange dot). Separate control experiments of (b) Normalized resorcinol 

concentration profiles (Cp/Cf) in the feed (red square) and permeate solution (black dots) after 

oxidation process with a flux 240 LMH and retention time 13s. Error bars are contained within the 

data points. 

 

To investigate chlorinated byproduct formation, NaCl concentrations of 1 and 5 mM were 

added to 1 mM resorcinol. Resorcinol permeate concentration profiles indicated that the addition 

of NaCl to solution does not have a pronounced effect on resorcinol removal (Appendix C, Figure 
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C-3). For example, the average resorcinol Cp/Cf values for duplicate 1 mM resorcinol experiments 

without NaCl were 0.29 ± 0.01 and 0.12 ± 0.01 at 2.5 and 3.1 V/SHE, respectively. These values 

increased to 0.38 ± 0.02 and 0.20 ± 0.01 for the 1 mM resorcinol/1 mM NaCl solutions and were 

0.35 ± 0.03 and 0.14 ± 0.02 for the 1 mM resorcinol/5 mM NaCl solutions at applied potentials of 

2.5 and 3.1 V/SHE, respectively. In addition, the Cp/Cf values for COD were used to estimate the 

extent of resorcinol mineralization (Appendix C, Figure C-3). Estimates of mineralization at 2.5 

V/SHE were 82 ± 11%, 110 ± 13%, and 89 ± 18%, and estimates at 3.1 V/SHE were 84 ± 7%, 86 

± 9%, and 79 ± 6% at 0, 1, and 5 mM NaCl concentrations, respectively. Results do not show clear 

trends for resorcinol mineralization with respect to either potential or NaCl concentration. 

However, resorcinol mineralization was >79% in a single pass through the REM in all experiments, 

and the overall oxidation half-reaction is shown in reaction 5-5. 

C6H6O2 + 10H2O → 6CO2 + 26H+ + 26e-          (5-5) 

 

5.4.2 Electrochemical Byproduct Formation  

The formation of inorganic chlorinated byproducts was investigated in two sets of 

experiments: 1) NaCl-only controls with 1 and 5 mM NaCl, and 2) 1 mM resorcinol containing 

either 1 or 5 mM NaCl. Results from oxidation of a 1 mM NaCl solution are shown in Figure 5-

2a and are reported as a percentage of the feed Cl- concentration at log-scale. Only 6.0 ± 4.0% to 

7.0 ± 2.0% of Cl- was oxidized at anodic potentials between 1.0 to 3.1 V/SHE, indicating slow 

reaction kinetics for Cl- at the Ti4O7 surface compared to resorcinol oxidation. Inorganic 

chlorinated compounds were limited to free Cl2 (i.e., HOCl + OCl-) at concentrations between 5.1 

to 21 M (1.0 to 4.3% of feed Cl-), and approximately 0.7 M of ClO2
- (0.070% of feed Cl-) was 

detected at an anodic potential of 3.1 V/SHE (Figure 5-2a). Neither ClO3
- nor ClO4

- were detected 
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(< 10 nM) during the oxidation of the 1 mM NaCl solution. The oxidation products from a 5 mM 

NaCl solution are shown in Figure 5-2c. Chloride oxidation was between 3.0 ± 4.0% at 1.0 V/SHE 

and increased to 6.0 ± 2.0% at 3.1 V/SHE. Oxidized inorganic chlorinated species included free 

Cl2 (6.5 to 110 M; 0.26 to 4.4% of feed Cl-), ClO2
- (0.1 to 2.5 M; 0.0020 to 0.050% of feed Cl-), 

ClO3
- (6.0 to 8.0 M; 0.12 to 0.16% of feed Cl-), and low concentrations of ClO4

- of 0.3 M (1.5 

g L-1; 0.0060% of feed Cl-) at 1.6 V/SHE and 3.1 V/SHE (Figure 5-2c). The ClO4
- concentrations 

were lower than the EPA’s proposed MCLG for perchlorate (56 g L-1) and ClO3
- concentrations 

were close to the EPA’s HRL. The highest measured conversion of Cl- to inorganic byproducts in 

the 1 mM NaCl solution was 4.3% at 2.5 V/SHE and in the 5 mM NaCl solution was 4.5% at 2.5 

V/SHE. The total measured inorganic chlorinated byproducts were not significantly different from 

the total Cl- conversion. 

The inorganic chlorinated byproducts that formed during the oxidation of resorcinol in 

NaCl solutions were similar to the NaCl-only control experiments, and Cl- oxidation was 10 ± 1% 

at both anodic potentials of 2.5 and 3.1 V/SHE. Permeate solutions contained low concentrations 

of free Cl2 (1.1 and 4.0 M; 0.22 and 0.80% of feed Cl-) in the 1 mM NaCl/resorcinol solution 

(Figure 5-2b) and free Cl2 (5.0 and 7.0 M; 0.20 and 0.28% of feed Cl-), ClO2
- (2.0 M; 0.040% 

of feed Cl-), and ClO3
- (3.5 and 3.0 M; 0.070 and 0.060% of feed Cl-) in the 5 mM NaCl/1 mM 

resorcinol solution (Figure 5-2d). Perchlorate was detected at a low concentration (1.5 M; 0.030% 

of feed Cl-) in the 5 mM NaCl control but was not detected in the 5 mM NaCl/1 mM resorcinol 

experiments, similar to prior work that concluded that ClO4
- formation is lower in chloride-

containing solutions that contain organic compounds [191]. In fact, all inorganic chlorinated 

products were lower in the presence of resorcinol (comparing Figures 5-2a to 5-2b and Figure 5-

2c to 5-2d) due to the competition for reactive sites and available oxidants and reactions between 



85 
 

organics and chlorinated inorganic oxidants. The highest measured conversion of Cl- to inorganic 

byproducts in the 1 mM NaCl/1 mM resorcinol solution was 0.8% at 3.1 V/SHE and in the 5 mM 

NaCl/1 mM resorcinol solution was 0.3% at 2.5 V/SHE. The total measured inorganic chlorinated 

byproducts were much lower than the total Cl- conversion, indicating that chlorinated organic 

byproducts likely formed. 

 

Figure 5- 2. Inorganic chlorinated byproducts detected during oxidation experiments: (a) 1 mM 

NaCl; (b) 1 mM NaCl and 1 mM resorcinol; (c) 5 mM NaCl; and (d) 5 mM NaCl and 1 mM 

resorcinol. For all experiments were operated with KH2PO4 background electrolyte, solution 

conductivity 283 μS/cm, solution pH 6.7 and J = 240 LMH. 

 

Since ClO4
- is a terminal oxidation product of Cl-, it has potential to accumulate in solution 

under conditions of extended electrolysis (e.g., batch mode oxidation). Therefore, separate 

experiments were conducted to investigate ClO4
- formation with a 1 mM NaClO3 feed solution at 

an anodic potential of 3.0 V/SHE and as a function of flow rate (Appendix C, Figure C-4). Results 

from these experiments yielded a first order rate constant of 0.04 s-1 for ClO4
- formation and 
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permeate ClO4
- concentrations ranged between 31 to 48 µg L-1, for hydraulic residence times 

between 2.6 to 13 s, respectively (Appendix C, Figure C-4a). These concentrations yield 

projected surface area normalized rates between 115 and 371 mol m-2 h-1 (Appendix C, Figure 

C-4b), which are approximately three orders of magnitude lower if normalized by the total REM 

surface area [178]. These experiments represent the worst-case scenario for ClO4
- formation, as 

they were conducted with high ClO3
- concentration (1 mM) and in the absence of organic 

compounds. Under similar reaction conditions (i.e, 1 mM NaClO3, anode potential of 2.6 to 2.7 

V/SHE) the formation of ClO4
- from ClO3

- on BDD electrodes was measured at rates between 

28,000 to 45,000 mol m-2 h-1 [69], which are over two orders of magnitude higher than our 

reported rates. Furthermore, the ClO4
- concentrations in our experiments were always lower than 

the EPA’s MCLG of 56 µg L-1 [167]. These results show the low production rate of ClO4
- on the 

Ti4O7 REM anodes compared to BDD. 

During the oxidation of resorcinol to CO2, it was assumed that various radicals formed and 

reacted with each other to form a diverse set of products. To characterize the primary stable 

products during this process, permeate solutions from resorcinol oxidation were analyzed by LC-

MS (Figure 5-3). The raw LC-MS data is provided in the SI and isotopic patterns were used to 

identify chlorinated products (Appendix C, Figures C-5 and C-6). Resorcinol oxidation in NaCl-

free solutions at potentials of 2.5 and 3.1 V/SHE resulted in non-chlorinated products with 

observed masses of 110.1, 116, 154.1, 187.2, and 218 Da (Figure 5-3). The 110.1 Da product had 

the same mass as resorcinol but a different retention time, indicating it was an oxidation product. 

