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ABSTRACT 

In this work, an electrochemical method was developed to destroy liquid 

chlorinated solvents, and a thermochemical teclmique was invented to reduce gas-phase 

chlorinated solvents to hydrocarbons. The developed electrochemical method belongs to 

the most potential technique for wastewater treatment — only electrochemical method is 

possible to simultaneously destroy all water contaminants; the invented thermochemical 

method is the fastest way to destroy chlorinated solvents. 

In the first part of this work, the anodic oxidation of trichloroethylene (TCE) on 

an Ebonex ceramic electrode was investigated. TCE could be oxidized to CO2, CO, CI", 

and CIO3*. The disappearance of TCE was first-order, independent of pH, and initial TCE 

concentrations. TCE oxidation occurred only on the anodic surface and was limited by 

mass transport at Ea > 4.3 V vs SSCE (/ > 5 mA cm'^). Hydroxyl radicals generated on 

anode surface were detected using a spin trap. A kinetic model was successfully 

correlated with experimental results. 

In the second part of this work, TCE and CF were rapidly dechlorinated to 

hydrocarbons on the Ebonex ceramic cathode using Pt or Pd as catalyst. Ft was found to 

possess great resistance to sulfur and chlorine poisoning. Pd was quickly deactivated in 

sulfate solution. TCE and CF cathodic transformation were strongly dependent of pH. 

The reaction rate was limited by mass transport at Ec<-1.6 V (i>5 mA cm"^). The mass 
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transfer to cathode surface was found to be three times faster than to anode surface. The 

main products of TCE reduction were ethane, ethylene, and chloride, and for CF were 

methane and chloride. The proposed reaction mecham'sm and Idnetic model were 

consistent with experimental results. 

In the third part of this work, a new hydrodechlorination method was invented for 

gas-phase chlorinated solvent destruction. Gas-phase chlorinated solvents, such as PCE, 

TCE, 1,1-DCE, VC, and CF were rapidly reduced to ethane, ethylene, and methane in a 

continuous-flow column reactor at ambient temperature and pressure. This is the fastest 

way to destroy chlorinated solvents. The catalyst could be easily regenerated and had a 

long-life time (over one and half year). The reaction mecham'sm and kinetics were 

studied. 

In the forth part of this work, the first three parts of work were combined together 

to invent a new destruction method for chlorinated solvents in real wastewater. Ebonex 

ceramic materials served as electrodes and Pt was plated on cathode used as catalyst in 

the electrolytic cell. The headspace of the electrolytic cell was connected to the Pd/Ni 

catalyst column. Liquid chlorinated solvents were destroyed on electrode surface, and 

gas-phase chlorinated solvents were reduced to hydrocarbons in the Pd/Ni catalyst 

surface in the presence of hydrogen. Water scale or other deposited materials on Pt-

coated Ebonex cathode could be removed, and the catalyst could be regenerated by 

reversing electrode polarity. 
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CHAPTER 1 

INTRODUCTION 

Sixty percent of the earth surface is covered by water, and a like amount of our 

body weight is water. Water is key to our lives: it is in and around every cell in our body; 

it transports nutrients and essential chemicals; it keeps our skin plump and hydrated, and 

our brains working properly; it regulates our body temperature. Clean water is key to our 

health. 

Due to human's selfish, short-sight, and lack of knowledge, water sources have 

been contaminated in the industrial and agriculture developments, and all other human 

activities. Water pollution has caused many human diseases and harmed human health. It 

has become the main threat to people all over the world in the new century. 

1.1 Water Contaminaots 

Water contaminants are grouped as inorganic, organic, micro-organism, and 

radionuclides [1]. Inorganic contaminants include heavy metals (such as antimony, 

arsenic, cadmium, chromium, copper, lead, mercury), cyanide, fluoride, nitrate, nitrite. 

Organic contaminants include surfactants used in detergents and pesticides, 

petroleum products, aromatics, and halogenated solvents. Microorganism contaminants 

include coliform, Cryptosporidium, giardia lambia, legionella, and viruses. 
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Sources of these contaminants are industrial laundries, steel processing 

operations, mining, power stations, chemical factories, electroplating, metal finishing, 

reflnishing operations, manufacturing process, agricultural process, and residential 

activities. 

