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SUMMARY 

Electrochemically active carbon nanotube (CNT) filters can effectively 

adsorb and oxidize certain compounds in the anode, but the role of a cathode in 

electrochemical filters beyond a counter electrode has not been thoroughly 

investigated. In this study, a new wastewater treatment system combining 

adsorption and oxidation in the CNT anode and oxidation with in situ generated 

hydrogen peroxide (H2O2) in the CNT cathode was developed. The treatment 

efficiency, impacting factors, and mechanism of the system were systematically 

studied. The results demonstrate that electrode material, cathode potential, pH, 

flow rate, and dissolved oxygen (DO) could affect H2O2 yield. The maximum 

H2O2 yield of 1.38 mol hr-1 m-2 was achieved with C-grade CNT at an applied 

cathode potential of -0.4 V (vs. Ag/AgCl), a pH of 6.46, a flow rate of 1.5 mL 

min-1, and an influent DO of 44 mg L-1. Phenol was used as a model aromatic 

compound to evaluate the removal efficiency and its oxidation rate was directly 

correlated with the H2O2 yield. A high phenol removal efficiency of 87.0±1.8% 

within 4 h of continuous operation was achieved with an average oxidation rate 

of 0.059±0.001 mol hr-1 m-2 at an applied cathode potential of -0.4 V (vs. 

Ag/AgCl). Scavenger tests indicate that phenol oxidation was mainly due to 

electrogenerated H2O2 and other reactive oxygen species (e.g., HO2
●, and O2

●-), 

but not hydroxyl radicals (OH●). The newly developed electrochemical CNT 

filtration system coupled with in situ generated H2O2 may be used as a cost-

effective wastewater treatment system to remove organic pollutants or a 

promising point-of-use wastewater treatment system. 
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1 INTRODUCTION 

 

1.1   Background  

Water is essential for the subsistence of living beings and is a critical factor 

in ecological balance. Although its volume (~1400 million km3) on earth is 

abundant, the majority of it is constituted by saltwater and only 2.5% of 

freshwater is readily available for human uses (Oki & Kanae, 2006). With 

developments of economics and industry, water pollution threats the safety of 

drinking water and human health (Vorosmarty et al., 2010). Various kinds and 

great quantity of contaminants were released into water bodies could accumulate 

in wild animals and human being. It is well known that large amounts of 

synthetic organic pollutants, including industrial chemicals, pesticides, dyes and 

pharmaceuticals and personal care products (PPCPs), are released daily into 

many types of wastewaters and enter into natural water bodies. Conventional 

regulations only focus on pathogens and parasites, nutrients, priority pollutants, 

refractory organics, heavy metals, and dissolved inorganics etc. Emerging 

contaminants not in the list of conventional regulations, include artificial 

sweeteners (sucralose), nanomaterials, perfluorinated compounds (PFCs), 

pharmeceuticals, hormones, drinking water disinfection byproducts (DBPs), 

suncreens/UV filters, bromnated flame retardants, benzotriazoles, naphthenic 

acids, antimony, siloxanes, musks, algal toxins, and pesticide transformation 

products (Richardson & Ternes, 2011). These emerging contaminants are used 
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in small quantities by millions of people in many locations, but may add up to 

much impact on the environment.  

Chemical contaminants may have a harmful effect on living organisms or 

make water unsuitable for desired use. In our daily necessaries, some products 

contain significant amounts of contaminants, such as phthalate esters (a kind of 

industrial compound that makes PVC toys soft and pliable – plasticizers, some 

of them were supposed endocrine disruptors) in plastic toys, ethynyl estradiol in 

pharmaceuticals, methoxychlor in industrial chemicals, cimetidine in drugs for 

birth control and diethylstilbestrol given to mothers to prevent morning sickness 

(Calle et al., 1996; Sanderson et al., 1998). These contaminants might enrich in 

wild animals and human bodies through natural water and lead to reproductive 

disorders, immune system dysfunction, certain cancers, birth defects and falling 

sperm counts, neurological effects, attention deficit disorder and poor memory, 

and low IQ (Schwarzenbach et al., 2010). Negative effects of contaminants on 

wild animals have been widely reported: 700 bottle nose dolphins died along the 

coasts of New Jersey and Florida (Geraci, 1989), 20,000 harbour seals died 

within a few months in the North Sea (Dietz et al., 1989), and negative effects 

on amphibian deformities (Taylor et al., 2005). For human beings, waterborne 

diseases like diarrheal caused by over 20 viral, bacterial and parasitic infections 

are responsible for 2 to 2.5 million deaths annually. In developing countries, the 

persistent organic pollution emissions have been increasing greatly due to the 

increasing energy demand associated with rapid population growth and 
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economic development and to the low efficiency of energy utilization (Xu et al., 

2013). 

Besides the water contaminants mentioned above, large amount of 

emerging water pollution is generated with industrial development. In order to 

prevent from human health disorder and ecosystem unbalance, some activities 

must be taken to relieve water pollution and remove those aqueous contaminants 

from water body. This study focuses on an innovative process to remove and 

oxidize one aqueous organic product, phenol, with electrogenerated hydrogen 

peroxide from carbon nanotubes cathode. 

1.2   Carbon nanotubes 

Carbon nanotubes was discovered in 1991, and they have been applied in 

most areas of science and engineering and generated huge unprecedented results 

and effects due to their special physical and chemical properties. These 

superlative mechanical, electronic properties, and thermal conductivity make 

carbon nanotubes ideal for a wide range of applications in materials of carbon 

nanotubes in some baseball bats, golf clubs or car parts (Baughman et al., 2002), 

fundamental research, water treatment, and material science (Cao et al., 2004). 

Carbon nanotubes are allotropes of carbon with a cylindrical nanostructure. 

Their unique strength attribute to the chemical bonding composed entirely of sp2 

bonds, similar to those of graphite, which are stronger than the sp3 bonds found 

in alkanes and diamond. Two main types of nanotubes are used mostly, single-

walled carbon nanotube (SWNT) (Bethune et al., 1993) and multi-walled carbon 

nanotube (MWNT) (Iijima & Ichihashi, 1993). The former consists of a single 
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sheet of graphene rolled seamlessly to form a cylinder with diameter of order of 

1 nm and length of up to centimeters, while the latter, MWNT, consist of an array 

of such cylinders formed concentrically and separated by 0.35 nm, similar to the 

basal plane separation in graphite (Iijima, 1991). The synthetic processes are 

based on arc discharge, laser ablation, plasma torch, chemical vapor deposition 

(CVD), super-growth CVD, and removal of catalysts and decomposition of CO. 

Because there are many possibilities for the relationship between axial direction 

and unit vectors for hexagonal lattice, carbon nanotubes could be metallic, semi-

metallic or semi-conducting (Coleman et al., 2006). Pristine carbon nanotubes 

are extremely conductive due to almost hardly scattering effects in ballistic 

transport from the one-dimensional structure. Even superconductivity was 

observed in SWNT at transition temperature around 5 K (Tang et al., 2001). 

Besides unique electrical features, the physical characteristics of carbon 

nanotubes attract scientists’ attention as well. The size of carbon nanotubes can 

be made into extremely tiny particles. The shortest carbon nanotube is the 

organic compound cycloparaphenylene, which was synthesized in early 2009 by 

Lawrence Berkeley National Laboratory; the thinnest carbon nanotube is only 3 

Å diameter with armchair (2,2) which was grown inside a MWNT (Zhao et al., 

2004). In spite of the tiny dimension and size, the physical strength of carbon 

nanotubes is extremely high due to its C-C bonds. The tensile strength of carbon 

nanotubes was still not accurately measured. However the estimation on strength 

from properties of C-C bonds was as high as 130 GPa (Cottrell, 1964), for 

fabricated graphite whiskers, the tensile strength was around 20 GPa (Bacon, 
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2004). Other studies showed individual carbon nanotube shells have strengths of 

up to over 100 GPa, which is in agreement with quantum and atomistic models 

(Peng et al., 2008). For the strong covalent sp2 bonds formed between the 

individual carbon atoms, since the density for a solid CNT is as low as 1.3 to 1.4 

g/cm3, CNT has the best specific strength known till now, up to 48,000 

kN·m·kg−1, compared to 154 kN·m·kg−1 for high-carbon steel (Collins & 

Avouris, 2000). The tensile strength of carbon nanotube is extremely high, while 

the shear interaction between adjacent shells and tubes is too weak due to its 

large length and width ratio. Standard SWNT could withstand a pressure up to 

25 GPa without deformation. For higher pressure, it will be transformed into a 

harder phase, which could withstand 55 GPa (Popov et al., 2002). Because of the 

symmetry and unique electronic structure of graphene, the structure of a 

nanotube strongly affects its electrical properties. In theory, metallic nanotubes 

can carry an electric current density of 4 × 109A/cm2, which is more than 1,000 

times greater than those of metals such as copper, whose current densities are 

limited by electromigration (Hong & Myung, 2007). Along tubes, all nanotubes 

are good thermal conductors. Measurements show that the thermal conductivity 

along the axis of single-walled carbon nanotubes is 3500 W·m−1·K−1 at room 

temperature (Pop et al., 2006) while copper transmits thermal at the rate of only 

385 W·m−1·K−1. The thermal conductivity across its axis is about 1.52 

W·m−1·K−1 and close to that of soil. CNT also shows stability at high temperature 

up to 2800 °C in vacuum, or 750°C in air (Thostenson et al., 2005).  

http://en.wikipedia.org/wiki/Electromigration
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Considering the superlative tensile physical mechanical characteristics, 

electronic properties, thermal conductivity and other features, carbon nanotubes 

have huge potential applications in both industrial manufacture and science 

researches. Restricted to the synthesis of carbon nanotubes, current applications 

are mostly limited to the use of bulk nanotubes because only unorganized 

fragments of bulk nanotubes could be batch manufactured. Carbon nanotubes are 

used as tips for atomic force microscope for its high length-width ratio dimension 

and excellent electromigration ability (Hafner et al., 2001). In tissue engineering, 

it acts a role as scaffolding for bone growth (Zanello et al., 2006). MWNT also 

could be made into filters for viral and bacterial inactivation (Vecitis et al., 2011).  

1.3   Hydrogen peroxide electrogeneration  

Hydrogen peroxide (H2O2) is a potential strong oxidant as an 

environmentally friendly chemical because no hazardous residuals were left after 

reaction except oxygen and water. H2O2 is a colorless liquid with little blue color. 

Due to its high oxidation properties, H2O2 is often applied to bleaching of paper 

pulp, treatment of wastewater, cleaning agent and destruction of hazardous 

organic wastes (Qiang et al., 2002). The physicochemical properties of hydrogen 

peroxide are listed in Table 1-1.  