Under OCP conditions, products were not observed in agreement with the lack of resorcinol 

transformation (Figure 5-1b). Products were not detected with a mass less than resorcinol (110.1 

Da), indicating that higher molecular weight compounds formed from the coupling of radical 
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species and addition of OH• during the reaction. Resorcinol oxidation in the presence of 1.0 and 

5.0 mM NaCl caused a slight decrease in the peak areas of the non-chlorinated oxidation products 

relative to the NaCl-free experiments at both 2.5 and 3.1 V/SHE (Figure 5-3), indicating some 

competition at the electrode surface between organic species and Cl- oxidation. 

The addition of 1 mM and 5 mM NaCl to solution resulted in the formation of organic 

chlorinated byproducts (Figure 5-3). The chlorinated organic byproducts consisted of a 

chlorinated compound with four Cl atoms and a mass of 196.7 Da detected at 2.5 V/SHE and a 

mono-chlorinated compound with a mass of 202.1 Da detected at 3.1 V/SHE (Figure 5-3 and 

Appendix C, Figure C-6). The chlorinated organic byproduct peak areas increased by an order of 

magnitude by increasing the NaCl concentration from 1 to 5 mM at both 2.5 V/SHE (Figure 5-3a) 

and 3.1 V/SHE (Figure 5-3b). Other chlorinated organic compounds were not detected, suggesting 

that the chlorinated compounds with masses of 196.7 and 202.1 Da were fairly resistant to further 

oxidation, oxidized to nonpolar chlorinated organic compounds that were not detected by LC-MS, 

and/or mineralized to CO2, H2O, and inorganic chlorine species (ClOx
-, x = 1 to 4). 
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Figure 5- 3. Organic and chlorinated byproducts formation in the permeate solution during 

oxidation process with applied potential (a) 2.5 V/SHE and (b) 3.1 V/SHE. Mass of organic 

byproducts were determined by LC-MS. (Solid = 0 mM NaCl; striped = 1 mM NaCl; hatched = 5 

mM NaCl; and * = chlorinated product). Table C-1 in the Appendix C contains a list of the masses 

of proposed structures. 
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5.4.3 Free Chlorine Generated Byproducts 

Additional control experiments were conducted to determine if the organic chlorinated 

byproducts that were observed during electrochemical oxidation of resorcinol were a result of 

reaction with free Cl2. Therefore, a batch experiment containing equimolar concentrations of 1 

mM NaOCl and 1 mM resorcinol in the KH2PO4 background electrolyte with the same solution 

composition as electrochemical experiments was conducted. The 1:1 molar ratio of 

NaOCl:resorcinol was used to better reflect the anticipated solution conditions near the anode 

surface, where free Cl2 concentrations would be higher and resorcinol concentrations lower 

compared to the bulk solution. The formation of organic chlorinated byproducts was studied using 

LC-MS analysis, and results are shown in the Appendix C (Figure C-7 and C-8) for reaction 

times of 10 and 40 minutes. The total reaction time between free Cl2 and resorcinol for 

electrochemical experiments was approximately 6 minutes, which corresponded to the time the 

fluid entered the REM reactor until it was quenched with NaSO3. Organic chlorinated byproducts 

with masses of 84, 150 and 178 Da were detected in the 1 mM NaOCl/1 mM resorcinol solution 

(Appendix C, Figure C-7 and C-8). Structures with masses of 82.5, 150.5 and 178.9 Da were 

proposed as possible products for the reaction between resorcinol and HOCl/OCl- (Appendix C, 

Figure C-9 and Table C-1) and were based on results from the literature.55-65 Products include a 

chlorinated phenolic compound (mass = 178.9 Da) and chlorinated aliphatic compounds (masses 

= 150.5 and 82.5 Da). The products for direct reaction between resorcinol and HOCl/OCl- were 

distinctly different from those for electrochemical oxidation experiments (Figure 5-3), indicating 

that oxidation of resorcinol by HOCl/OCl- was minor in electrochemical experiments. 
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5.4.4 Mechanism 

DFT modeling was used to interpret the experimental data and to gain insights into 

probable reaction pathways for the electrochemical oxidation of resorcinol and subsequent 

chlorinated byproduct formation. The potential dependent ∆𝐺‡  values for the oxidation of 

resorcinol (R) via direct electron transfer (DET) (reaction 5-6) were calculated using Marcus 

Theory (equation 5-6): 

R → R•+ + e-                 (5-6) 

The results are shown in Figure 5-4a, and the structure of the optimized R/ R•+ structures are 

shown in Appendix C (Figure C-10). Modeling determined Eo = 1.50 V/SHE and f = 26 kJ mol-

1. Figure 5-4a shows that ∆𝐺‡ = 54 kJ mol-1 at 1.0 V/SHE and ∆𝐺‡ = 3.9 kJ mol-1 at 1.56 V/SHE. 

These results are consistent with experimental results where resorcinol degradation began to 

increase in this potential range (Figure 5-1b), suggesting the DET mechanism was a primary 

mechanism for resorcinol oxidation at anodic potentials that were too low for OH• formation (i.e., 

< 2.5 V/SHE) [117]. At higher potentials, where OH• formation increases, reaction between OH• 

and resorcinol will occur with a diffusion-limited rate constant (𝑘𝑂𝐻•,𝑅𝑒𝑠. = 1.2 x 1010 M-1 s-1; pH 

= 9) [200], indicating that it could also be a contributing mechanism for resorcinol oxidation at 

anodic potentials > 2.5 V/SHE. The combination of R•+ and OH• formation and the various radical 

oxidation and dimerization reactions that are possible can lead to a wide range of products. The 

masses detected by LC-MS in the NaCl-free solutions (110.1, 116.1, 154.1, 187.2, and 218 Da) 

can be explained by three general pathways (Scheme 5-1): Pathway 1) DET reactions that lead to 

dimerization of R•; Pathway 2) OH• attack of R to form ring opening products; and Pathway 3) C 

fragment addition to R to form substituted phenolic compounds [86, 204, 205]. 
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Scheme 5- 1. Suggested mechanism of resorcinol electrooxidation in NaCl-free solutions. Masses 

of compounds are for proposed structures and may differ slightly from masses detected by LC-MS 

(see Appendix C, Table C-1). 

 

Pathway 1 is proposed to form R dimerization products with a mass of 218 Da. The 218 

Da product was detected in the NaCl-free solution at 2.5 V/SHE but not at 3.1 V/SHE (Figure 5-

3), which was attributed to a higher yield of OH• at 3.1 V/SHE that would both break the phenolic 

ring of R and oxidize any dimerization products that formed. The formation of the 218 Da product 

was also sensitive to the NaCl concentration. For example, it was not detected in the 1 mM NaCl 

solutions but was detected at 5 mM NaCl at both potentials (Figure 5-3). The exact mechanisms 

responsible for these observations are unclear but are likely a result of reactions between OH• and 

chlorine species, as well as competition for DET sites at the electrode surface between R, Cl-, and 

reaction intermediates. 
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Pathway 2 leads to ring opening reactions with proposed C4 products of maleic acid (MA) 

and fumaric acid (FA), both with mass of 116.1 Da, and the C5 product of cyclopent-4-ene-1,2,3-

trione (C), with a mass of 110.1 Da. Both MA and FA have been detected in prior studies of 

electrochemical oxidation of phenolic compounds [64, 202]. The 116 Da product was only 

detected at 3.1 V/SHE and in the presence of 1 mM NaCl (Figure 5-3), which indicates that this 

product was generally a fast reacting intermediate but its rate of degradation was affected by 

competitive reactions from Cl-. 

Pathway 3 involves the reaction between R/R•+ and C fragments that form during the 

electrochemical oxidation process, forming proposed products of 3,5-dihydroxybenzoic acid (BA), 

with a mass of 154.1 Da, and 2-(3,5-dihycroxycyclohexa-2,4-dien-1-yl)ethane-1,1,2-triol (DHC), 

with a mass of 188.2 Da. Both of these products were detected with similar peak areas at 2.5 and 

3.1 V/SHE, but their detection was highly affected by the NaCl concentration (Figure 5-3). For 

example, at 2.5 V/SHE the 154.1 Da product was not detected at 5 mM NaCl concentration and 

the 187.2 Da product was not detected at either 1 or 5 mM NaCl concentrations. At 3.1 V/SHE, 

the 154.1 Da product was detected at both NaCl concentrations, but the 187.2 Da product was not 

detected at 5 mM NaCl concentration. 