Radionuclides include beta and alpha particles, radium 226, and radium 228. 

These radiocontaminants were disposed from nuclear power plants, from uranium and 

thorium mining well refining process, from military installations, from industrial, 

medical, and scientific laboratories. 

These contaminants can kill or injure fish and other aquatic life, can be harmfiil 

for plants, and can threaten human health. They affect the utility of our waters for 

industrial and agricultural applications as well as human consumption. 

To destroy these contaminants in polluted water, many methods have been 

investigated. Compared to all other water treatment techniques, electrochemical methods 

may be among the most effective and under utilized methods. That is, electrochemical 

methods can be applied to destroy or remove microorganisms, inorganic contaminants, 

organic contaminants, and radionuclides as well as solid particle contaminants from 

polluted water. 

1.2 Electrochemical Disinfection of Water 

Microbial contamination is a nuisance in drinking water and industrial water 

distribution systems. Currently, the main strategy for the regulation of microbial 

contaminants is through the use of bactericides or separation processes. Commonly used 
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bactericides include chlorine, hyperchlorite, ozone, hydrogen peroxide, etc, and 

separation processes include sand or membrane filtration. However, separation processes 

can result in bacterial regrowth on filter media. Electrochemical disinfection methods 

have proven to be exceptionally effective. Microorganisms in water can be directly killed 

on electrode surface or killed by bactericides generated in situ by electrolysis. 

1.2.1 Direct Electrochemical Disinfection 

Direct electrochemical disinfection methods are based on direct electron transfer 

between a microorganism and an electrode or on radical attack at the electrode surface. 

The surfaces of a bacterium typically are negatively charged. As a consequence, bacteria 

will be attracted to the anode of an electrolytic cell and expelled by the cathode. In such 

systems, bacteria can be killed in several ways: (1) The electrical charge of intracellular 

and extracellular electrostatic capacity are increased in excess of their limits to cause an 

irreversible change in cells, and to destroy the cell membrane; (2) Potentials can be 

sufficiently high and impress the respiratory activity of sorbed bacteria, sometimes 

resulting in cell death; (3) Cells on anode surfaces can be oxidized by strong radicals 

generated on anode surface such as *OH, *0. 

Direct electrochemical disinfection of water has been reported in the published 

literature [2-8] and patent document [9]. As reported, a variety of microorganisms 

varying in size from viruses through bacteria and algae were successfully killed on anode 

surface at potentials from 0.2 V to 1.5 V vs. SCE. The electrode materials used included 
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activated carbon fibers, carbon-chloroprene sheets, graphite-silicone, titanium nitride, 

pryrolytic graphite, and titanium. 

1.2.2 Indirect Electrochemical Disinfection 

Microorganisms in water can also be destroyed using bactericides, such as 

hyperchlorite, ozone, and hydrogen peroxide, that are electrolytically generated in situ, 

without adding any chemicals. 

In the water chlorination process, the main disinfection agent is the hypochlorite 

ion or hypochlorous acid. In electrochemical disinfection, hypochlorous acid can be 

electrolytically produced from chloride by: 

Cr + H2O HCIO + IT + 2e- E° =-l.49 V 

The hypochlorous acid dissociates into hypochlorite ions in high pH solution. Chloride 

exists naturally in water. These reactions will happen simultaneously with other 

electrochemical reactions in the electrochemical treatment of water. Compared to other 

disinfection procedures, costs of electrochemical method should be low. The 

transportation and handing of these hazardous chemicals can be avoided. This technique 

has been used for many years in water disinfection. In recent years, it has received much 

more serious attention. For example, Miura et al.[10] proposed a new technique for 

producing HCIO2 by electrolysis. The oxidant acid solution has been used to disinfect 

dialysis machines in the medical industry. Other applications include disinfection of 

potable water and seawater [11-13]. 



21 

Hydrogen peroxide is another commonly used disinfectant. In electrochemical 

water treatment, oxygen dissolved in water can be reduced to H2O2 on the cathode 

surface. 