In the environmental field, H2O2 is used as a supplement of oxygen source 

to enhance the bioremediation of contaminated aquifers (Wilson et al., 1994). It 

is used for cleaning well water or other drinking water sources, by removing 

odors, organic materials that change the water taste, and the removal of H2S and 

iron, while reducing trihalomethanes and haloacetic acids. Hydrogen peroxide 
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can be used to increase or decrease the amount of ozone in drinking water. H2O2 

is a conventional oxidant to reduce BOD and COD of industrial wastewater for 

many years. High concentration H2O2 is referred to as high test peroxide, used 

as rocket propellant. H2O2 could generate another stronger oxidant, hydroxyl 

radical ( OH ∙ ), with Fe2+, which produces the Fenton’s reagent for either 

degradation or synthesis of organic compounds (Scialdone et al., 2013). 

However, the Fenton system needs extra chemicals and energy to continuously 

generate hydroxyl radicals. What’s more, the residuals of Fenton system and 

ferrous/ferric ions in treated water still need to be solved.  

Table 1-1. Physicochemical properties of hydrogen peroxide 

 Properties 

Chemical name Hydrogen peroxide 

Molecular formula H2O2 

Chemical structure 

             
Molecular weight 34.0147 g mol−1 

Class Oxidant, Corrosive 

 

H2O2 can be produced by electrochemical methods, such as electrolysis of 

inorganic chemicals (H2S2O8, KHSO4 and NH4HSO4) and autoxidation of 

organic compounds (alkylhydroanthraquinones and isopropyl alcohol). The 

electrolysis process of inorganics needs large amount of energy and chemicals. 

Hydrogen peroxide could be directly generated from water with thermal, 

photochemical, and electrical discharge processes although it requires 

demanding operational conditions.  
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Although H2O2 is a strong oxidant, low concentrations (~3%) of H2O2, are 

widely available and legal to buy for medical use according to many regulations.  

1.4   Justification of the research project 

Large amounts of organic wastes discharged into water bodies have caused 

serious water pollutions that substantially damaged the aquatic environments 

(Liu et al., 2011). Therefore, effective approaches to remove these pollutants are 

highly desirable. An electrochemically active multi-walled carbon nanotubes 

(MWNTs) filter has been previously proven to be effective toward the adsorptive 

removal and anodic oxidation of certain selected compounds (Liu et al., 2012). 

However, the role of a cathode of the electrochemical filter beyond a counter 

electrode is usually disregarded. 

Oxidation and removal of these pollutants with electrogenerated hydrogen 

peroxide in two-MWNT-membrane filter system is an innovative process. 

Considering the environmental friendly feature of H2O2, its residuals and 

byproducts, oxygen and water, would not pollute water. Through adjustment and 

optimization for conditions applied on the carbon nanotube filter system, on-site 

continuous hydrogen peroxide could be generated from water without extra 

chemicals except oxygen pumped into water. 

1.5   Objectives 

In this work, the in-situ production of strong oxidation species, e.g. 

hydrogen peroxide (H2O2), at the functional CNT cathode within the 

electrochemical filter was systematically studied. The objective of this study was 
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to develop a novel wastewater treatment system combining adsorption and 

oxidation in the CNT anode and oxidation with in situ generated hydrogen 

peroxide (H2O2) in the CNT cathode. A series of control experiments were 

conducted on MWNTs to optimize conditions for hydrogen peroxide (H2O2) 

generation in electrochemical carbon nanotubes filters, including cathode 

potential, flow rate, influent pH value, concentration of dissolved oxygen, 

dimension of WMNT and preparation treatment. Aqueous organic products such 

as phenol were oxidized and removed from the water with hydrogen peroxide in 

electrochemical carbon nanotube system, and its performance and oxidation rate 

was correlated with H2O2 production rate.  

1.6   Scope  

In this study, an innovative wastewater treatment process with 

electrochemical carbon nanotubes filtration was studied. With the technology, 

aqueous organic products in waste water were removed by absorption and 

oxidation. Hydrogen peroxide was generated at low cathode potential from 

reaction on CNT membranes. As a green oxidant, H2O2 could remove phenol 

and other aqueous organic products without DBPs. Low energy consumption 

was needed with this technology for water treatment. 
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2 LITERATURE REVIEW 

2.1   Contaminants in wastewater treatment  

With the rapid increase in population and fast industrial development in 

recent decades, large amounts of organic wastes discharged into water bodies 

have caused serious water pollutions that substantially damaged the aquatic 

environments (Liu et al., 2011). Water systems are transformed through 

widespread land cover change, urbanization, industrialization and engineering 

schemes like reservoirs, irrigation and interbasin transfers that maximize human 

access to water (Programme, 2009). However on the other aspect, nearly 80% 

(4.8 billion) of the world’s population (for 2000) lives in areas where either 

incident human water security or biodiversity threat exceeds the 75th percentile 

(Vorosmarty et al., 2010). Over 30 of the 47 largest rivers, which collectively 

discharge half of global runoff to the oceans, show at least moderate threat levels 

(incident biodiversity threat index > 0.5) at river mouth, with eight rivers (for 

human water security) and fourteen (for biodiversity) showing very high threat 

(incident biodiversity threat index > 0.75). Mining, agricultural, urban and 

industrial activities contribute large contaminant loads to water body, including 

organic chemicals, heavy metals and sediment (Programme, 2009). Over 300 

chemicals from a diverse range of classes of compounds have been identified in 

wastewater. Their concentrations vary from the pg kg-1 to g kg-1 range, depending 

on the type of wastewater, domestic, municipal or industrial (Jacobs et al., 1987; 

Smith, 2000). Some most frequently detected contaminants include aromatics, 

polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), 
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phthalic acid esters (PAEs), polychlorinated dibenzo-p-dioxins and furans 

(PCDD/Fs), organochlorinated pesticides and phenols (Dai et al., 2007; Harrison 

et al., 2006). In America’s streams, 80% of the samples from streams detected 

with organic wastewater contaminants (OWCs), which represent a wide range of 

residential, industrial and agricultural origins and uses with 82 OWCs (Kolpin et 

al., 2002). More and more water body will be polluted with speedily 

development of modern industry and medical products. And with more precise 

analytical technologies in the future, more emerging contaminants in water will 

definitely be found and attract scientists’ attentions. Therefore, seeking effective 

approaches that can remove these pollutants to non-hazardous products are 

highly desirable.  

In this study, phenol was selected as a target emerging contaminant in 

wastewater not only because its aqueous form is toxic and refractory to 

conventional biological wastewater treatment, but also because it is frequently 

used as a model aromatic compound in in industrial wastewater treatment studies 

as millions of tons of phenol are produced in every year.  

2.2   Carbon nanotubes in water treatment 

Recent advances in membrane technology have led to an increased use of 

synthetic organic/inorganic membranes for water treatment including the 

removal of viruses and hazardous chemicals from contaminated sources of water 

(Lewis et al., 2011). Among all the promising membrane materials, carbon 

nanotubes have attracted extensive attention due to their combination of 

mechanical stability, flexibility and chemical resistivity and large specific 
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surface area, and were considered as a good option for membrane materials 

(Iijima, 1991; Pan & Xing, 2008; Yang et al., 2013).  CNT can also be easily 

formed into porous 3D networks that can be used as filters for contaminant 

sorption and electrochemical degradation due to their specific surface area (30-

650 m2 g-1) (Lee et al., 2005) and conductivity (around 104~106 S∙m-1) (Ma et al., 

1999). Previous results have demonstrated that the CNT-based electrochemical 

filters proven to be effective to adsorb and anodic oxidize aqueous organic 

pollutants, such as azo dyes and phenol (Gao & Vecitis, 2011; Vecitis et al., 

2011b; Rahaman et al., 2012). Within the electrochemical CNT filtration system, 

organic pollutants were adsorbed and oxidized via a direct/indirect oxidation 

process on the anodic CNT filters,(Liu & Vecitis, 2012) and a Ti ring or CNT 

filters were used as a counter cathode to provide the required potential (Schnoor 

& Vecitis, 2013; Vecitis et al., 2011a). However, the role of a cathode in 

electrochemical filters beyond a counter electrode has not been thoroughly 

investigated, as previous studies mainly focus on the anodic oxidation of organic 

pollutions (Gao & Vecitis, 2011; Vecitis et al., 2011a). 

Integrated electrochemical technologies that combine pressure driven CNT 

membrane processes with EAOPs have been gaining attention recently. The 

enhanced performance of three-dimensional electrodes arose from the high 

surface area increasing the number of electrochemically active surface sites 

(Cinke et al., 2002) and high porosity for enhanced ion and molecular transport. 

High pressure CNT membranes may provide an effective treatment barrier to 

isolate most trace organic and inorganic compounds and microorganisms, 
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although adsorption, size exclusion and charge repulsion have a major influence 

on the treatment efficiency (Sirés & Brillas, 2012). CNT network was utilized as 

an anodic water filter and shown to be effective for some aromatic dye, e.g., 

methylene blue and methyl orange, and anion, e.g., chloride and iodide removal 

and oxidation (Gao & Vecitis, 2011) and bacterial and virus removal and 

inactivation (Vecitis et al., 2011). CNT doping with boron or nitrogen had been 

shown to affect the CNT electronic structure and in turn will likely also enhance 

the electrochemistry activity of CNT. With such doped CNT networks, 50% of 

0.2 mmol L-1 phenol was able to be removed from influent water (Gao & Vecitis, 

2012). Some pretreatments on CNT, e.g. calcination, redispersion in HCl, 

toluene and hexanes, were efficient to improve the removal effect of passivating 

electro polymer coating (Gao & Vecitis, 2013). Carbon nanotube filtration 

worked well toward pharmaceuticals in drinking water treatment plant, over 85% 

rejection percentages (Radjenović et al., 2008). Electrochemical oxidation for 

diclofenac and ibuprofen from yellow waters in membrane system in a batch 

plant was useful, destroying both compounds without loss of urea as a nitrogen 

fertilizer (Lazarova et al., 2008). 

Until now, in most of the studies, the anodic CNT was prepared by a facile 

vacuum filtration of CNT dispersions and a Ti ring or another CNT filters was 

served as a cathode within the electrochemical CNT filters. Upon application of 

a certain anodic potential, the target compounds can be not only adsorbed onto 

the anodic CNT filters but also partially or completely oxidized via a 

direct/indirect oxidation process on the anodic CNT filters (Liu & Vecitis, 2012). 
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They mainly focused on the anodic oxidation of organic pollutions at the anode 

(Gao & Vecitis, 2011; Vecitis et al., 2011b), the role of a cathode of the 

electrochemical filter beyond a counter electrode is usually disregarded within 

this kind of electrochemical setup. In fact, the in-situ production of strong 

oxidation species, e.g. hydrogen peroxide (H2O2), can be achieved via a two 

electron oxygen reduction reaction (Eq. 1) once the counter electrode was served 

as a functional cathode (Brillas et al., 2009b; Hsiao & Nobe, 1993; Pignatello et 

al., 2006a; Xie & Li, 2006).  