 The reaction mechanisms responsible for organic chlorinated byproduct formation in the 

presence of NaCl are more complex and can involve reactions between a wide range of organic 

compounds and reactive chlorine species generated during the oxidation process. Based on the 

LC-MS experimental results, we hypothesize that a chlorinated alcohol product formed during the 

electrochemical oxidation of R in the presence of NaCl at 2.5 V/SHE. Since the LC-MS data 

suggested that this compound contained 4 Cl atoms (see Appendix C, Figure C-6), one possible 

product is C3H4OCl4 (Figure 5-4b), which has a mass of 195.9 Da and is close to the target mass 
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of 196.7 Da (see Figure 5-3a). At a potential of 3.1 V/SHE, this product was no longer observed, 

which suggests that it was further oxidized at this potential. Figure 5-4b shows the proposed 

chlorinated phenolic (C8H7O4Cl) product, with a mass of 202.6 Da, which is similar to the target 

mass of the 202.1 Da. Furthermore, the proposed C8H7O4Cl product is similar to the proposed 

DHC compound (188.2 Da) that was assigned to the product detected at 187.2 Da (Scheme 5-1). 

The peak area for DHC decreased as a function of NaCl addition at 3.1 V/SHE (Figure 5-3b), 

suggesting that it or a similar compound could be a precursor for C8H7O4Cl formation. 

The electrochemical pathways leading to the formation of the proposed chlorinated organic 

byproducts are complex and the fact that only one chlorinated product was observed at each anodic 

potential makes any proposed pathway speculative. However, the detection of a single compound 

at each potential suggests that these products are fairly recalcitrant at the given anodic potential 

and solution conditions. Therefore, DFT simulations were conducted to determine the potential 

dependent ∆𝐺‡ values for the oxidation of the chlorinated products via DET (equation 5-4). Figure 

5-4c shows the potential dependent ∆𝐺‡ values for the chlorinated alcohol product (C3H4OCl4), 

and Figure 5-4d shows the potential dependent ∆𝐺‡ values for the chlorinated phenolic product 

(C8H7O4Cl). Modeling determined Eo = 3.04 V/SHE and f = 34 kJ mol-1 for C3H4OCl4, and Eo = 

1.94 V/SHE and f = 25 kJ mol-1 for C8H7O4Cl. Results suggest that C3H4OCl4 was resistant to 

DET at 2.5 V/SHE. For example, data in Figure 5-4c indicates that ∆𝐺‡ = 55 kJ mol-1 at 2.5 V/SHE 

and ∆𝐺‡  = 5.8 kJ mol-1 at 3.1 V/SHE for C3H4OCl4. These findings are consistent with 

experimental results that showed the 196.7 Da compound was detected at 2.5 V/SHE but was not 

detected at 3.1 V/SHE. Furthermore, DFT calculations also indicated that the reactions between 

OH• and C3H4OCl4 were thermodynamically favorable for both H-abstraction and OH• addition 

mechanisms (results not shown). By contrast, DFT simulations indicate that the C8H7O4Cl product 
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would react by DET without an activation energy at both 2.5 V/SHE and at 3.1 V/SHE (Figure 5-

4d). Similar to other phenolic compounds, the C8H7O4Cl compound is also expected to react 

readily with OH•, indicating it was likely a transient intermediate. Therefore, its detection at 3.1 

V/SHE indicates that pathway 3, which leads to C fragment addition to resorcinol (Scheme 5-1), 

was likely a primary pathway for formation of chlorinated organic compounds. 

Products from the oxidation of the two detected chlorinated products were not observed 

experimentally. The lack of detection of additional products was likely due to the formation of 

nonpolar C1 and C2 chlorinated products that were not detected by LC-MS and/or further reacted 

to form CO2 and Cl- [203]. Further work is needed to characterize these nonpolar compounds and 

determine their concentrations relative to other EAOP electrodes. 
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Figure 5- 4. a) Potential energy for resorcinol; b) Proposed structures for the 196.7 and 202.1 Da 

compounds; c) Potential energy for C3H4OCl4; d) potential energy for C8H7O4Cl. Atom key: 

carbon = grey; oxygen = red; hydrogen = white; chlorine = green. 

 

5.4.5 Environmental Significance 

The results reported in this study are the critical first step in understanding chlorinated 

byproduct formation on Ti4O7 electrodes under anodic conditions. Although it may be possible to 

eliminate all chlorinated organic byproducts through a combination of direct and indirect oxidation 

reactions, accomplishing this goal would require long residence times in the electrochemical cell, 

which in turn would favor inorganic chlorinated byproduct formation (e.g., ClO4
-). The use of 
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Ti4O7 REMs for potable water treatment applications will require optimization of operating 

conditions and possibly a multi-barrier approach. Therefore, coupling an appropriate cathode 

material downstream of the Ti4O7 anode may be necessary to dehalogenate the halogenated 

organics that form under anodic conditions. Recently a carbon-composite Ti4O7 cathode was 

shown to efficiently dehalogenate a range of halogenated acetic acid compounds to below 

regulatory standards [204]. These tandem strategies need to be tested experimentally to determine 

their feasibility. 
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6. Investigation the Effect of Microalgae Photosynthetic Activity under 

Different Anodic Potentials 

6.1 Abstract 

This research investigated low anodic potential (e.g., OCP to 1.0 V vs. Ag/AgCl) effects 

on algae photosynthetic activity.  Oleaginous algae were used as a representative model based on 

the strain’s high biomass, which is suitable for biofuel production. Hydroquinone (HQ) can be 

oxidized on the Pt UME surface and formed BQ, the n BQ can be oxidized to HQ through algae 

electro transport chain under light irradiation. Scanning electrochemical microscopy (SECM) 

provided near-surface mapping and algae current response measurements under anodic 

polarization during light irradiation. Results indicated that under anodic polarization, the attached 

algae exhibited a lower current response compared with OCP condition. Furthermore, it was 

observed that the current response from live attached algae does not correlate linearly with applied 

potentials. Normalized currents for attached live algae were decreased while applied potentials 

increased from OCP to 0.5 V vs Ag/AgCl, but increased at a potential of 1 V vs Ag/AgCl, which 

suggests that algae might limit photosynthetic activity under electrochemical pressure without 

incurring significant damage to the plasma membrane, cell wall and thylakoid membrane.  

6.2 Introduction 

Algae are a large and diverse group of photosynthetic aquatic organisms in nature which 

can convert solar energy into chemical energy while reducing CO2. Also, the energy can be used 

to synthesize polysaccharides (sugars) and triacylglycerides (fats) through photosynthesis [21]. 

These molecules are the raw materials for producing bioethanol and biodiesel fuels. Oleaginous 

microalgae biolipids can be extracted up to around 20% of total biomass in dry weight, which are 
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attractive for biofuel production [22]. Algae harvesting and biolipid extraction are important steps 

for biofuel production but those processes can be energy-intensive and time-consuming, which 

include mechanical and non-mechanical techniques [13, 14]. On the other hand, algae blooms can 

be harmful and potential threats for water resources and human health. It affects water quality by 

changing the color, taste and odor. In addition, algae species can produce cyanotoxins including 

potent neurotoxins, hepatotoxins, cytotoxins, and endotoxins which can cause animal poisoning 

and rapid death by respiratory failure [15, 147]. 

Algae are also an ideal feedstock for the production of high energy density transportation 

fuels. Our previous work has resulted in the development of an innovative substoichiometric TiO2 

reactive electrochemical membrane (REM) filtration systems for algae harvesting, separation and 

pretreatment for lipid extraction. Charge transfer from photosysnthetic transport chain to a soluble 

redox couple provides the opportunity for algae viability determination [13, 34]. 

Quinones play a key role in fundamental biological processes as electron carriers in aerobic 

respiration (menaquinone or ubiquinone) or photosynthesis (plastoquinone). Recent studies have 

successfully shown the feasibility of harvesting the high energy photosynthetic electrons by 

electron mediators such as quinones, flavin mononucleotide (FMN) and phenazine methosulfate 

(PMS) [73]. Hydroquinone (HQ) is neutral and soluble in the cell membrane which allows it to 

shuttle electrons along the respiratory and photosynthetic chains. These properties allow quinones 

to be used as exogenous redox mediators in microbial applications to extract electrons from 

photosynthetic organisms [206], such as in protoplasts [207], isolated thylakoid membranes [208], 

isolated photosystem II complexes [209], or microbial metabolism [210]. 