O2 + 2H2O + 2c H2O2 + 20H- E° = -0.98 V 

H2O2 so produced can kill bacteria in water. However, since dissolved oxygen 

concentration can be generally very low, its disinfection effect is not obvious. To increase 

H2O2 production, gas difiusion cathodes have been employed, in situation where air or 

oxygen is fed into the cathode surface. Using such procedure, high concentrations of 

H2O2 can be obtained, and water can be effectively sterilized [14j. 

Ozone is a strong oxidant and an outstanding bactericide. Using ozone to kill 

bacteria is 3000 times faster than using chlorine at similar dosages. Ozone has a very 

short half-life in water (~ 20s). It decomposes rapidly into secondary oxidants such as 

highly reactive 'OH and peroxyl radicals (*H02). Ozone doesn't form hazardous products 

and is a clean bactericide. It is anodically produced with Oi in water by: 

2H2O —> O2 +4ir + 4e" E° =-1.23 V 

3H20^ O3 +6H^ + 6e- E° =-1.51V 

At high anodic potential (high current density) and low electrolyte temperature, or using 

special electrolyte, high current efficiency for O3 formation can be obtained. 

Murphy et al.[14] reported that 18 to 19 percent O3 by volume could be produced 

at a current density of 1.6 to 2A/cm^ on Pb02 electrodes and a temperature of 23 °C. 
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Poller et al.[15] utilized the acid or salt form of highly electronegative anions such 

as hexafluoro-anions as electrolyte, held temperature between room temperature and the 

freezing point of water, and used Pt and Pb02 as anode materials. The ozone yields as 

high as 52% could be obtained. 

As reported in literature [14-19], the anode materials consisted of porous titanium, 

Ebonex ceramic, coated catalyst selected from Pb02, platinum-tungsten alloys, glassy 

carbon and platinum. The current density was controlled between O.lA/cm^ and 2A/cm^. 

Many apparatus and methods for the electrolytic generation of ozone were 

disclosed. These methods were effectively utilized to kill bacteria and destroy toxic 

organic chemicals from polluted water [20-22]. 

1.3 Electrochemical Particle Removal 

Solid particles in water system cause scaling, clogging, and forming masses of 

sludge that reduce the efficiency and inhibit the operation of the equipment. Solid 

particles in water can carry sorbed radioneuclides, or toxic chemicals that are harmful to 

human health. They are heavens for attached pathogens, making them much more 

difficult to inactivate. 

The surface charge on particles in water can be altered by exposure to a high-

potential electrostatic field, or can be controlled by adjusting pH, electrolyte type or 

electrolyte concentration. Particle precipitation can be inhibited by producing like 

charges on particle surfaces. Similarly, particle precipitation can be enhanced at their zeta 

potentials close to zero. 
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U.S. patents [23-27] describe electrostatic systems for removal of solid particles 

from water. In these systems, solid particles in water are induced in an electrostatic field 

created by insulated electrodes arranged to produce a series of capacitive layers between 

them. The induced particles were removed from water via attachment on the insulated 

electrodes or precipitation. 

Conventional methods for removing colloids from contaminated water involve the 

addition of coagulants (e.g. alimiinum or ferric salts). These coagulants attach to particles 

and cause coagulation, or flocculation, increasing particle size and improving the 

filtration efficacy. In electrocoagulation, the coagulants are generated in situ by 

electrolysis. The published literature [28, 29] and U.S. patent 5928493 [30] describe that 

iron and aluminum as sacrificial electrode materials that are oxidized to provide 

coagulants. Johnson et al [31, 32] and Burford [33] recognized that an ionized oxygen 

molecule will aggressively bond to particulate matter providing coagulation and 

increasing the particle size. They developed water purification systems using 

electrochemically-ionized oxygen as coagulant to successively remove finer suspended or 

dissolved matter from contaminated water. 