  1/2𝑂2 + 𝐻+ + 𝑒− → 1/2𝐻2𝑂2                                                                        (1) 

This work investigated the cathodic oxidation and removal effect for 

organic products, here taking phenol as the target product. Its hydrogen peroxide 

production on cathode CNT membrane and relevant influent factors analysed as 

well. 

2.3   Hydrogen peroxide electrogeneration for water treatment 

Hydrogen peroxide is a “green” chemical for the oxidization of various 

organic pollutants that leaves oxygen and water as by-products (Forti et al., 2007; 

Guillet et al., 2006; Isarain-Chávez et al., 2013; Yuan et al., 2011) as well as a 

strong oxidant (E0=1.763 V vs. Standard Hydrogen Electrode” (SHE)) (E. Brillas 

et al., 2009b). It is also one of the most essential chemicals for pulp bleaching, 

electronic circuits cleaning, medical disinfection, wastewater treatment and 

chemical production (Pletcher, 1999). In the environmental field, hydrogen 

peroxide is used as a supplement of oxygen source to enhance the bioremediation 
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of contaminated aquifers (Wilson et al., 1994). Coupled with ozone or UV 

radiation, H2O2 could decompose aqueous organic contaminants effectively 

(Bellamy et al., 1991). Mixed with aqueous ferrous ions, hydrogen peroxide 

could generate hydroxyl radicals from Fenton system (Scialdone et al., 2013). 

Hydrogen peroxide generation from dissolved oxygen was studied in acidic 

solutions (pH = 2). Significant self-decomposition of H2O2 was observed at high 

pH (>9) and high temperature (>23 oC) (Z. Qiang et al., 2002).  

The great interest for these indirect electrooxidation methods arises from 

the fact that reactions involved in the cathodic reduction of oxygen proceed at 

low potential and in homogeneous environment (Kornienko & Kolyagin, 2003). 

H2O2 electrosynthesis can be performed with divided or undivided cells, which 

show very different behavior depending on the cathode and operational 

parameters. 

2.3.1 Cathode materials 

Various materials were used as cathode to generate hydrogen peroxide, 

such as titanium, graphene, mercury, carbon cloth, and three-dimensional 

electrodes, carbon felt, activated carbon fiber, reticulated vitreous carbon. They 

showed different features under specific conditions. Cathode material influences 

the contacting surface area, conductivity, current density, chemical resistance, 

all of which are critical indicates to decide the generation of hydrogen peroxide. 

Mercury has been disregarded for potential cathode material owing to its 

toxicity. Carbon, unlike mercury, has no toxicity and exhibits high over 

potentials for H2 evolution, low catalytic activity and conductivity. Various kinds 
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of carbon were investigated for H2O2 production. Bare graphite, activated carbon 

with graphite, and carbon nanotubes with graphite were investigated (Khataee et 

al., 2011). The results showed carbon nanotubes with graphite had the best 

performance among them, 118.65 µM H2O2 in water, nearly three times higher 

than activated carbon with graphite, seven times higher than bare graphite. 

Diamond doped with boron was used as cathode as well (Isarain-Chávez et al., 

2013). A concentration of 82 mg L-1
 H2O2 was achieved with 31 mA cm-2 current 

density. Due to the low solubility of oxygen in aqueous solution at room 

temperature and 1 atmospheric pressure, 44 mg L-1
 for saturated solubility, 

conversion efficiency of dissolved oxygen becomes an important factor for H2O2 

production. Gas diffusion electrode (GDE) contacted the solution at its carbon 

surface when percolation of the injected gas passed across its thin and porous 

structure. The large number of active surface area led to a fast reduction reaction 

and accumulation of H2O2 (Gallegos et al., 2005). Prussian Blue was used as 

cathode in a high performance H2O2 fuel cell, silver and nickel as anode materials 

in an acidic medium was realized by Shaegh et al. (Shaegh et al., 2012).  

 Although quite a lot materials were used as cathode to produce hydrogen 

peroxide, few studies mentioned carbon nanotubes treated with nitric acid or 

hydrogen chloride acid as cathode for H2O2 production, and few of them were 

tested for their long-term stability and reliability. In this study, carbon nanotubes 

dealt with certain treatments, calcination, acid treatments were compared on their 

H2O2 production performance.  
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2.3.2 Divided reactors 

Some reactors were divided for anolyte and catholyte separately for 

different solutions. The high current efficiency for H2O2 production was 

approximately 85%, with H2O2 accumulation in 0.5 M Na2SO4 at – 0.6 V vs 

Ag/AgCl/KCl cathode potential (Sudoh et al., 1986). Higher current efficiency 

around 92% was achieved by Do and Chen (2007). A gas diffusion electrode 

system in divided reactor was reported excellent performance, 98 – 100% current 

efficiencies for hydrogen peroxide recirculating 0.05 M Na2SO4 with carbon-

PTFE in a two-electrode divided system (Agladze et al., 2007). On the contrary, 

Panizza and Cerisola (2008) only gained a low efficiency, 47%, with a three-

electrode cell and an O2-diffusion cathode.  

2.3.3 Undivided reactors 

The advantage of undivided reactor for electrochemical reaction is the 

lower potential or voltage it needed for electrolysis because the potential or 

voltage did not avoided between anode and cathode. However undivided reactor 

led to a more complicated environment for hydrogen peroxide, some reactive 

oxygen species and weaker oxidants might be produced in it. When an undivided 

cell is utilized, H2O2 is also oxidized to O2 at the anode via HO2• as an 

intermediate by reactions 2 and 3: 

𝐻2𝑂2 → 𝐻𝑂2 ∙   +𝐻+ + 𝑒−               (2) 

𝐻𝑂2 ∙    →   𝑂2(𝑔)  + 𝐻+ + 𝑒−               (3) 

Brillas (2000) investigated H2O2 accumulation with two electrodes in a 

statistic undivided cell first. The H2O2 concentration showed linearly 
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relationship with applied current. From his results, the higher current applied the 

higher concentration of H2O2 accumulated in the reactor. The highest 

accumulated concentration of H2O2 he got was around 75 mM at 450 mA after 

180 minutes.  

The current efficiency of undivided cells was related to pH, dissolved 

oxygen, electrolysis concentration of solution. High current efficiency (100%) 

was achieved in acid and neutral solution in 5 minutes from 5 A to 20 A under 

40 Celsius degrees (Agladze et al., 2007). The efficiency decreased with the time 

period, only 15% after 60 minutes. The smaller gap between anode and cathode 

the higher current efficiency would be achieved due to better conductivity and 

electrons distribution. In alkaline solution, hydrogen peroxide became unstable 

and decomposed to oxygen. The H2O2 decomposition rate reached almost 100% 

at pH over 13 (Qiang et al., 2002). And high temperature ( > 23 oC) would 

stimulate the decomposition as well. In his research, the optimal conditions were 

-0.5 V (vs. Standard Calomel Electrode), 8.2 × 10-2 mol oxygen per minute. 80% 

– 90% current efficiency was achieved and the 80 mg/L H2O2 was accumulated 

in 120 minutes in reactor.  

CNT were regarded as a new generation of oxygen reduction reaction 

catalyst.(Li et al., 2011; Zhang et al., 2004; Zhang et al., 2008) In this work, the 

in-situ production of H2O2 as a function of applied cathode potential, dissolved 

oxygen (DO), pH, cathode materials, flow rate, organic category and 

concentrations were systematically studied within the flow-through 

electrochemical CNT filter system in an undivided reactor. To the best of our 
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knowledge, the in-situ generation of H2O2 production within the electrochemical 

CNT filter system has not been reported previously.  

2.4   Phenol removal and oxidation 

Phenol was selected as a model aromatic compound to evaluate the system 

performance and its oxidation rate not only because it is toxic and refractory to 

conventional biological wastewater treatment (Olaniran & Igbinosa, 2011), but 

also because it is frequently detected in industrial and municipal sewage and has 

been classified by Agency for Toxic Substances & Disease Registry, USA, as 

the top 179th priority hazardous substances that need urgent treatment before 

entering into the environment ("The ATSDR 2011 Substance Priority List," 

2011). 

2.4.1 Removal methods for phenol 

Different approaches including chemical oxidation, catalytic oxidation, 

biodegradation, adsorption and many other technologies are used to remove 

phenol from aqueous solutions. It was degraded with a Fe/Cu-catalytic 

heterogeneous Fenton progress (Yang et al., 2013), with which the removal 

efficiency of phenol reached over 97% even after three cycles, and 53% for TOC. 

Biodegradation methods for phenol was conduct with native microorganism 

isolated from coke processing wastewater. The biodegradation of phenol was 

significantly affected by pH, temperature of incubation and concentration of 

glucose (Chakraborty et al., 2010). Powdered activated carbon (PAC) was 

utilized on phenol for its adsorption performance (Chakraborty et al., 2010). 

Over 80% phenol was adsorbed rapidly by PAC within the initial 10 min. 
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2.4.2 Oxidation products of phenol 

The catalytic oxidation of phenol has attracted considerable attention in 

recent years due to the important use of products generated from this reaction, 

namely, catechol and hydroquinone. 

Phenol would be degraded to hydroquinone, p-benzenequinone and 

catechol after oxidation reaction (Yang et al., 2013). The main mechanism of 

phenol oxidation might be the thatortho- and para-substitution reaction by 

hydroxyl. This catalytic oxidation path of phenol is consistent with Qiao (2012). 

All the oxidation products would be degraded into organic carboxylic acid.  

 

Figure 2-1. Catalytic oxidation reaction of phenol  

From reference: Determination of catalytic oxidation products of phenol 

by RP-HPLC(Qiao et al., 2012) 
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3 MATERIALS AND METHODS 

3.1   Chemicals and materials 

Sodium sulphate (Na2SO4, ≥99.0%), hydrochloric acid (HCl, ACS reagent, 

37%), potassium iodide (KI, ACS reagent, ≥99.0%), ammonium molybdate 

((NH4)2MoO4, 99.98% trace metals basis), potassium hydrogen phthalate 

(C8H5KO4, BioXtra, ≥99.95%), sodium hydroxide (NaOH, ACS reagent, 

≥97.0%), were purchased from Sigma-Aldrich (St. Louis, MO).  Ethanol (EtOH) 

and n-methyl-2-pyrrolidone (NMP, ACS grade, >99.0%) were purchased from 

VWR (Singapore). Aqueous solutions were prepared with deionized water (DI-

H2O) from an ELGA PURELAB Option system (Singapore) with a resistivity of 

≥18.2 MΩ•cm−1. Multi-walled carbon nanotubes (CNT) were purchased from 

NanoTechLabs (Yadkinville, NC).  