Quantitative investigation of using p-benzoquinine (BQ) to extract photosynthetic 

electrons from a single living protoplast by extracellular microelectrode measurements has been 
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reported. Yasukawa [78] reported that carbon and gold (Au) disk microelecroedes can be used to 

monitor the localized concentrations of BQ and hydroquinone (HQ) near the cell under light 

irradiation. These results support the idea that BQ accepted two electrons from the photosynthetic 

respiratory electron transport chains (PSI and PSII) to form HQ. The electron transport can be 

monitored by reduction or oxidation current on the UME. Yue [73] used different wavelengths of 

light as irradiation source and found that the thylakoids have the weakest response at wavelengths 

in the range 500-700 nm, which is corresponding to green light. This finding indicates that the 

photocurrent indeed comes from the thylakoid membrane since the green color of most plants 

suggests the absence of absorption of green light by the chloroplast complexes. Longatte [211] 

used different quinones such as 2,6-dichlorobenoquinone (2,6-DCBQ), p-phenylbenoquinone 

(PPBQ) and other five quinones to estimate the efficiency of the exogenous quinones. 2,6-DCBQ 

was recommended for electrochemical applications as electron carriers in photosynthetic activities.  

In our study, we focused on determining the effect of low anodic electrode potentials (< 2 

V vs Ag/AgCl) on the photosynthetic activity and algae viability. Hydroquinone (HQ) was used 

as an exogenous redox mediator to partially short-circuit the electron transfer in algae during 

photosynthesis. Scanning electrochemical microscope (SECM) was used to characterize and 

record current responses, which were corresponding with HQ concentration at the algae surface 

and electron transfer through algae photosynthetic activity. Cell viability was measured and 

determined through direct count under microscopy. 
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6.3   Materia and Methods 

6.3.1 Reagents  

Sodium chloride (NaCl), potassium phosphate monobasic (KH2PO4) and (3-

Aminopropyl)triethoxysilane, 98% (APTES),  were purchased from Alfa Aesar (MA, USA). 

Hydroquinone (HQ) was purchased from Sigma-Aldrich (St. Louis, MO USA). Drisolv® 

anhydrous toluene was purchased from EMD Millipore (MA, USA). A MasterMet 

noncrystallizing colloidal silica (0.02 μm) polishing suspension was purchased from Buehler (IL, 

USA). Potassium phosphate dibasic anhydrous (K2HPO4) and SYTOX
®

 Green nucleic acid stain 

- 5 mM solution in DMSO were purchased from Thermo fisher (MA, USA). Solutions were made 

from deionized (DI) water (18.2 MΩ cm at 21 °C). All chemicals were used as received. 

6.3.2 Electrode Preparation and Characterization 

Optically transparent electrode (OTE) was prepared as discussed in the previously 

published method [132], [212]. Briefly, OTE was fabricated at Fraunhofer USA Center for coating 

and Diamond Technologies (East Lansing, MI), which consisted of a BDD microcrystalline film 

deposited on a 2 mm thick quartz glass substrate using hot filament chemical vapor deposition 

(CVD) and cut into 1 cm2 cylindrical disks using a laser cutting system (BDD/OTE). An APTES-

functionalized BDD/OTE (APTES-BDD/OTE) electrode was prepared form BDD/OTE after 

cleaning with methanol, ethanol and water. The cleaned BDD/OTE was soaked in 5 mM APTES 

in anhydrous toluene and reacted for 3 h in an Ar-filled glovebox. The APTES-BDD/OTE was 

then rinsed three times with toluene and methanol and annealed at 120°C for 30 min to promote 

cross-linking of the silanes. The APTES-BDD/OTE provided the light transmittance and 

conductive surface for algae photosynthetic activity studies. 
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6.3.3 Algae Cultivation and Attachment Process 

Oleaginous algae (Scenedesmus dimorphus or S. dimorphus) were cultured in the modified 

Bold’s Basal Medium (MBBM) with details reported and provided previously [23]. Briefly, algae 

were cultured in 1-gallon LED aquarium at room temperature with 12 V recirculating pump to 

keep water flowing and 12h/12h light-dark cycle.  

Before each experiment, algae were collected by centrifugation at 7000×g for 5 min at 

room temperature and washed with 100 mM potassium phosphate solution (70 mM K2HPO4 with 

30 mM KH2PO4, pH = 7.6). The concentration of algae was quantified by optical density (OD) 

measurement at 750 nm (OD750). The concentration of algae was ~108 cells mL-1 at OD750 = 1. 

After washing, algae cells were suspended in the SECM cell with 2 mL 100 mM potassium 

phosphate solution. Algae were set at OCP condition for 90 minutes for attachment on the APTES-

BDD/OTE; then, the suspended unattached algae were washed from the system. A solution of 1 

mM HQ with 100 mM phosphate (70 mM K2HPO4 with 30 mM KH2PO4, pH = 7.6) was refilled 

into the SECM cell. Different constant anodic potentials (OCP, 0.2, 0.5 and 1.0 V vs Ag/AgCl) 

were applied for 90 minutes on the substrate for investigating the electrode potential effects on 

algae photosynthetic activity. Post characterizations were conducted after these experiments. 

6.3.4 SYTOX® Staining Procedure 

Green fluorescence dye SYTOX
®

 was used to label the damaged and dead cells. The dye 

can permeate through a compromised cell membrane and stain the nucleic acid but will not cross 

the membranes of uncompromised cells. The staining solution was prepared according to the 

manufacture [213]. Briefly, staining solution was prepared by diluting the stock solution 1:30,000 

(167 nM) in a 0.85% NaCl solution and stored in the -20 oC freezer. Prior to staining, algae were 
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washed three times with a 0.85% NaCl solution. After washing, 2 µL of staining solution was 

added into each 200 µL of algae suspension. Algae were incubated in the staining solution at room 

temperature and in the dark for 20 minutes. A cover slide was placed over the OTE after staining 

and the algae cells were imaged at 20 individual random spots (128 by 128 µm area) using an 

inverted fluorescent microscope (Olympus IX73, Japan) with band-pass filter sets which have blue 

wide pass with excitation of 460-495 nm; emission 510-550 nm (FITC filter), and green wide long 

pass with excitation of 530-550 nm; emission 575 nm (TRITC filter). Algae have self-fluorescence 

and are observed as red dots under the TRITC filter and porated algae are observed as green dots 

under the FITC filter after STYOX
®

 staining. 

6.3.5 Photosynthetic Activity Studies 

Scanning electrochemical microscopy (CHI 920D, CH instruments) was utilized for algae 

photocurrent measurement. Experiments used a platinum (Pt) working ultramicroelectrode (UME) 

with a diameter of 10 μm and an Ag/AgCl reference electrode, which were manufactured by CH 

instruments, Inc (TX, USA). A Pt counter electrode with a diameter of 0.5 mm was purchased 

from Alfa Aesar (MA, USA). A three-electrode setup was used in the SECM cell as shown in 

Figure 6-1(a). The light source (Qoolife waterproof LED lights with 2.4 watts and wavelength of 

400 to 700 nm) was positioned under the SECM cell for investigating algae photosynthetic activity. 

The light intensity was measured by a LX1330B digital light meter (Thousandshores Inc, CA, 

USA) at values of 15.7 kLux. The UME was located 2 μm above the attached algae during the 

photosynthetic activity measurement as shown in Figure 6-1(b). 

SECM was used for an investigation of algae electron-transport chain response through 

redox cycling of hydroquinone (HQ) between the substrate and tip in the substrate generation/tip 

collection (SG-TC) mode during photosynthetic activity as shown in Figure 6-1(b). The current 
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measured at the UME increases with respect to the bulk steady-state current in the SG/TG mode, 

due to the oxidation of HQ to benzoquinone (BQ) at the UME and corresponding reduction back 

to HQ at the algae cell. The corresponding redox reaction with the standard electrode potential is 

shown in equation (6-1) and experiments maintained a constant potential at the UME of 0.5 V vs. 

Ag/AgCl for HQ oxidation. Concentration of 1 mM HQ was dissolved in the 100 mM potassium 

phosphate based solution (70 mM K2HPO4 with 30 mM KH2PO4, pH = 7.6). Potassium phosphate 

solution was prepared to use as chloride-free buffer for pH control. Traditional phosphate-buffered 

saline (PBS) which contains137 mM NaCl can form Cl• or other Cl-based oxidants under applied 

anodic potentials, which may affect algae cells [212]. 

BQ + 2H+ + 2e- → HQ        Eo = 0.28 V/SHE                  (6-1)
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Figure 6- 1. Scanning electrochemical microscopy (SECM) setup (a) with 10 μm Pt UME, counter, 

reference electrode, OTE substrate with algae and light illustration with, (b) Pt UME was located 

2 μm above the algae.
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6.4 Results and Discussion 

6.4.1 Attached Algae Surface Mapping Studies 

Algae were suspended in the SECM cell for attachment and surface mapping studies. 