Raghavan et al. [34, 35] disclosed an electrocoagulation method to remove 

suspended AI2O3 and Si02 particulates from the dilute suspensions typically encountered 

as waste streams of chemical mechanical polishing operations. Their method 

simultaneously removed impurities such as copper ions by plating onto the stainless steel 

cathode or by in situ copper hydroxide precipitation. In this method, the zeta-potentials of 
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particles are held to close zero by electrochemically adjusting the pH of the solution. 

Under these conditions, particles lead to agglomerate due to Van der Waals forces. 

1.4 Electrochemical Destruction of Inorganic Contaminants 

Electrochemical methods have a wide application in destruction of inorganic 

contaminants from industrial exhaust gases and wastewaters. Over the years, much 

research has been directed towards electrolysis of toxic chemicals such as hydrogen 

sulfide (H2S), nitric oxide (NO*), nitrate ion (NO3"), perchlorate ion (€104*), cyanide 

(CN"), fluoride ion (F*), and heavy metals. 

Hydrogen sulfide is an industrial exhaust gas, that is frequently encountered in the 

petroleum industry. It is soluble in water. As a gas, it is a respiratory poison. Several 

techniques for destroying this gas have been developed. Joshi [36] describes a process for 

decomposing this gas into hydrogen and sulfiir. In this process, hydrogen sulfide is 

contacted with a solid metal, ion-conducting electrolyte to form the metal sulfide, which 

is converted to the metal and sulfur at the cathode. In Winick's method [37], hydrogen 

sulfide is reduced to polysuJfide ions on a porous cathode. These polysulflde ions are 

concentrated in anode compartment. Donini et al. [38] disclosed a new electrochemical 

process in which H2S was dissolved a volatile basic solution and electrolytically oxidized 

to polysulflde. This solution is separated and distilled to recover sulfur and volatile basic 

solution. 
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Nitric oxides (NOx) are combustion exhaust gases. NOx is a source of air pollution 

and acid rain. NOx can be reduced to N2 usiag fuel as reductant at high temperatures. 

Also, NOx can be electrochemically decomposed into N2 and H2O at room temperature 

without addition of reductants. Electrochemical reduction of NO, N2O, and HNO2 in 

aqueous solution has been investigated using gas diffusion electrodes [39 - 44]. 

Successful electrode materials included ZnO, In203, Ru, Rh, Ir, Pd, Pt, graphite, and 

various metal phthalocyanines. Recently, Flog et al. [45] developed a process for NO 

removal from engine exhaust gases. In this process, NO is oxidized to NO"*^, and the NO^ 

is subsequently transported through an aluminum oxide solid electrolyte to a cathode on 

which NO^ is reduced to N2 and H2O. 

Fluoride ion is an important inorganic contaminant in wastewater from industrial 

effluents. Lee [46] found that fluoride ion could be selectively removed from wastewater 

by an electrochemical method based on fomiation of an insoluble aluminum fluoride 

compound or complex of the contaminant ion. The anode in this process was composed 

of aluminum, aluminum alloy or insoluble aluminum compound. Fluoride ion was 

converted to an insoluble, less toxic form. 

Other inorganic contaminants including nitrate (NOs"), cyanide (CN"), and 

perchlorate (0104") ions can be electrochemically reduced or removed from wastewater 

as part of a water or wastewater treatment system [47-49]. 

Heavy metal ions can be cathodically deposited or precipitated using an 

electrocoagulation method. The electrochemical reduction of tantalum, chromate, 

uranium and thallium ions was studied using platinum, graphite and active carbon, and 
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graphite fiber as electrode materials [50 - S3]. Cook [54] indicated that cathodic 

reduction can be useful for magnesium, aluminum, barium, boron, chromium, copper, 

lead, titanium, vanadium, zinc, and zirconium removal from water. Electrocoagulation 

methods have been successful for removal of heavy metal ions from wastewater, 

including lead, tin, nickel, cobalt, cadmium, zinc, mercury, silver, platinum and antimony 

[55]. 

1.5 Electrochemical Oxidation of Organic Contaminants 

Organic contaminants can be electrochemically oxidized on the anode surface or in 

bulk solution using redox mediators. The oxidation rate and current efficiencies depend 

on electrolytes, pH, temperature, electrode materials, and applied potentials. 