3.2   Electrochemical carbon nanotubes filter preparation 

Three types of CNT with the same length (<l> = 100 μm, provided by the 

manufacturer) were used: C-grade (<d> = 15 nm, BET = 88.5 m2/g), M-grade 

(<d> = 40 nm, BET = 34.6 m2/g), and J-grade (<d> = 100 nm, BET = 30.3 m2/g).  

The cathodic and anodic filters were produced by dispersing 15 mg CNT 

into NMP at 0.5 mg mL-1 and probe sonication for 15 min. The post-sonicated 

homogeneous dispersion of CNT and NMP were then vacuum-filtered onto a 5 

μm Millipore JMWP PTFE membrane (Billerica, MA) and washed sequentially 

by 100 mL ethanol, 100 mL of 1:1 DI-H2O:ethanol and 250 mL DI-H2O before 
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use. 10 mmol L-1 of Na2SO4 was used as a background electrolyte to normalize 

ionic strength and conductivity.   

3.3   Carbon nanotube surface treatment 

To study the effect of different CNT surface chemistry on H2O2 production, 

various conventional treatment technologies were applied to generate a set of 

multi-walled CNT, including raw CNT (without any post-treatment), C-CNT 

(raw CNT calcinated at 350 oC for 1 h to remove amorphous carbon within the 

nanotubes), C-CNT-HCl (calcinated at 350 oC for 1 h and further refluxed in HCl 

at 70 oC for 12 h to remove the remaining iron/iron oxide catalyst), C-CNT-

HNO3 (calcinated at 350 oC for 1 h and refluxed in HNO3 at 70 oC for 12 h). 

After acid reflux treatment, CNT was filtrated through 5 μm PTFE membrane, 

and then dried in oven at 60 oC for 12 h. 

3.4   Electrochemical filtration apparatus and characterization 

All filtration experiments were conducted with an electrochemically 

modified Whatman filtration casing (Piscataway, NJ) as described in a previous 

study (Schnoor & Vecitis, 2013).  Briefly, two PTFE-supported CNT network 

served as the cathode and anode, respectively, as shown in figure 3-1. Two 

PTFE-supported CNT network served as the cathode and anode. Both CNT 

networks were mechanically contacted with a titanium current collector and the 

electrochemistry was driven by a CH Instruments Electrochemical Analyzer 

(CHI604E) (Austin, TX) with Ag/AgCl reference electrode for experiments. 

Additionally, a titanium cathode was also utilized to compare the effect of 
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cathode materials on both H2O2 production and phenol oxidation. After sealing 

the filtration casing and priming with DI-H2O, a Masterflex L/S digital peristaltic 

pump (Singapore) was used to flow DI-H2O through the filter to rinse and 

calibrate. Then the phenol solution containing different DO was pumped into the 

filter and effluent aliquots of phenol was collected and quantified by its 

absorption at 270 nm (ɛ = 1310 M-1 cm-1) with a Shimadzu UV-1800 

spectrophotometer (Singapore). Total organic carbon (TOC) of phenol samples 

were measured using a Shimadzu TOC-VCPH total organic carbon analyzer 

(Singapore) with phosphoric acid oxidation. Five standard solutions were made 

from potassium hydrogen phthalate (for total carbon calibration) and sodium 

carbonate (for total inorganic carbon calibration), respectively, over the range 0-

100 mg C L-1 and used to calibrate the TOC. The electrochemical filtration 

system was operated at a flow rate of 1.5 mL min-1 unless otherwise noted and a 

10 mmol L-1 of Na2SO4 was used as a background electrolyte to normalize ionic 

strength and conductivity. The chronoamperometry and cyclic voltammograms 

measurements were completed with the CHI604E electrochemical analyzer 

using a three-electrode system: a cathodic CNT working electrode, an Ag/AgCl 

reference electrode, and an anodic CNT electrode.  

3.5   Characterization of carbon nanotubes filters 

Field emission scanning electron microscopy (FESEM) was conducted on 

a Zeiss FESEM Supra55VP and ImageJ (NIH) software was used to analyse the 

obtained electron micrographs.  
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Figure 3-1. Schematic diagram of electrochemical reactor 

1-rubber ring; 2-titanium plate; 3,6-CNT membranes;  

4,5-PTFE membranes; 7-titanium ring 

3.6   pH and dissolved oxygen analysis 

Concentrations of pH and dissolved oxygen of the influent and effluent 

were measured using an Agilent 3200M multi-parameter analyzer (Singapore) 

and a P3211 probe and a D6111 probe, respectively. pH was tuned with, 

respectively, 1 mol L-1 hydrochloric acid and sodium hydroxide solution. O2 was 

injected into the solution before the experiment by an O2 cylinder and N2 was 

injected to provide a deoxygenated condition.   

3.7   Hydrogen peroxide determination method 

The H2O2 production experiments were conducted via pumping the Na2SO4 

solution alone throughout the electrochemical filter. The concentration of 

hydrogen peroxide was measured by the potassium iodide method.(Beckett & 

Hua, 2001; Kormann, 1988). The iodide ion (I-) will rapidly react with H2O2 to 

form the triiodide ion (I3-) that presents strong absorption at wavelength of 352 

nm (ɛ=26 000 M-1cm-1). The 0.2 mL sample aliquots from each experiment were 

mixed in a quartz cuvette containing 1.0 mL of 0.10 mol L-1 potassium 

biphthalate and 0.75 mL of solution containing 0.4 mol L-1 potassium iodide, 
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0.06 mol L-1 sodium hydroxide, and 10-4 mol L-1 anmonium molybdate. The 

mixed solutions (total volume of 1.95 mL) were allowed to stand for 2 min to 

stabilize before the absorbance measurement. All absorbance values were 

measured at ambient temperature using a Shimadzu UV-1800 spectrophotometer 

(Singapore). 

3.8   Phenol, Methyl orange, tetracycline, geosmin and MIB 

determination method 

Aqueous phenol concentration in effluent water was determined by 

spectrophotometer at 352 nm. A calibration curve converting absorption to 

concentration is shown in Figure 3-2. Effluent aliquots of methyl orange and 

tetracycline were collected and quantified at 462 nm and 355 nm (ɛ = 13320 M-

1 cm-1) with a spectrophotometer (Shimadzu, UV-1800). Effluent geosmin and 

MIB were determined by GC-MS. 

 

Figure 3-2. Calibration curve of phenol. 
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4 HYDROGEN PEROXIDE PRODUCTION WITH 

ELECTROCHEMICAL CARBON NANOTUBES 

SYSTEM 

 

The performance of electrochemical CNT filters in the degradation of organic 

pollutants are related to the amount of H2O2 and/or other reactive oxygen species 

produced in the medium, which are affected by the cathode materials, applied potential, 

flow rate, pH, and DO concentrations.(Pignatello, Oliveros, & MacKay, 2006b) In this 

study, the influences of these factors to H2O2 production and relevant electrochemical 

characteristics were investigated. 

4.1  Cyclic voltammetry 

Cyclic voltammetry (CV) for the CNT cathodes were measured to examine the 

fundamental oxygen electrochemical characteristics within the electrochemical filter as 

shown in figure 3-1. The CV curves under saturated O2 (44 mg L-1) exhibited a steep 

decrease in the reduction current at lower potentials, and the lower currents were 

observed with higher initial DO concentration, indicating excellent electro-activity of 

the CNT cathode for O2 reduction. The reduction peak at -0.32 V (vs. Ag/AgCl) can be 

ascribed to the generation of hydrogen peroxide via a 2e- O2 reduction process (Eq. 1). 

Contrarily, there was no obvious current peak under deoxygenated conditions.  
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Figure 4-1. Cyclic voltammetry curves of the CNT electrochemical filter as a 
functional applied cathode potential and DO levels.  

Experimental conditions: Na2SO4 = 10 mmol L-1, flow rate = 1.5 mL min-1. 

4.2  Comparison of electro-generation of H2O2 in solutions with 

different pH values 

Influent pH was an important impact factor on the electroreduction of H2O2 

(Figure 4-2). In order to investigate the electro-generation of H2O2 in acid, neutral and 

alkaline solutions, several experiments were performed in the undivided electrolysis 

system containing 10 mM Na2SO4 at a flow rate of 1.5 mL/min.  

Compared with the basic and acid conditions, the neutral pH condition presented 

the highest H2O2 yield, although the improvement was not significant (<18%). The 

optimum yield of H2O2 was obtained at -0.4 V (vs. Ag/AgCl) for all three pH conditions. 
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Figure 4-2. Electrochemical H2O2 yield as a function of pH 

Experimental conditions: Na2SO4 = 10 mmol L-1, flow rate = 1.5 mL min-1 

Influent solutions were adjusted to acid (pH = 4.50), neutral (pH = 6.46) and 

alkaline (pH = 9.80) with NaOH and H2SO4. For each solution, increasing cathode 

potentials were applied on reactor from -0.8 V to -0.1 V vs. Ag/AgCl reference 

electrode. Figure 4-2 shows the change of H2O2 yield with cathode potentials in 

different pH solutions. In all three solutions, the H2O2 yield soared from 0.4 – 0.8 mol 

L-1 m-2 to 1.1  – 1.4 mol L-1 m-2 with increasing cathode potential from -0.8 V to -0.4 

V. The H2O2 yield peaked at -0.4 V, after which it decreased gradually to less than 0.1 

mol L-1 m-2. The neutral one showed better performance than acid and alkaline in H2O2 

generation for its higher concentration (its peak concentration were 18.15% higher than 

that in acid) and more stable sequential generation in lower cathode potential. The one 

in acid showed lower H2O2 concentration and instability for harsh increasing and 

decreasing with changes in cathode potentials. So the optimized cathode potential 

versus reference electrode was at -0.4 V for three different pH. Either higher or lower 

potential decreased the production of H2O2, especially for two in acid and alkaline. 
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4.3  Comparison of electro-generation of H2O2 with different 

dissolved oxygen 

Oxygen gas was first dissolved in the aqueous phase and further transferred from 

the bulk liquid to the cathodic surface, where it was reduced to hydrogen peroxide. As 

one reactant of H2O2, dissolved oxygen in solution could restrict the production of H2O2 

as well. To quantify the amount of H2O2 generated from influent with different 

dissolved oxygen concentration, data was collected from experiments and plotted in 

figure 4-3. The concentration of DO was controlled through aeration with oxygen or 

nitrogen which could eliminate oxygen in solution.  

Since O2 was the main reactant to produce H2O2, H2O2 yield increased with higher 

initial DO concentrations. The maximum H2O2 yield was obtained at an applied 

cathode potential of -0.4 V (vs. Ag/AgCl) at saturated DO concentration of 44 mg L-1, 

which was 1.7-, 2.8- and 46.8-fold higher than those at DO concentrations of 30, 15, 

and 0 mg L-1, respectively. The production was in positive correlation with dissolved 

oxygen. The higher the dissolved concentration was, the greater amount of H2O2 in 

effluent was gained. For solutions with dissolved oxygen concentration of 15, 30 mg/L, 

both of them had similar H2O2 generation trends with that of 44 mg/L DO concentration. 