SECM surface mapping was conducted to determine hot spots of algae photosynthetic activity 

after applying different anodic potentials. In order to monitor the current response, the UME was 

held at oxidation potential of HQ (0.5 V vs. Ag/AgCl) and located 2 μm above the attached algae 

on the APTES-BDD/OTE. Attached algae surface mappings were conducted with and without 

light irradiation. The control image without attached algae is shown in Figure 6-2(a) and shows 

normalized currents < 1.0, which demonstrated the APTES-BDD/OTE did not reduce HQ at the 

OCP. Photosynthetic activity was observed during light irradiation and presented by surface 

mapping of the attached algae on the substrate as shown in Figure 6-2(b)-(e). Under the OCP and 

an applied potential of 0.2 V Ag/AgCl, localized areas of higher normalized current (>1) illustrated 

the photosynthetic activity of attached live algae on the substrate as shown in Figure 6-2(b) and 

20(c). The characterization of algae that were exposed to applied potential of 0.5 V and 1 V 

Ag/AgCl, showed fewer hot spots and lower normalized currents, which were attributed to (1) the 

generation of small bubbles from water oxidation, which likely dislodged  or (2) decreased algae 

viability and photosynthetic ability due to applied potentials as shown in Figure 6-2(d) and (e). 
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Figure 6- 2. SECM surface mapping of attached algae after applying different electrode potentials 

at (a) OCP, (b) 0.2 V, (c) 0.5 V and (d) 1 V vs Ag/AgCl. Figures were achieved by mapping under 

light irradiation diminished topographical mapping (without light irradiation).  
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6.4.2 Algae Photosynthetic Studies 

After surface mapping, the UME was positioned 2 μm above the hot spots and held at an 

HQ oxidation potential 0.5 V vs. Ag/AgCl for monitoring algae photosynthetic activity. Figure 6-

3 shows the measured oxidation current of HQ at the Pt UME and demonstrated that a measured 

increase in the UME current was only observed in the presence of both algae and light irradiation. 

Control experiments without attached algae did not result in an increase in current under light 

irradiation. The oxidation current of HQ increased immediately after the light irradiation on the 

algae and decreased to the original level once the light was turned off. These results clearly 

demonstrate the ability of the algae cells to reduce the BQ redox couple from photosynthetically 

derived electrons, which is consistent with previous studies [73, 79, 214]. 

 

Figure 6- 3. Responses of oxidation current for 1 mM HQ upon light irradiation. 
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To understand the correlation between electrode potentials and algae photosynthetic 

responses, attached algae were stained and observed under the microscope after SECM surface 

mapping. Average of the total algae attachment on the APTES-BDD/OTE decreased while the 

applied potential increased as shown in Figure 6-4(a), which indicated the possibility of 

microbubble formation from water oxidation repulsed attached algae cells away from the APTES-

BDD/OTE  [212]. Also, the percentage of porated algae were determined based on the direct count 

after STYOX® staining. Results illustrated that less than 10% of the porated algae were observed 

at OCP, 0.2, and 0.5 V vs Ag/AgCl, but around 30 ± 9% of algae were porated at an applied 

potential of 1.0 V vs Ag/AgCl for 90 minutes as shown in Figure 6-4(b). Before staining, UME 

was located 2 μm above the attached algae and held at HQ oxidation potential 0.5 V vs. Ag/AgCl 

to measure the algae photosynthetic current response under light irradiation. Normalized current 

was determined by measured current from UME divided by the total number of attached algae. 

Results as shown in Figure 6-4(c) illustrated that the normalized current from the attached algae 

decreased while the applied potential on the electrode increased. This result might be due to 

poration or inactivation of some of the attached algae, which reduced their photosynthetic activity. 

For a deeper understanding of the effects of electrode potential on the algae photosynthetic activity, 

normalized currents were normalized by the attached live algae numbers at each anodic potential 

condition as shown in Figure 6-4(d). In general, live cell normalized currents decreased while 

applied potentials increased from OCP to 0.5 V vs Ag/AgCl, but normalized currents increased at 

a potential of 1 V vs Ag/AgCl. These results suggested that the attached algae cells may have lost 

photosynthetic ability after electrolysis at 0.5 V vs Ag/AgCl for 90 minutes but remain algae self-

fluorescent, which can be observed under the microscope. In other words, attached algae at an 

electrode potential of 0.5 V vs Ag/AgCl might not have any significant damage of the cell wall or 
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plasma membrane but photosynthetic activities were inhibited. Furthermore, while applied 

potential increased to 1V vs Ag/AgCl, more attached algae might be porated and photosynthetic 

abilities were simultaneously inhibited. The error bars represent the standard deviation about the 

mean values.  

 

Figure 6- 4. Comparison of (a) the algae attachment potentials (bars), (b) the percentage of porated 

algae, (c) the normalized current from the total attached algae (bars) under light illustration and (d) 

the normalized current from the attached live algae (bars) under light illustration on the APTES-

BDD/OTE as a function of the applied potential. The data points represent the measured current. 

 

6.5 Conclusion  

The results provide proof-of-concept data that illustrated that the BQ/HQ redox couple 

could be used during SECM experiments to characterize the photosynthetic activity of algae cells. 
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Also, the algae photocurrent measurement from the attached algae were affected by the applied 

anodic potentials on the electrode. However, the electrode potentials might reduce the algae 

photosynthesis or respiration ability for electro transport but cannot be directly observed through 

algae cell live/dead staining under microscope characterization. These results offered insights for 

monitoring algae harvesting, biomass separation and cell treatment processes for biofuel 

production that are relevant for reactive electrochemical membrane separation techniques.
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7. CONCLUSIONS AND FUTURE RESEARCH 

Work presented in this dissertation focused on understanding the mechanisms of biofouling 

control, chlorinated byproduct formation, and algae photosynthetic activity at electrode surfaces 

as a function of electrode potential and solution conditions. Research began with an emphasis on 

bacteria attachment and poration mechanisms at the electrode surfaces. The current state of 

knowledge in the field regarding biofouling control with electrochemical methods were focused 

on higher applied potentials (> 1.5 V vs. Ag/AgCl) but the mechanisms for bacteria poration at 

low applied potentials were not thoroughly understood. This research contributed to investigate 

bacteria poration mechanisms at electrode surfaces at low applied potentials (−0.2 to 1.0 V vs 

Ag/AgCl). Results from Chapter 3 showed that electrostatic interactions between bacteria and 

ionic electrode functional groups facilitated bacteria attachment at the open-circuit potential (OCP). 

However, under polarization, the applied potential governed these electrostatic interactions and 

electrochemical reactions resulted in surface bubble formation and near-surface pH modulation 

that decreased surface attachment under anodic conditions. For bacteria poration mechanisms, a 

combination of pH change and oxidant formation at the OTE surfaces were the primary 

contributors to bacteria poration. Under cathodic conditions, the near-surface pH was 8.0 at −0.2 

V vs Ag/AgCl and was possibly a contributor to bacteria poration. Oxidant production had a 

limited role in bacteria poration until cathodic potentials were more negative than −0.5 V vs 

Ag/AgCl, which corresponded to H2O2 formation. On the other hand, under anodic conditions, the 

near-surface pH was 3.1 at 1.0 V vs Ag/AgCl and a combination of H2O2, Cl•, HO2
• Cl2

•−, and Cl2 

formation likely contributed to bacteria poration at potentials as low as 0.5 V vs Ag/AgCl.  

Extending work from Chapter 3 an N-propyl-2-hydroxyacetamide group functionalized 

BDD electrode (OH-BDD/OTE) was designed for studying chelation induced bacteria poration at 
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the electrode surface with low applied potentials (e.g., −0.2 to 1 V versus Ag/AgCl), which was 

reported in Chapter 4. Results suggested that divalent ions from the outer membrane of bacteria 

were chelated by these N-propyl-2-hydroxyacetamide functional groups. It was observed that two- 

to three-fold higher percentage of porated bacteria were observed on the OH-BDD/OTE compared 

with BDD/OTE under applied anodic potentials between 0.1 to 0.5 V vs. Ag/AgCl. DFT 

simulations suggested that divalent cation chelation by the 2-hydroxyacetamide functional group 

was thermodynamically favorable (ΔG = −180 kJ mol−1). Solution phase experiments were 

conducted by measuring bacteria surface charge in the presence of EDTA, glycolic acid (GA) and 

divalent cations. Results showed that additional chelators (EDTA and glycolic acid) can extract 

the divalent ions from the cell membrane and cause cell destabilization and showed higher negative 

zeta potential measurements. A mathematical model based on the nonlinear Poisson–Boltzmann 

equation was conducted to support the chelation hypothesis and experimental results. Results 

suggested that proper surface modification can improve biofouling control on electrode surfaces 

that operate at low applied potentials (e.g., capacitive deionization).  

Electrochemical advanced oxidation processes (EAOPs) have been intensely researched as 

possible technologies for water treatment. Although EAOPs successfully degrade most target 

contaminants, chlorinated byproducts may also form during EAOPs. Chlorinated byproduct 

formation at a porous Magnéli phase Ti4O7 reactive electrochemical membrane (REM) was 

evaluated in Chapter 5. Resorcinol was used as a model organic compound, and it was oxidized 

in the presence of NaCl (1 and 5 mM) and as a function of electrode potential. Resorcinol 

mineralization was >79% in the presence and absence of NaCl at 3.1 V/SHE (residence time = 13 

s). Results indicated that ~4.3% of the initial chloride was converted to inorganic byproducts (free 

Cl2, ClO2
-, ClO3

-) in the absence of resorcinol and this value decreased to < 0.8% in the presence 
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of resorcinol. Perchlorate formation rates from chlorate oxidation were 115—371 mol m-2 h-1. A 

multi-chlorinated alcohol compound (C3HCl4OH) at 2.5 V/SHE and a mono-chlorinated phenolic 

compound (C8H7O4Cl) at 3.1 V/SHE were proposed as possible structures. Results suggested that 

chlorinated byproducts should be carefully monitored during EAOPs and multi-barrier treatment 

approaches are likely necessary to prevent halogenated byproducts in the treated water.  

Porous Ti4O7 REMs were also studied as efficient algae filtration systems. Significant algae 

disruption and reduced photosynthetic activity were observed under anodic oxidation by a Ti4O7 

REM. The applied anodic potential effect on algae photosynthetic activity was investigated in 

Chapter 6. A conductive, non-porous APTES-BDD/OTE was used for primary investigation and 

low anodic potentials (e.g., OCP to 1.0 V vs. Ag/AgCl) were applied. The 

hydroquinone/benzoquinone redox couple was used in SECM measurements as a redox mediator 

to extract electrons from algae’s electron transport chain under light irradiation, which was used 

as a measure of algae’s photosynthetic activity. Also, algae viability was determined through 

microscopy. Results indicated that under anodic polarization, the attached algae exhibited a lower 

current response compared with the OCP condition. Furthermore, it was observed that the current 

response from live attached algae does not correlate linearly with applied potentials. Normalized 

currents for attached live algae decreased while applied potentials increased from OCP to 0.5 V vs 

Ag/AgCl, but increased at a potential of 1 V vs Ag/AgCl, which suggests that algae may lose 

photosynthetic activity before incurring significant damage to the plasma membrane, cell wall, 

and thylakoid membrane. This study provides insight on algae behavior in electrochemical systems 

by characterizing algae biological viability and monitoring their photosynthetic activity after 

exposure to anodic potentials. 



114 
 

The results and conclusion presented in this dissertation imply several opportunities for 

future research. Chapter 3 and 4 showed that oxidant formation and near-surface pH were two 

main contributors for bacteria poration at the electrode surface under low applied potentials in a 

batch system. In addition, chelation site surface modification can increase the attached bacteria 

poration ratio. In Chapter 4, it was hypothesized that when the electrode is polarized as a cathode, 

the electric double layers of the adsorbed bacteria cells and the electrode begin to overlap. However, 

the exact mechanisms of the thermodynamically favorable binding processes and double layer 

effects are still unclear between chelation sites, Mg2+ ions and the bacteria membrane surface. 

Future research should evaluate (1) changes of double layer capacitance between bacteria cells and 

polarized electrodes, and (2) the thermodynamically favorable binding processes between 

chelation sites, Mg2+ ions and the bacteria membrane surface. Electrical impedance spectroscopy 

(EIS) can detect small changes occurring at the solution–electrode interface. Studies using EIS as 

biosensor to evaluate bacteria live/dead performance [215], concentration of attached bacteria [216, 

217] and redox labeled electron transfer between bacteria and electrodes [218, 219] through 

electrochemical cell impedance changes. Hence, EIS can be used in future research for 

characterizing the differences of electric double layers and charge transfer resistance between 

adsorbed bacteria cells and polarized electrodes. In addition, two methodologies (1) surface plasma 

resonance (SPR) and (2) maker molecules can be used to determine binding affinity or kinetic 

parameters between chelation sites, Mg2+ ions and the bacteria membrane surface. SPR allows 

qualification of associate and dissociation constants between molecules from solution to a ligand 

immobilized on the surface [220], which can possibly be used to determine binding affinities or 

kinetic parameters between Mg2+ ions and chelation sites. Besides, to study the binding interaction 

between bacteria and Mg2+, lipopolysaccharide (LPS) can be extracted from bacteria outer 
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membrane [220, 221] and immobilized on the surface as a ligand. Therefore, binding affinity 

measurements between LPS with Mg2+ ions can also be estimated by SPR [222]. Moreover, 

another insightful study shows that maker molecules can also be implemented to identify binding 

sites on the LPS (e.g. radioactive 45Ca2+ can be used as maker for negatively charged lipids). 

Characterizing β-radiation intensity can be used to investigate the adsorption of 45Ca2+ to LPS 

[223]. Results of this study would be useful for comprehensive understanding of 

thermodynamically favorable binding processes between divalent ions, chelation sites, and the 

bacteria membrane surface. 

Chapter 5 summarizes the results from a study on chlorinated byproduct formation on 

Ti4O7 electrodes under anodic conditions. The use of Ti4O7 REMs exhibit promise to eliminate 

formation of chlorinated byproducts, inorganic byproducts (free Cl2, ClO2
-, ClO3

-) and halogenated 

byproducts during EAOPs. However, the study represented a simplified system and not all possible 

chlorinated byproducts were analyzed. Future research is needed to explore more comprehensive 

aqueous solutions and the range of byproducts that may form as a function of solution conditions. 

In addition, combining Ti4O7 REM with other technologies for water treatment applications should 

be explored in order to prevent chlorinated byproducts from remaining in the treated water. For 

example, studies have shown that granular activated carbon (GAC) adsorption [224], nanofiltration 

[71], photocatalytic dehalogenation [225, 226][225], [226], carbon nanotube (CNT) and carbon-

based electrodes [226], [227] present promising results for halogenated byproduct removal. 

Furthermore, recently a carbon-composite Ti4O7 cathode was also shown to efficiently 

dehalogenate several halogenated acetic acid compounds. Therefore, future studies are needed to 

investigate Ti4O7 REM coupling with other methodologies after EAOPs to dehalogenate 

halogenated organics below regulatory standards in the permeate solution.  
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Chapter 6 provides insight on the correlation of photosynthetic activity and algae viability 

as a function of electrode potential. To extend this study, the SECM methodology used in Chapter 

6 can be conducted to determine the effects of heavy metals on algae viability. Prior studies have 

illustrated that heavy metals present in the environment can accumulate in algae and other aquatic 

plants, which can inhibit growth rates and reduce photosynthesis [228–230]. Existing methods 

might cause algae damage or lead to inaccurate results due to indirect measurements. Hence, the 

current methodology provided in Chapter 6 can be implemented in future studies to evaluate the 

effect of different heavy metal concentrations in solution and provide direct measurements of algae 

photosynthetic activity and viability at low algae concentrations. Results of this study might be 

useful to ultimately determine the risk assessment of heavy metals in the water system through 

algae photosynthetic and viability measurements.  
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Appendices 

Appendix A 

 

Figure A- 1. (a) Schematic of MEA (b) Microscopy images of MEA (c) Pt UME was held under 

cathodic potential for oxygen reduction (-0.6 V v.s Ag/AgCl) and scanned area 500×500 of MEA 

for positioning (d) UME was located 2μm above the MEA substrate. 
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Figure A- 2. The relationship between the reading number of OD600 and bacteria number in 1 

mL solution.  

 

A.1 Dual staining procedure 

Prior to staining, bacteria were washed three times with a 0.85% NaCl solution. The 

viability/cytotoxicity assay was prepared by mixing 10 L of DMAO, 20 L of Ethidium 

Homodimer-III (EthD-III), and 80 µL of 0.85% NaCl. DMAO is a green nucleic acid dye that 

stains both live and dead bacteria (excitation 503 nm/ emission 530 nm), while EthD-III is a red 

dye (excitation 530 nm/ emission 620 nm) that only stains cells with a damaged outer membrane. 