The optimized cathode potential for production was -0.4 V for all three DO values. 

When cathode potential was applied over -0.3 V on the one with 15 mg/L DO, the H2O2 

concentration met its ceiling, 11.4 mg/L in effluent on average (10.8 – 11.8 mg/L). The 

corresponding dissolved oxygen efficiency was 69.1% (66.2% - 71.9%). While the 

upper limit of H2O2 concentration in 30 mg/L DO solution was above -0.4 V. 15.7 mg/L 

H2O2 were measured on average in effluent (14.5 – 16.6 mg/L) from -0.4 V to -0.7 V. 
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Its average DO efficiency was 49.3% (45.6% - 52.2%), much lower than that of 15 

mg/L DO. At -0.8 V, there was a slight decline in H2O2 field, indicating at high voltage 

the electron distribution mechanism changed, less electrons participating H2O2 

generation reaction. The solution with 44 mg/L oxygen, which was aeration saturated 

with oxygen in influent, showed H2O2 concentration with over three times higher than 

the one with 15 mg/L DO, peaked at -0.4 V, 33.2 mg/L H2O2. The DO efficiency for 

oxygen saturated solution were 71.0%, even 2% higher than the 15 mg/L DO solution. 

 

Figure 4-3. Electrochemical H2O2 yield as a function of DO 

Experimental conditions: Na2SO4 = 10 mmol L-1, flow rate = 1.5 mL min-1 

4.4  Electro-generation of H2O2 with different flow rate 

All the data mentioned above was gained at a flow rate of 1.5 mL/min. As 

a critical factor influencing H2O2 production and deciding wastewater treatment 

capacity, flow rate is plotted versus H2O2 yield to quantify its effect in figure 4-

4.  

The effects of flow rates on electroreduction for H2O2 generation was 

examined under optimized conditions (C-CNT-HCl, applied cathode potential = 

-0.4 V (vs. Ag/AgCl), DO = 44 mg L-1, pH = 6.5, and [Na2SO4] = 10 mmol L-1, 
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Figure 4-4), as flow rate was an important parameter influencing the kinetics 

within electrochemical systems (Schnoor & Vecitis, 2013; Vahid & Khataee, 

2013). At low flow rates below 1.5 mL min-1, H2O2 yield increased linearly with 

increased flow rates, from 11.0 mg/L to 26.9 mg/L, indicating that the filtration 

system was under mixed mass transfer and oxygen reduction reaction control. At 

medium flow rate conditions (1.5-4.0 mL min-1), the system became mass-

transfer-limited, H2O2 production maintained around 28.6 mg/L with slight 

fluctuation, i.e., the electroreduction rate of O2 was limited by the flow rate of 

the influent Na2SO4 solution throughout the cathode and subsequent 

replenishment of O2 to produce H2O2. High flow rates above 4 mL min-1 may be 

detrimental to the reduction kinetics due to greatly increased pressure within the 

current filtration casing, 25.1 mg/L for H2O2 production, which may directly 

destroy the thin CNT membrane (Schnoor & Vecitis, 2013). This is in consistent 

with the results obtained by Qiang and co-workers, which indicate that further 

increase in flow rate after the optimal value may not improve the H2O2 

production (Qiang et al., 2002). 

The average current efficiency for ascending period was 66.3% (minimum: 

57.2%, maximum: 83.8%), over 30% higher than that for the stable period 

(average: 35.2%, 27.4% – 48.3%). After flow rate reached 1.5 mL/min, the 

electrons distribution at such conditions had been maximized for reduction 

reaction, and the DO efficiency as well (61.7% for stable period). The H2O2 

concentration and relevant chemical characteristics over 5.0 mL/min flow rate 

did not been measured in this study. 
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Figure 4-4. Electrochemical H2O2 yield as a function of flow rate 

4.5  Electro-generation of H2O2 with different grade CNT 

membranes 

Since the properties of functional materials are highly dependent on their 

microstructures, H2O2 yield were affected by the functional CNT cathodes with 

different dimensions (Figure 4-5).  

Three different dimensions of CNT were investigated for its effect on H2O2 field. 

C-grade CNT has the biggest BET as shown in Table 4-1, 88.50 m2/g, because of the 

smallest diameter among three grades CNT (15 nm). BET explains the 

physical adsorption of gas molecules on a solid surface and serves as the basis for an 

important analysis technique for the measurement of the specific surface area of a 

material. The BET of J grade CNT is only 30.29 m2/g, and its diameter is 100 nm. The 

length of all three grades CNT is 100 µm. The bigger BET surface area the CNT has, 

the more contact area it has for solution to react, which will lead to higher efficiency in 

theory. 
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Table 4-1. Dimension and BET for different grade carbon nanotubes 

 Dimension BET (m2/g) 

C-Grade CNT <d> = 15 nm 

<l> = 100 µm 

88.50 

M-Grade CNT <d> = 40 nm 

<l> = 100 µm 

34.57 

J-Grade CNT <d> = 100 nm 

<l> = 100 µm 

30.29 

The results of H2O2 yield demonstrated that all CNT cathodes presented similar 

trends and the maximum yield were observed at -0.4 V (vs. Ag/AgCl), which were 

consistent with previous results in a batch system (Do & Chen, 1993; G. V. Kornienko, 

Chaenko, eva, & Kornienko, 2004), which showed that H2O2 yield and current 

efficiency gradually dropped with the applied cathode potentials decreasing toward 

more negative values because of side reactions, such as H2 evolution from direct proton 

reduction (Eq. 4) and H2O2 decomposition reaction (Eq. 5). 

H+ + e-  1/2H2         (4) 

H2O2  H2O + 1/2O2       (5) 

 
Figure 4-5. Electrochemical H2O2 yield as a function of CNT dimensions 

Experimental conditions: Na2SO4 = 10 mmol L-1, flow rate = 1.5 mL min-1 

The field from three grades CNT membranes showed the same order as their BET 

area. C grade CNT with highest physical adsorption surface area had the best 
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performance at same condition. It ascended to climax, 25 mg/L at optimized potential 

and conditions (-0.4 V cathode potential, 1.5 mL/min flow rate, 10 mM Na2SO4), and 

then gradually decreased to 10.2 mg/L at -0.8 V cathode potential. For M grade, it had 

a similar trend with C grade, yet the hydrogen peroxide concentration was lower than 

that of C grade, while higher than the J grade. Its maximum concentration was 14.3 

mg/L, 57% of the one from C grade.  And its climax was also at -0.4 V cathode potential. 

J grade membrane showed the lowest hydrogen peroxide concentrations among three 

grades because of its smallest BET area. It increased from 0.5 mg/L H2O2 production 

at -0.1 V cathode potential to 5.6 mg/L, then it dropped to 0.6 mg/L, close to initial 

production at low cathode potential. All three grade CNT had low H2O2 production at 

low cathode potential, especially for -0.1 V, only 0.5 mg/L H2O2 was generated. The 

H2O2 production showed positive relations with the dimension and BET area of CNT 

particles. The smaller dimension (smaller diameter) it has, the higher H2O2 production 

it shows because the surface area per gram for reaction increases when it has smaller 

diameter. So the H2O2 generation could be improved through treatment that will 

enhance its surface area for reaction. 

4.6  Electro-generation of H2O2 with different treatment process 

Different treatments, including calcination, acid treatment (hydrochloric acid, 

nitric acid) would influent CNT’s performance on H2O2 production. Calcination on 

carbon nanotubes was applied at 350 oC holding for 1 hour in a tube furnace for thermal 

treatment then cooled down to room temperature. Thermal treatment could remove 

amorphous or other non-CNT carbon impurities (Gao & Vecitis, 2012). These 

amorphous carbons may have been blocking solution entering the ends of the carbon 
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nanotubes, which decrease the surface area for reaction. 2.4% of amorphous carbons 

were measured in multiwall carbon nanotubes (Gao & Vecitis, 2011). Two types of 

acid treatment were completed depending on different goals, hydrochloric acid 

treatment and nitric acid treatment. Both treatments were completed as follows: CNT 

was placed into acid at the ratio of 0.5 g/mL and reflux in acid solution at 70 oC in a 

round-bottom flask with stirring and a condenser for 12 h. After heating, the sample 

was cooled to room temperature and vacuum-filtered through a 5 μm PTFE membrane 

(Millipore) to collect the CNT. The CNT were then washed with Milli-Q deionized 

water (DI) until the filter effluent pH was near DI’s pH. The sample was then oven-

dried at 100 oC before use. Hydrochloric acid may remove any residual metal catalyst 

impurities that would lead to other catalytic reaction and negative effects on results. 

Nitric acid treatment was completed when the oxidative formation of surface carbonyl, 

hydroxyl, and carboxyl groups was needed. The CNT-HNO3 and C-CNT-HNO3 lost 

more mass than CNT treated with hydrochloric acid due to oxidative formation of 

easily combusted surface oxy-groups (Gao & Vecitis, 2011). 

 In order to investigate the effects of different treatments, their H2O2 fields 

were shown in figure 4-6. Their increasing orders in yield performance versus 

cathode potential was CNT ≈ C-CNT < C-CNT-HNO3 < C-CNT-HCL. Similar 

trend of H2O2 generation was observed in CNT with three different treatments. 

C-CNT-HCl produced 19.1 mg/L H2O2 at -0.8 V while both C-CNT and raw 

CNT generated 9.0 mg/L H2O2, less than one half of C-CNT-HCl. The one 

treated with calcination and hydrochloric acid performed best because 

amorphous carbon blocking ends of CNT tubes and iron catalyst particles were 
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all removed in preparation treatments. Increasing valid surface area made higher 

hydrogen peroxide production possible. Its best performance was 33.2 mg/L at -

0.4 V cathode potential. For cathode potential between -0.4 V and -0.1 V, the 

production climaxed at -0.4 V and descended quickly. At -0.1 V cathode 

potential, all of them showed low H2O2 production, around 1.0 – 1.1 mg/L, 

because electrode potential didn’t meet their reaction potential.  

 
Figure 4-6. Production of H2O2 with different treatment process 

4.7  Comparison of titanium and CNT cathodes 

 Additionally, the comparison of titanium cathode and CNT cathodes 

showed that H2O2 yields and phenol oxidation rates were improved significantly 

with CNT cathodes (Figure 3). The increased specific surface area of the CNT 

cathodes improved total cell potential and the fraction of potential going towards 

the cathodes for O2 reduction.(Zhang & Vecitis, 2014) The titanium cathode had 

a total surface area less than 15 cm2 (current density of 0.05-0.50 mA cm-2), 

while the CNT cathode had a surface area around 5000 cm2 (current density of 

0.001-0.010 mA cm-2). The increase in cathode surface area greatly reduced 

resistance to electron transfer, and as a result increased current efficiency, extent 
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of H2O2 production, and phenol oxidation. A recent study also indicated that by 

switching from a perforated titanium electrode to a CNT electrode the overall 

performance evidently improved and energy consumption decreased.(Schnoor & 

Vecitis, 2013) 

 
Figure 4-7. Effect of cathode materials on H2O2 yield and phenol oxidation 

rate: comparison of titanium cathode and CNT cathode. 

4.8  Effects of cathode potential on electrochemical and effluent 

characteristics 

Steady-state currents increased rapidly with applied cathode potentials becoming 

more negative till -0.4 V (vs. Ag/AgCl), from 0.15 – 0.64 mA at -0.1 V to 7.7 – 9.0 mA 

at -0.4 V, then increased slowly between -0.4 to -0.6 V (vs. Ag/AgCl), because of 

potential-independent mass transfer limit (Figure 4-8). The steady-state currents 

continued to increase when the applied cathode potential was below -0.6 V (vs. 

Ag/AgCl), 11 – 13.1 mA at -0.8 V, which suggests that other reactions, such as Eqs. 2 

& 9, could have contributed to the continuously increased currents and overcome mass 

transfer limits. Steady-state currents were almost the same under neutral and basic pH 

conditions, but significantly lower under acidic conditions, which could be caused by 
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the higher consumption rates of electrons in the cathode (Eqs. 1 & 2). If fewer electrons 

were distributed to H2O2 generation after -0.4 V potential, current slope would decrease 

little, which could explain both the decreasing H2O2 production and the slope change. 

Current in neutral solution didn’t show higher values than that in acid and alkaline ones 

until -0.4 V. The current in acid solution was much lower than neutral and alkaline ones, 

which is consistent with the production of H2O2 in three pH solutions. Considering 

similar corresponding voltages at each cathode potential in acid and neutral solutions, 

the differences in current and H2O2 production between acid and neutral electrolyte 

indicated better electron transfer ability for neutral solution. While applied cathode 

potential was lower than -0.4 V, alkaline electrolyte showed lower current than the 

other two. 

1/4O2 + H+ + e-
 1/2H2O      (9) 

 
 

Figure 4-8. Steady-state current as a function of applied cathode potential 

The voltage increased monotonically from 0.8 to 2.3 V with decreased applied 

cathode potential (Figure 4-9). Almost identical voltages were measured under neutral 

and acidic pH conditions, however, relatively higher voltages (>0.3-3.6%) were 
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obtained for basic pH when the applied cathode potentials was below -0.5 V (vs. 

Ag/AgCl) and relatively lower voltages (<3.7-36%) were obtained when the applied 

cathode potentials was higher than -0.4 V (vs. Ag/AgCl).  

 
Figure 4-9. Applied voltage as a function of applied cathode potential 

The effluent pH is a strong function of both applied cathode potential and influent 

pH values (Figure 4-10). Effluent pH values decreased when lower cathode potentials 

were applied, and effluent pH values were higher if influent pH values were higher. All 

three electrolytes had increasing trends in effluent pH from 5.5 – 6.5 at -0.8 V to 8.3 – 

8.5 at -0.1 V. Over all alkaline electrolyte showed highest effluent pH values among 

the three, and acid one showed the lowest, which was in accordance with their influent 

pH. Even for acid solution, effluent pH (pH = 8.3, 7.3) was increased over the influent 

pH (4.50) at cathode potential -0.1 V and -0.2 V, indicating that cathodic processes 

such as water reduction to hydrogen releasing hydroxide anions were controlling the 

pH. The voltages for alkaline effluent were below 1.5 V, which is in agreement with 

results of Gao (2011). As voltages increased to 1.5 V (for cathode potential -0.2 V for 

acid and neutral electrolyte, -0.3 V for alkaline electrolyte), the effluent pH was 

approximate neutral (pH = 7.09, 7.29, 7.08) indicating that the cathodic and anodic 
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processes neutralize each other. When voltages rose above 1.5 V, effluent pH decreased 

gradually indicating the anodic processes releasing hydrogen ions dominated the pH. 

Although effluent showed acid, the effluent pH of alkaline one only dropped to 6.51 

while the one of acid and neutral decreased to 5.48 and 5.54. 

Upon application of -0.1 V (vs. Ag/AgCl) cathode potential, the effluent pH 

under neutral and acid conditions increased over their corresponding influent pH, 

indicating that hydrogen ions were readily participated into H2O2 production and 

removed from the solution, and therefore pH was reduced. The effluent pH slightly 

decreased to 8.31 at -0.1 V (vs. Ag/AgCl) cathode potential under basic condition, 

indicating the electrogenerated H2O2 were decomposed into O2 and H2O
 rapidly under 

basic media via Eq. 10 and consumption of OH- decreased the effluent pH. The effluent 

pH then gradually decreased to nearly neutral (pH=6.56±0.25) at the applied cathode 

potential of -0.4 V (vs. Ag/AgCl) for all conditions, indicating that the cathodic and 

anodic processes neutralize each other. Once the applied cathode potential became 

more negative (< -0.4 V vs. Ag/AgCl), the effluent pH kept decreasing slightly 

suggesting other cathodic processes such as water reduction to hydrogen are dominant. 

The formation of visible bubbles within the filters further confirmed this hypothesis 

(Figure 4-11). 

1/2H2O2 + OH-  1/2O2 + H2O + e-    (10) 
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Figure 4-10. Applied voltage as a function of applied cathode potential 

 

Figure 4-11. Bubbles generated at cathode at applied  

cathode potential of -0.9 V (vs. Ag/AgCl). 
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bubble generation rate and the bubble diameter increased quickly. The current could 
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were generated at both electrodes, most amounts were observed at cathode and carried 

out by effluent. The composition of bubbles at cathode should be O2 (Eq. 12) while 

those at anode should be H2 (Eq. 13) with E°= -0.83 V/SHE. All the bubbles generated 

at voltages over 2.5 V, and the concentration of H2O2 at critical point for M-grade and 

J-grade membranes was around 5.5 mg/L. 

OH- - e-  1/2H2O + 1/4O2 (g)     (12) 

H2O + e-  1/2H2 (g) + OH-      (13) 

Effluent DO concentrations (Figure 4d) showed an inverse trend as H2O2 yield 

(Figure 4-12) under all pH conditions, since effluent DO was remnant oxygen in 

solution after oxygen reduction reaction (Eq. 1). DO concentrations under acidic and 

basic conditions were similar and slightly lower than those under neutral pH condition. 

Maximum DO efficiency was achieved at an applied cathode potential of -0.4 V (vs. 

Ag/AgCl) (Figure 4-13). A gap was observed between the saturated influent DO (44 

mg L-1) and the sum of effluent DO and the DO utilized for H2O2 production. For 

example, a DO efficiency of 71.0% under neutral solution at -0.4 V (vs. Ag/AgCl) 

indicated that 71.0% of DO in the influent (31.2 mg L-1) was converted to H2O2 through 

reduction reaction at the cathode. In addition to 7.4 mg L-1 DO in the effluent, there 

was still a gap of 5.4 mg L-1 DO disappeared in the system. The potential gas exchange 

between the reaction system and ambient air may release some DO and other side 

reactions (e.g., Eq. 10) may consume DO during the filtration process too. 

The dissolved oxygen in effluent versus cathode potential in solution with different 

pH was plotted in figure 4-12. The effluent DO showed an exactly opposite trend of 
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H2O2 concentration, which makes sense easily because the effluent DO is the remnant 

oxygen in solution after reduction reaction theoretically. Among three solutions, the 

neutral one had higher effluent DO, which fit its high DO efficiency. But there are gaps 

between saturated influent DO (44 mg/L) and DO measured in reaction system (DO 

consumed in H2O2 generation and DO measured in effluent). H2O2 could be 

continuously supplied from the two-electron reduction of oxygen by Eq. 1 with E0 = 

0.695 V/SHE, which takes place more easily than its four-electron reduction to water 

from reaction 2 with E0 = 1.23 V/SHE. So the reduction of O2 leads to the production 

of H2O instead of H2O2 through the equation, resulting also in the decrease in DO 

efficiency and in current efficiency when the applied cathode potential was over -0.4 

V. But the amount of dissolved oxygen actually participated in Eq. 9 is hard to quantify. 

 
Figure 4-12. Effluent DO concentration as a function of applied cathode 

potential 

Experimental conditions: Na2SO4 = 10 mmol L-1, flow rate = 1.5 mL min-1 
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Figure 4-13. DO efficiency as a function of pH and applied cathode potential 

As dissolved oxygen in all influents was saturated to 44 mg/L at room 

temperature and 1 atp, dissolved oxygen efficiency should be in well accordance with 

trend of H2O2 field. The plot of dissolved oxygen efficiency versus cathode potential 

shown in figure 4-13 quantified it. DO efficiency increased gradually from 24.2% - 

40.7% to peak value, 60.0% – 71.0%, and then declined to 2.1% – 4.3%. The highest 

DO efficiency is 71.0% for neutral solution at -0.4 V, indicating 71.0% of saturated 

oxygen in influent, which is 31.24 mg/L, has been converted into H2O2 through 

reduction reaction at cathode.  

 
Figure 4-14. Current Efficiency as a function of applied cathode potential 
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The changes in current efficiency showed in figure 4-14 exhibits similar trends 

among solutions with different pH value. It indicated the proportion of electrons used 

in H2O2 generation to all the electrons involved in the system, having no direct 

relationship with H2O2 concentration. It increased from 15.4% – 22.8% at -0.8 V to 

peak and then decreased. The best current efficiency for acid, neutral and alkaline was 

56.1%, 53.4% and 62.2% at -0.3 V, -0.2 V and -0.2 V, respectively. The highest 

efficiency was attributed to low current at low potential. The current efficiencies for 

best H2O2 generation were 51.6%, 53.1% and 54.0% in acid, neutral and alkaline 

respectively, which means over half of the electrons in system contributes to H2O2 

generating reaction. The alkaline solution had high current efficiency at -0.1 V and -

0.2 V (61.0% and 62.4%) over the other two, which is caused by exactly low current is 

had (0.15 mA for -0.1 V and 0.75 mA for -0.2 V), less than one-fourth of current in 

acid.  

However, the maximum current efficiency for H2O2 generation was only 

52.9±1.2%, which could be explained by other H2O2 decomposition processes or 

electron-consuming reactions. For example, H2O2 could undergo chemical 

decomposition to O2 either on the anode (heterogeneous process) or in the medium 

(homogeneous process, Eq. 5). Additionally, reduction from H2O2 to OH- on the CNT 

cathodes could also consume H2O2 and electron (Eq. 11).(Brillas et al., 1995; Zhou et 

al., 2008) 

1/2H2O2 + e-  OH-       (11) 

Other reactive species, such as OH
●
, may be produced by direct oxidation of 

hydroxyl ions (Eq. 6) and/or by electrochemical oxidation of H2O (Eq. 7). The 
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electrogenerated H2O2 can also react with OH
●
 to produce HO2

●
 at the anode (Eq. 8) 

(Haag & David, 1992) and these radicals can also be decomposed into O2 (Eq. 