Freshly mixed reagent solutions were prepared before each experiment.  

A.2 Bacteria attachment / poration studies 

After washing with a 0.85% NaCl solution, 1 L of reagent solution was added into each 

100 L of bacteria suspension after each attachment experiment. The bacteria were incubated in 

the reagent solution at room temperature and in the dark for 15 minutes. A cover slide was placed 

over the OTE after staining and the cells were imaged by using an inverted fluorescent microscope 
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(Olympus IX73, Japan) with band-pass filter sets which have blue wide pass with excitation 460-

495 nm; emission 510-550 nm (FITC filter), and green wide long pass with excitation 530-550 nm; 

emission 575 nm (TRITC filter). Attachment and live/poration bacteria numbers under each 

condition with different applied potentials were counted manually and averaged from the 10 

individual random spots. Each image represented one spot which captured 11754 μm2 on the OTEs 

as shown in Figure S5. Live bacteria displayed green dots on the images under FITC filter and 

porattion bacteria displayed as red dot under TRITC filter after staining. Total attachment number 

was determined by combing both live and poration bacteria number on the OTEs. Duplicated 

experiments were utilized.UME pH Probe Fabrication. A 75 mg portion of iridium tetrachloride 

was dissolved in 50 mL of water and magnetically stirred for 30 minutes. After that, 0.5 mL 30% 

H2O2 was added and stirring was maintained for another 10 min. Oxalic acid dehydrate (250 mg) 

was added into the solution and stirred for 10 additional minutes. The pH of the solution was 

adjusted to 10.5 by addition of K2CO3. The solution was covered and left at room temperature for 

2 days in order for iridium oxide to form. The anodic deposition was performed on a commercial 

10 m diameter Pt UME (CHI107P, CH Instrument, Inc) Prior to IrO2 deposition, the Pt UME was 

polished with a 0.02 m colloidal silica suspension on a 1200 grit polishing pad. The current 

density was maintained at 0.16 mA cm-2 for 30 minutes for the electrodeposition process. The 

UME was then washed with DI water and air-dried. The electrode was coated with a Nafion® film 

by dipping it into a 5.0 wt. % Nafion solution for 10 seconds. The film was air-dried for 20 minutes. 

The IrO2 UME was immersed in pH 7.0 buffer solution for 2 days for stabilization.  
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A.3 Reaction-Diffusion Model 

A reaction-diffusion model was developed to interpret experimental SECM data on SG-

TC mode where two species, H2O2 and Cl•, were generated at the substrate. The model simulates 

the reaction and diffusion of these species between BDD and UME tip surface at steady state in 

two dimensions and axisymmetric configuration (see Figure A3). Given the concentration of the 

two species, c1 and c2, the following coupled differential equations illustrate the reaction and 

diffusion of both species: 

{

𝜕2

𝜕𝑥′
2 (𝑥

′𝑐′1) +
𝜕2

𝜕𝑦′
2 (𝑥

′𝑐′1) =
1

𝛼′
𝑐′1𝑐

′
2𝑥

′

𝜕2

𝜕𝑥′
2 (𝑥

′𝑐′2) +
𝜕2

𝜕𝑦′
2 (𝑥

′𝑐′2) =
1

𝛼′
𝑐′1𝑐

′
2𝑥

′ +
1

𝛽′
𝑐′2
2
𝑥′

, (A1) 

subject to the following boundary conditions for the problem domain depicted in Figure A6 

{
 
 
 

 
 
 

𝜕𝑐′1

𝜕𝑦′
= 1,

𝜕𝑐′2

𝜕𝑦′
= 1   along AB

𝜕𝑐′1

𝜕𝑥′
=

𝜕𝑐′2

𝜕𝑥′
= 0   along BC, FG and AI

𝜕𝑐′1

𝜕𝑦′
=

𝜕𝑐′2

𝜕𝑦′
= 0   along CD and GH

𝑐′1 = 𝑐
′
2 = 0   along DE and EF

𝑐′1 =
𝜕𝑐′2

𝜕𝑦′
= 0   along HI

 (A2) 

where prime indicates nondimensionalization, 

𝑥′ =
𝑥

𝑏
 ,  𝑦′ =

𝑦

𝑏  
  , 𝑐′1 =

𝑐1

𝑐0
  , 𝑐′2 =

𝑐2

𝑐0
  , 𝛼′ =

𝐷2

𝑘𝑟𝜐1𝑏3
  , 𝛽′ =

𝐷2

𝑘𝑠𝜐1𝑏3
  , 

in which 𝑏 = min (𝑎,  √𝐷/(𝑘𝑟 𝑐0)  ), 𝑎  is the UME tip radius, 𝑐0 = [𝜐1
2/(𝐷 𝑘𝑟)]

1/3  is the 

dimensional concentration scale, 𝐷  is the diffusion coefficient (assuming both species have 

identical diffusivity), 𝑘𝑟 = 𝑘𝐶𝑙•,𝐻2𝑂2 is the second-order homogeneous reaction rate constant, 𝑘𝑠 =

𝑘𝐶𝑙•,𝐶𝑙•  is the rate of reaction 12, and 𝜐1 is the generation rate of both H2O2 and Cl-based oxidants 
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at the BDD substrate. The presence of 𝑥′ in equation A1 is due to conversion of cylindrical to 

Cartesian coordinates. The coupled reaction-diffusion equations S1 with boundary conditions in 

equations A2 were solved numerically using Finite Element Method (FEM) implemented in 

Matlab. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A- 3. Schematic of the axisymmetric 2D geometry in which reaction-diffusion equations 

are solved numerically. Dashed line is the axis of symmetry, AB=31.6 is the BDD surface, BC=3.1, 

CD=19.0, DE=23.8 and EF=17.4 representing far boundaries in the bulk, FG = GH = 17.4 illustrate 

the glass sheath surface, HI=15.8 is the UME tip, and AI=9.5. All lengths are nondimensionalized 

by 𝑏. 

 

A.4 APTES Modified BDD Coverage Calculation 

APTES coverage ratio on the BDD was calculated based on XPS results and chemical 

structure. The C/N ratio of APTES was 3:1 based on the chemical structure, C/N of BDD was 59.5 

and C/N of APTES-BDD was 18.5 based on the XPS results. Therefore, the coverage ratio (X) 

can be calculated by (C:N) APTES-BDD =(1-X) (C:N)BDD+ X(C:N)APTES. 
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Figure A- 4. PAO1 bacteria zeta potential in different pH solutions. 
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Figure A- 5. Fluorescent images showing live (green) and dead (red) POA1 cells on (a) BDD/OTE 

and (b) APTES-BDD/OTE electrodes under different applying potentials, which are referred to in 

the article. Potentials are vs. Ag/AgCl. (bar = 10 μm)  
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Table A- 1. The electric field in the SECM system for attachment and inactivation studies while 

applying different potentials on the electrode. 

Working 

Electrode 

Potential (V vs. 

Ag/AgCl)  

Cell potential  

(V) 

Electric Field 

(V/m) 

1 1.4 494.7 

0.8 0.99 349.8 

0.5 0.68 240.3 

0.2 0.31 109.5 

0.1 0.13 44.2 

OCP 0.1 34.3 

-0.05 -0.07 -23.7 

-0.1 -0.11 -37.5 

-0.2 -0.23 -79.9 
 

 

Figure A- 6. The calibration curve of H2O2 concentration vs. current on the Pt UME while UME 

was held at 0.9 V vs. Ag/AgCl (R2 = 0.99).  
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Figure A- 7. Cyclic Voltammogram (CV) curves of bare BDD/OTE and APTES-BDD/OTE in the 

(a) phosphate buffer solution (PBS) (b) 100 mM NaClO4 and (c) the comparison of both solutions 

on both BDDs .  
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Appendix B 

B.1 Electrode modification process 

The EDC/NHS method was applied to crosslink amide with carboxylic acids [147, 148]. 

The mechanism of EDC/NHS reaction is shown in Figure B-1 [231]. The mechanism involves the 

mixing of glycolic acid (1) with 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide (EDC) (2). The 

O-acylisourea intermediate (3) was formed by reaction between the carboxylic acid and EDC, 

which is usually unstable in aqueous solutions. NHS (4) was added for stabilizing the final product 

and improving the crosslink efficiency. The NHS reacts with the O-acylisourea intermediate and 

forms the semi-stable amine reactive NHS ester (5). Compound (5) crosslinks with the amino 

group on the APTES-BDD/OTE (6). The final N-propyl-2-hydroxyacetamide functional group 

was formed on the BDD/OTE (7). The process was conducted in the pH 5.0 MES buffer, which is 

suitable for carbodiimide reaction without primary amine or carboxyl groups present.  