9).(Brillas et al., 2009a; Brillas et al., 1995)  

OH-  OH● + e-       (6) 

H2O  OH● + H+ + e-      (7) 

H2O2 + OH●  HO2
● + H2O      (8) 

HO2
●  O2 + H+ + e-       (9)
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5 PHENOL OXIDATION BY H2O2 WITH 

ELECTROCHEMICAL CARBON NANOTUBES 

FILTER 

5.1  Introduction of Aqueous aromatic compounds and phenol  

Aqueous aromatic compounds are toxic and refractory to conventional biological 

wastewater treatment. Phenol is frequently used as a model aromatic compound in 

industrial wastewater treatment studies as millions of tons of phenol are produced in 

herbicides, pharmaceutical drugs, epoxies every year as a plastics and pharmaceutical 

precursor (Pelegrini et al., 2001; Wu & Zhou, 2001). Exposure to such chemicals can 

damage the central nervous system, respiratory system, kidney, and blood system if 

entered into human body. Because of lack of treatment, unsafe transport, concentration 

in urban areas and inadequate management, agency for Toxic Substances & Disease 

Registry, USA, has classified phenols as the top 45th priority hazardous substances that 

need urgent treatment before entering into the environment. Therefore there is an urgent 

need to innovate a feasible and efficient technological process to remove aqueous 

phenol from waste water. Now several technologies can be performed to immediate 

organic compounds from water, such as bioremediation, ultraviolet radiation 

mineralization, advanced oxidation techniques using Fenton’s reagent and so on. The 

limitations to these techniques are low efficiency, costly, high solvent concentrations 

needed to achieve good results, environmental unfriendly by products. The technology 

of aqueous phenol removal with on-site generating H2O2 from CNT membranes could 

be one potential method to solve the urgent problem.  
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Table 5-1. Physicochemical properties of phenol (carbolic acid) 

 Properties 

Chemical name Phenol (carbolic acid) 

Molecular formula C6H5OH 

Chemical structure 

      
Molecular weight 94.11 g mol−1 

Class Toxic, Corrosive 

Maximum absorption wavelength 352 nm 

5.2  Statistic batch experiment for phenol removal 

To evaluate whether phenol can be efficiently oxidized by H2O2 alone, a 50 mg 

L-1 phenol solution was mixed with 33 mg L-1 H2O2, which contained a similar H2O2 

concentration to that produced by the electroreduction of O2 within the electrochemical 

filter system. However, no significant change of phenol concentration was observed 

for such a solution after 2 h of mixing, indicating H2O2 alone cannot oxidize phenol 

efficiently (Figure 5-1). 

 
Figure 5-1. Absorbance of 50 mg L-1 phenol solution at 0 h and 2 h after adding 

33 mg L-1 H2O2 

Although phenol was poorly removed by H2O2 at the conventional batch system, 

the convectively-flow system could greatly enhance mass transfer (Liu & Vecitis, 2012) 

and result in the high removal efficiency of phenol by H2O2 oxidation in the 
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electrochemical CNT filter. Additionally, preliminary results here suggest that 

breakthrough of 50 mg L-1 phenol occurred in less than 30 min by CNT sorption only 

(Figure 5-2), indicating the phenol molecules consumed all of the reactive surface sites 

and the physical adsorption to CNT filters is not sustainable for water purification. 

 
Figure 5-2. Breakthrough curve of 50 mg L-1 phenol. 

5.3  Phenol oxidation with different influent concentrations 

Based on previous experiments, the optimized conditions for H2O2 production 

were applied in aqueous phenol removal experiment, applied cathode potential = -0.4 

V (vs. Ag/AgCl), DO = 44 mg L-1, pH = 6.46, and flow rate = 1.5 mL min-1, electrolyte 

10 mM Na2SO4.  

The phenol oxidation rates under different initial phenol concentrations were 

shown in Figure 5-3. Three different phenol concentrations in influent, 10 mg/L, 20 

mg/L, 50 mg/L, were selected to investigate its influence on effluent phenol 

concentration and electrochemical removal efficiency.  
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Figure 5-3. Effect of influent phenol concentrations on phenol oxidation rate 

Experimental conditions: Applied cathode potential = -0.4 V vs. Ag/AgCl, 

[Na2SO4] = 10 mmol L-1, flow rate = 1.5 mL min-1. 

Maximum phenol oxidation rates were achieved at an applied cathode potential 

of -0.4 V (vs. Ag/AgCl), which was consistent with the H2O2 generation rates (Figure 

4-2). The maximum oxidation rates of phenol were 0.0069, 0.024 and 0.062 mol hr-1 

m-2 for 10, 20 and 50 mg L-1 phenol, respectively, which increased with initial phenol 

concentrations and can be ascribed to increased diffusion rates and enhanced mass 

transfer within the convectively flow system at high concentrations of phenol. The 

effluent concentrations of phenol decreased to 5 mg/L for 10, 20, 50 mg L-1 phenol at 

-0.4 V, respectively (Figure 5-4A). There is a floor limitation for phenol degradation 

using H2O2. Oxidation rate of phenol rose slightly from -0.8 V to -0.4 V although 

cathode potential, voltage and current all become lower at the best performance point. 

After that, oxidation rate of three solutions all decreased slightly, from 0.06 mol hr-1 m-

2,  0.02 mol hr-1 m-2, 0.01 mol hr-1 m-2 (removal efficiency 55.0%, 76.3% and 92.1%, 

Figure 5-4B) to 0.05 mol hr-1 m-2, 0.01 mol hr-1 m-2, 0.005 mol hr-1 m-2 (removal 

efficiency 5.6%, 3.5% and 17.3%)for 10, 20, 50 mg L-1 phenol respectively (effluent 

concentration from less than 5 mg/L (4.5 mg/L, 4.7 mg/L, 3.9 mg L-1) to 9.4 mg/L, 19.3 
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mg/L, 41.3 mg/L at -0.1 V cathode potential). At potential of -0.1 V, minute phenol 

was removed from solution, which should be mostly attributed to physical absorption 

instead of electrochemical degradation because of its low current (at the magnitude of 

10-1 and 10-2 mA) and electrons. Considering the fact that their H2O2 production at best 

performance point should be close to each other, excess H2O2 was generated for 

degrading 10 mg/L and 20 mg/L phenol in solutions, or even for the 50 mg/L one. 

Nonetheless effluent phenol concentration for 10 and 20 mg/L didn’t show lower 

values than 50 mg/L. Kinetic characteristics might be one reason for their similar 

lowest effluent phenol concentrations. The phenol molecules and H2O2 molecules 

collided with each other and reacted to degrade phenol. The collision probability fell 

with decreasing aqueous phenol concentration during degradation process. When 

aqueous phenol fell to a certain concentration, the probability for collision with H2O2 

molecules was so low that degradation reaction hardly happened during such a short 

time when original solution passing through the reactor. If the solution retention time 

in reactor was prolonged, increasing collision opportunity for degradation, phenol 

concentration in effluent might be shifted to an even lower level. The 50 mg/L one 

decreased on the smallest extent, 15.6% only, while the other two did decrease largely, 

32.5% dropped for 10 mg/L influent solution, 48.8% for 20 mg/L. As they had similar 

lowest effluent concentrations, higher influent one showed higher removal efficiency.  

The TOC removal efficiency (Figure 5-5) further demonstrated that the 

molecular phenol was mostly destroyed within the short residence time in the filter and 

oxidized into CO2. 
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Figure 5-4. Phenol removal experiment 

A. effluent [Phenol] from different influent [Phenol]; 

B. removal efficiency for different influent [Phenol] 

 
Figure 5-5. TOC of phenol as a function of applied cathode potential. 

5.4  Phenol oxidation with different DO concentrations 

Additionally, phenol oxidation could be contributed by direct oxidation in 

the CNT anode, and therefore phenol oxidation under saturated and zero DO 

concentrations were compared (Figure 5-6). It can be observed from the figure 

that the removal effect were in accordance with DO concentration. For the 

solution pumped with nitrogen (almost 0 mg/L), eliminating DO basically, 

achieved about only 10% for removal efficiency, being likely attributed to 

physical absorption and electrochemical degradation. The results demonstrate 

that the average phenol oxidation rate sharply decreased to 0.0082±0.0011 mol 
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hr-1 m-2 when influent DO concentration was zero, which was only 13% of that 

obtained under saturated DO condition. Since H2O2 production in the cathode 

was greatly inhibited in the deaerated solution sparged with pure N2, the 

oxidation of phenol can be ascribed to the direct anodic oxidation. Those with 

dissolved oxygen have another mechanism to degrade phenol, generating H2O2, 

besides physical absorption and electrochemical splitting. 

 
Figure 5-6. Effect of DO on phenol oxidation rate 

Experimental conditions: Applied cathode potential = -0.4 V vs. Ag/AgCl, 

[Na2SO4] = 10 mmol L-1, flow rate = 1.5 mL min-1. 

5.5  Effects of different flow rate 

As discussed previously, H2O2 production is a function of flow rate. Basically 

high flow rate will lead to high production, which means high removal efficiency. As 

proof of this idea, removal efficiency and H2O2 concentration is illustrated with 

different flow rate in Figure 5-7. Three stages could be concluded from the figure. From 

0.4 mL/min to 1 mL/min, removal efficiency soared greatly from 67.88% to 83.50%. 

Above 1 mL/min to 3.5 mL/min, it ascended gently, from 83.50% to 90.25%. After the 

two stages, removal efficiency kept in the range of 90% to 91%. The trend of removal 
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efficiency fit that of H2O2 production, indicating the contribution of H2O2 in the 

degradation process of phenol. 

 
Figure 5-7. Removal efficiency of 50 mg L-1 phenol and production of H2O2 

with different flow rate 

5.6  Phenol oxidation with different grades membranes 

As hydrogen peroxide production varied from different grades CNT membranes, 

it influenced phenol oxidation as well. Phenol removal efficiency of three grades 

membranes is plotted versus applied cathode potential in Figure 5-8.  

Among three grades, C grade CNT membrane showed the best performance in 

phenol oxidation, while M grade had the lowest. The oxidation rate of three grades was 

in accordance with their H2O2 production. The highest oxidation effect was achieved 

at -0.4 V cathode potential, 89%, 78% and 64% removal rate for C grade, J grade and 

M grade respectively. When applied cathode potential became more positive, phenol 

removal efficiency declined drastically, between 1% and 4% at -0.1 V potential. The 

high removal effect of C grade among three grades was attributed to its highest BET 

areas and smallest dimensions, consisting to the results in Table 4-1 and Figure 4-5.  
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Figure 5-8. Removal efficiency of 50 mg/L phenol with different grade CNT 

5.7  Effects of membranes with different treatments 

Besides the factors mentioned above, different treatments, calcination, hydrogen 

chloride acid and nitric acid, on CNT membranes would affect the production of H2O2 

and phenol removal efficiency as well (Figure 5-9). The one treated with calcination 

and hydrogen chloride acid, C-CNT-HCl, performed best among three kinds of 

membranes, and achieved 92% for phenol removal at optimized conditions, -0.4 V 

cathode potential. C-CNT-HNO3 and C-CNT had similar trends with C-CNT-HCl, 

climax at -0.4 V for 85% and 68%, respectively. Calcination could remove amorphous 

carbon while acid treatment could remove iron particle from CNT particles, which was 

the catalyst for other reactions.  
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Figure 5-9. Removal efficiency of 50 mg/L phenol with different treatment 

process 

5.8  Effects of other reactive oxygen species 

In addition to electrogenerated H2O2, other reactive oxygen species (e.g., O2
●-, 

HO2
●

, OH
●

) could be produced in the CNT filtration system and involved in the 

oxidation of phenol. Superoxide radicals, O2
●-, are reactive compounds produced when 

oxygen is reduced by electrons (Eq. 12) and occur widely in nature.(Thorpe et al., 2013) 

These O2
●- are in equilibrium in aqueous solution with the hydroperoxyl radicals, HO2

●
 (Eq. 13).(Bielski, Cabelli, Arudi, & Ross, 1985) The low pKa of HO2

●
 is only 4.8,(De 

Grey, 2002) which suggests that most HO2
●

 are converted to O2
● - under neutral 

condition.  

O2 + e-  O2
●-        (12) 

O2
●- + H2O  HO2

● + OH-      (13) 

To further identify the main contributors for phenol oxidation, 

benzoquinone (O2
●- scavenger,(Oshitani et al., 1993; Sawada, Iyanagi, & 

Yamazaki, 1975) k = 109 M-1 s-1) and tert-butanol (OH● scavenger,(Buxton et al., 
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1988; Ma et al., 2005) k = 6×108 M-1 s-1) were spiked into phenol solution before 

pumping into the electrochemical filter. Scavenger tests showed that phenol 

oxidation was mainly due to oxidation by H2O2. Compared with the control 

without the scavenger, phenol oxidation rate decreased by 24% after 

benzoquinone was introduced at the start of the filtration (0 s) or after the system 

was operated for 540 s, suggest that O2
●- contributed to partial phenol oxidation 

in the electrochemical CNT filter (Figure 5-10). Conversely, no significant 

change in the phenol oxidation rate was observed when tert-butanol was spiked, 

indicating that phenol oxidation by OH● was negligible within the 

electrochemical CNT filter (Figure 5-11). Therefore, more than 87% of phenol 

oxidation can be mainly attributed to direct oxidation by H2O2 or indirect 

oxidation by other reactive oxygen species (e.g., O2
●- and HO2

●) produced at 

during the filtration.  
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Figure 5-10. Effect of benzoquinone on phenol oxidation rate 

Experimental conditions: Applied cathode potential = -0.4 V vs. Ag/AgCl,  

[Na2SO4]= 10 mmol L-1, flow rate = 1.5 mL min-1. 
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Figure 5-11. Effect of tert-butanol on phenol oxidation rate 

Experimental conditions: Applied cathode potential = -0.4 V vs. Ag/AgCl,  

[Na2SO4]= 10 mmol L-1, flow rate = 1.5 mL min-1. 

5.9  Phenol removal effect in long term 

As the electrochemical removal of phenol may decrease due to reduced reactive 

CNT surface sites that were consumed by adsorbed compounds or oxidation by-

products, a continuous operation of 4 h was conducted to evaluate phenol removal and 

long-term stability of the system at conditions with flow rate 1.5 mL min-1, 50 mg L-1 

influent phenol, 44 mg L-1 DO and -0.4 V cathode potential. Although some 

polymerization was observed on CNT surface (Figure 5-12), CNT membrane 

performed pretty stably for 4 hours, an average phenol oxidation rate of 0.059±0.001 

mol hr-1 m-2 and phenol removal efficiency of 87±1.8% were achieved after 4 h of 

continuous operation under an applied cathode potential of -0.4 V (vs. Ag/AgCl) 

(Figure 5-13). The current decreased slightly from 5.6 mA at the beginning to 4.5 mA 

at 240 minutes. The high oxidation rates and removal efficiency and absence of 
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complete breakthrough indicated that the primary removal mechanism of phenol was 

oxidation, rather than physical adsorption.  

       
Figure 5-12. FESEM images of (a) cathodic and (b) anodic CNT filters after 

4 h continuous phenol oxidation, showing some polymerization on CNT 

surface. 

 

 
Figure 5-13. Phenol oxidation rate and current as a function of time 

Experimental conditions: [Phenol]IN = 50 mg L-1, applied cathode potential = -0.4 

V vs. Ag/AgCl, [Na2SO4]= 10 mmol L-1, flow rate = 1.5 mL min-1. 
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6 ENERGY EFFICIENCY AND APPLICATION FOR 

THE ELECTROCHEMICAL CARBON NANOTUBES 

FILTER SYSTEM 

6.1  Energy consumption for electrochemical phenol filtration 

The energy consumption for electrochemical phenol filtration is calculated at an 

optimized total cell potential of 1.85 V (corresponds to a cathode potential of -0.4 V vs. 

Ag/AgCl) by assuming 28 electrons transferred per phenol molecule to be 3.75 kW hr 

kg-1 COD. Additionally, the liquid needs to be pumped through the filter, and therefore 

the pumping energy should also be considered. For a common back pressure is 15 kPa 

(Gao & Vecitis, 2011) at a flow rate of 1.5 mL min-1 and a pump efficiency of 75%, 

the total energy cost for pumping is 1.35 J (Liu & Vecitis, 2012), which is only 2.2% 

of the energy used for electrochemical H2O2 production (total cell potential of 1.85 V 

and current of 9.05 mA). These values are comparative to or lower than state-of-the-art 

electrochemical oxidation processes with energy consumptions in the range of 5-100 

kW hr kg-1 COD (Panizza & Cerisola, 2009). The efficient oxidation rates of phenol 

revealed that H2O2 production coupled with electrochemical CNT filters could be used 

to efficiently remove phenolic compounds in wastewater.  

Although there was additional electrical energy input in the filtration system, the 

low applied potential, high H2O2 yield, high removal efficiency, short residence time, 

and long service time can compensate this additional energy input. Furthermore, a solar 

panel can be used to provide low potential so electrochemical CNT filters may be 

widely used as a cost-effective point-of-use treatment system. Overall, the results 

presented here quantitatively exemplify some of the advantages of using a 3D electrode 
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in the flow-through configuration and demonstrate the potential of a CNT 

electrochemical filter for environmental applications and investigations are currently 

underway to better understand and to further optimize the electrochemical filtration 

process coupled with in situ generated H2O2.  

6.2  Oxidation of other organic contaminants 

The effective removal of phenol has revealed the potential to use such 

electrochemical filter for water purification. To further study the efficiency of using 

this electrochemical system for organic oxidation, the filter was tested with three 

additional organic compounds: tetracycline (typical PPCP), methyl orange (typical azo-

dye), and geosmin (typical off-flavor compound). The initial concentrations of 

tetracycline, methyl orange, and geosmin were 0.1 mmol L-1, 0.1 mmol L-1, and 0.55 

nmol L-1, respectively (Figure 6-1). For all three organic compounds, efficient removal 

were obtained under optimized conditions (i.e., applied cathode potential = -0.4 V vs. 

Ag/AgCl, DO = 44 mg L-1, pH = 6.46) with efficiency above 87.4%, indicating that 

such electrochemical filters were highly efficient for water purification. 

For the system, effective removal efficiency of phenol (87.0±1.8%) was achieved 

within 4 h of continuous operation at optimized potential of -0.4 V (vs. Ag/AgCl). For 

future improvements on phenol removal efficiency in this field, several methods could 

be used to enhance phenol removal effect: prepare more amount of CNT particles for 

each membrane, which will increase reaction area and improve efficiency; select an 

electrolyte with better electron transference, enhancing electrooxidation efficiency; 

combine photochemical catalysis with electrochemical technology in the system. These 

methods should be studied in future research to improve phenol removal efficiency. 
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Figure 6-1. Comparison of removal efficiency of 0.1 mmol L-1 tetracycline,  

0.1 mmol L-1 methyl orange and 0.55 nmol L-1 geosmin  

by the electrochemical filtration system. 

Experimental conditions: applied cathode potential = -0.4 V vs. Ag/AgCl,  

[Na2SO4]= 10 mmol L-1, DO = 44 mg L-1, flow rate = 1.5 mL min-1. 
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7 CONCLUSIONS AND RECOMMENDATIONS  

7.1   Conclusions  

(1)  Aqueous phenol could be degraded by electrochemical filtration system with 

carbon nanotube through absorption and oxidation. The removal effect, 87%, could be 

maintained for at least 4 hours from the results of experiment. 

(2)  Many factors would affect H2O2 production, such as cathode materials, 

applied potential, flow rate, pH, and DO concentrations. The optimized conditions for 

the filtration system include -0.4 V cathode potential, C grade CNT membranes treated 

with calcination and hydrogen chloride acid, 1.5 mL min-1 flow rate, neutral pH value 

(pH = 6.46) and 44 mg L-1 dissolved oxygen in influent solution. Hydrogen peroxide 

was generated in system with the rate of 1.4 mol L-1 m-2 at optimized conditions. 

(3)  Breakthrough of 50 mg L-1 phenol occurred in less than 30 min by CNT 

sorption. An influent concentration of 50 mg L-1 phenol was oxidized at the rate of 0.06 

mol hr-2 m-2 at optimized conditions with 92% aqueous phenol was removed from 

influent solutions. Molecular phenol was mostly destroyed within the short residence 

time (~ 1s) and oxidized into CO2 induced from high TOC removal efficiency (over 

90%). 

(4)  Besides phenol, methyl orange, tetracycline and geosmin were studied for 

their removal efficiency with the electrochemical system. For all three compounds, 

their efficiency for removal were above 87.4% with initial concentration of 0.1 mmol 

L-1 tetracycline, 0.1 mmol L-1 methyl orange, and 0.55 nmol L-1 geosmin.  

 



 

64 | P a g e  

 

7.2   Recommendations 

Although high hydrogen peroxide production and phenol removal efficiency were 

achieved in the electrochemical filtration system, several disadvantages limited further 

utilization of this innovative technology. For industrial utilization, a higher influent 

concentration of organic compounds would be treated; the system should run for a 

longer term to test its robustness and stability.  The performance of H2O2 generation 

and organic compounds removal should be tested after scaling up of the system. Phenol 

oxidation products should be further studied to ensure no toxic productions in effluent 

water. 
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