These reaction steps were carried out on an APTES-BDD/OTE. First, 5% volume of GA 

was dissolved in the 5 mM MES buffer solution in the beaker and stirred for 30 minutes until 

chemicals were well dissolved. 5 mM EDC was added into this solution to react with GA for 

another 30 minutes. Then, 5 mM water soluble NHS and APTES-BDD/OTE electrode were added 

into the beaker for further crosslinking process of GA on the APTES-BDD/OTE. The beaker was 

covered with paraffin and set in the shaker with a rotation speed of 160 rpm at room temperature 

for 20 hours. Last, the OH-BDD/OTE was washed by water three times to remove the unreacted 

GA and dried at room temperature. 
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Figure B- 1. The mechanism of EDC/NHS reaction (1) glycolic acid, (2) EDC, (3) unstable 

reactive O-acylisourea ester, (4) NHS, (5) glycolic acid-NHS (6) APTES (7) N-propyl-2-

hydroxyacetamide functional groups. 
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Figure B- 2. The relationship between the reading number of OD600 and bacteria number in 1 mL 

solution.  

 

B.2 Surface modification coverage calculation 

(C:N)OH-BDD/OTE = (1-X) (C:N)BDD/OTE+ X(C:N)APTES+GA 

(C:Si)OH-BDD/OTE = (1-X) (C:Si)BDD/OTE+ X(C:Si)APTES+GA 

Definition :  

(C:Si)OH-BDD/OTE : The Carbon and Silicon ratio on the OH-BDD/OTE based on XPS results. 

(C:Si)BDD/OTE: The Carbon and Silicon ratio on the BDD/OTE based on XPS results. 

(C:Si)APTES+GA: The Carbon and Silicon ratio based on the chemical structure on the BDD/OTE.  

For example:  

Assuming one APTES compound binds with one -OH group on the BDD. Therefore, the C/Si ratio 

for (C:Si)APTES+GA is 3. The C/Si ratio on BDD/OTE and OH/BDD-OTE were measured as 64.5 
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and 17.4, respectively. The equation can be written as 64.5(1-X)+3X = 17.4 and the coverage can 

be calculated from X. 

 

Figure B- 3. Cyclic voltammogram (CV) curves of bare BDD/OTE and OH-BDD/OTE in the (a) 

phosphate buffer solution (PBS) (b) PBS containing 5 mM K3Fe(CN)6/K4Fe(CN)6 and (c) PBS 

containing 5mM Ru(NH3)6Cl3/Ru(NH3)6Cl2 before and after aged. (V vs Ag/AgCl) 

 

B.3 Titration and data analysis 

Titration was applied to determine the pKa values and proton binding site concentrations 

(Nd) on the bacteria cell surface.  The bacteria solution was place in the sealed vessel and purged 

with N2 for 30 minutes before titration. The titration solution, 0.1 N NaOH was also degassed for 

30 minutes before using. Approximately 4×10
12 bacteria cells/mL was exposed in the 20 mL 0.1 

M NaCl, which was adjusted to pH 2.0 by 0.1 N HCl. The titrations were conducted in the pH 
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range of 2.0 to 11.0 by using an auto-titrator, and a minimum of three titrations were carried out 

for each experiment. 

 The pKa values and their corresponding proton binding sites on the bacterial cell surface 

were determined by fitting the 𝑝𝐾𝑎𝑛 and STn values into the charge balance equation (A3) using 

solver in Excel (Figure B-4). 

VNaOH = 
𝑉0

𝐶
× {{∑ 𝑆𝑇𝑛 × 10

−𝑝𝐾𝑎𝑛 × [(
1

[𝐻+]+10−𝑝𝐾𝑎𝑛
) − (

1

[𝐻0
+]+10−𝑝𝐾𝑎𝑛

)]} − ([𝐻+] −
𝐾𝑊

[𝐻+]
−𝑛

1

[𝐻0
+] +

𝐾𝑊

[𝐻0
+]
)}                                                                                                                                (B1) 

where  

VNaOH = calculated volume of 0.1 N NaOH added in mL 

Kw = water dissociation constant (1×10-14); 

𝑉0 = Initial solution volume before titration (L); C = concentation of NaOH (N);  

𝑆𝑇𝑛 = 𝐹𝑖𝑡𝑡𝑖𝑛𝑔 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑃𝑂𝐴1 𝑠𝑖𝑡𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑀);  

[𝐻+] = 10−𝑃𝐻; [𝐻0
+] = 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 10−𝑝𝐻0; 𝑛 = 4; 𝑝𝐾𝑎𝑛 = 𝑑𝑖𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡;  

𝑁𝑎𝑖  = site numbers per unit area (#/nm2), which was calculated according to (
𝑆𝑇𝑛

𝑇𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙 𝑛𝑢𝑚𝑏𝑒𝑟
×

𝐴𝑣𝑜𝑔𝑎𝑑𝑟𝑜′𝑠 𝑛𝑢𝑚𝑏𝑒𝑟 ×
1

𝑐𝑒𝑙𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎
). The total cell number was determined by OD600 

calibration. The surface area per cell obtained from the measured cell size and the ratio of cell 

numbers to dry mass were 6.77 𝜇m2/cell and 7.02×10-12 g/cell for POA1, respectively.  
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Figure B- 4. The relationship between solution pH and addition of 0.1 N NaOH volume for POA1 

with experiment data and model fitting results. 
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Appendix C 

 

 

Figure C- 1. (a) The electrochemical oxidation experiment setup and (b) the details of the flow 

through reactor. 
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Figure C- 2. Scheme showing general pathways for resorcinol oxidation and chlorinated 

byproduct formation. DET = direct electron transfer. 
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Figure C- 3. Electro-oxidation experiments mixing 1 or 5 mM of NaCl and 1 mM resorcinol. (a) 

Resorcinol concentration profiles measured by HPLC (solid) and COD concentration 

measurement (striped). All the results were analyzed from the quenching permeate solutions after 

electrooxidation process. 
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Figure C- 4. (a) Perchlorate formation kinetic fitting from 1 mM chlorate at an anode potential of 

3.0 V/SHE with different retention time (inset shows calculation of first-order rate constant of 0.04 

s-1). (b) Perchlorate formation rates from 1 mM chlorate on the Ti4O7 electrode with different flow 

rates. 
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Figure C- 5. The raw LC-MS data for non-chlorinated products with mass (a) 110.1 Da, (b) 116 

Da, (c) 154.1 Da, (d) 187.2 Da and (e) 218 Da. The mass of one proton (1 Da) was added to all 

compounds. 
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Figure C- 6. The raw LC-MS data for chlorinated products with mass (a) 196.7 Da and (b) 202.1 

Da. The mass of one proton (1 Da) was added to all compounds 
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Figure C- 7. The raw LC-MS data for chlorinated products from 1 mM NaOCl/1 mM resorcinol 

solution with mass (a) 84 Da, (b) 150 Da and (c) 178 Da. The mass of one proton (1 Da) was added 

to all compounds. 
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Figure C- 8. Average peak area of chlorinated byproducts from 1 mM resorcinol containing 1 mM 

NaOCl under batch conditions. 
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Figure C- 9. Proposed chlorinated production from the reaction between resorcinol and NaOCl 

under batch condition with 1 mM NaOCl/1 mM resorcinol solution at pH = 8.7. 
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Table C- 1. Masses of the detected and proposed organic compounds from the reaction between 

resorcinol and NaCl (1mM and 5 mM) under anodic potentials 2.5 and 3.1 V/SHE 

# Detected mass (Da) Proposed mass (Da) 

1 110.1 (not resorcinol) 110.1 

2 116 116.1 

3 154.1 154.1 

4 187.2 188.2 

5 218 218 
 

Masses of the detected and proposed compounds from the reaction between resorcinol and NaOCl 

under batch condition with 1 mM NaOCl/1 mM resorcinol solution at pH = 8.7 

# Detected mass (Da) Proposed mass (Da) 

1 84 82.5 

2 150 150.5 

3 178 178.9 
 

Masses of the detected and proposed chlorinated compounds from the reaction between resorcinol 

and NaCl (1mM and 5 mM) under anodic potentials 2.5 and 3.1 V/SHE. 

# Detected mass (Da) Proposed mass (Da) 

1 196.7 195.9 

2 202.1 202.1 
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(a) 

 

(b) 

 

Figure C- 10. Geometric optimized structures from DFT calculations of: (a) Resorcinol + 2H2O 

and (b) [Resorcinol + 2H2O]+. Atom Key: C = grey; O = red; H = white.
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