The reaction mechanisms for direct anodic oxidation of organic contaminants in 

wastewater have been investigated in aqueous solution using PbOa, SnOz, IrOi, Ti/Sn02, 

Ti/PbOa, Pt/Ti, Ta/PbOj, Ti/(Ir02- TaiOs), graphite, activated carbon, and some noble 

metals as anode materials [56-62]. The products include CO2 and further oxidizable 

organic acids. Direct anodic oxidation involves at least two mechanisms: direct electron-

transfer oxidation and hydroxyl radical attack at the anode surface [60]. Direct oxidation 

provides a clean method for wastewater purification if suitable anode materials are 

employed. However, the oxidation rates are relatively slow and the current efficiencies 

can be low in aqueous solution due to mass transfer limitations and oxygen generation 

from water. 
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To overcome these limitations, anodic oxidations of organic contaminants were 

experimentally studied in organic solvents, such as in acetonitrile [63-65]. Experimental 

results indicated that the overall reaction schemes for oxidation of most organic 

compounds are complex, sometimes involving several steps and reactive intermediates. 

Electrochemical oxidation of organic contaminants using soluble redox 

intermediates has received more attention than direct anodic oxidation. The oxidizing 

species added in electrolyte solution are anodically oxidized to strong oxidants, which 

oxidize organic contaminants in bulk solution. These methods are generally more 

effective than direct anodic oxidation, especially for those organic contaminants which 

are positively charged and find it difficult to reach the anode surface. The oxidizing 

species reported in published literature and patent documents include ClOa* [66], Ce^^ 

[67], Ag^^[68, 69], Fe^^ [70],Co^^[70]. CI' is the cheapest and most frequently used 

oxidizing species. Chloride ion is anodically oxidized to strong oxidants CI02*or HCIO2. 

Unfortunately, these compounds react with a variety of organic impurities in water, 

sometimes converting them into carcinogens such as trihalomethanes. 

The cobalt-mediated electrochemical oxidation systems proposed by Farmer et al. 

[70] and Bulazs et al. [71] can be used to convert many organic compounds to carbon 

dioxide, and remove radioactive compound from mixed waste. Co^^ ion is oxidized to 

Co^^ at anode and dispersed throughout the bulk solution. Co^^ oxidized the organic 

materials to CO2, while being reduced to Co^"^. The reduced Co^^ is reoxidized at the 

anode, and the cycle repeats until all oxidizable organic material in the cell is converted. 



Currently, Ag^ is the most successful oxidizing intermediate species. Ag^ is 

electrochemically oxidized to Ag'*^ in strong nitric acid solution at a temperatures above 

50 °C. Radicals, such as *OH and 'HCh are produced in this temperature range by 

reaction of Ag^^ ions with water. Organic contaminants containing phosphorous, sulfur, 

nitrogen, and halogens; radioactive materials; explosives and chemical weapons have 

been destroyed using this method. There are numerous attendant problems, however, 

including corrosion of the anode and other cell components in strong acid solution, 

precipitation of Ag^ with halide anions liberated by the destruction of halogenated 

organics; diffusion of Ag^ to the cathode compartment and deposition on the cathode; 

recycling use of Ag^, etc. Considerable effort has been devoted to overcome these 

problems. 

In summary, methods using oxidizing species have been successfully used to 

destroy organic contaminants. It has been suggested that organic contaminants can be 

collected on activated carbon and treated using these methods. 

1.6 Electrochemical Reduction of Organic Contaminants. 

Some organic contaminants, such as halogenated hydrocarbons may be 

electrolytically reduced to hydrocarbons, that are more easily destroyed. The primary 

reduction mechanisms involve direct electron transfer, radical attack on cathode surface, 

or reduction in bulk solution using redox mediators. Reductions can be performed in 

aqueous solution or in organic solvents. 
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Direct reduction of halogenated or unsaturated hydrocarbons in polluted water is 

desirable. It has been repeatedly shown that halogenated hydrocarbons and unsaturated 

hydrocarbons can be reduced to hydrocarbons in water using various metals or carbon as 

cathode materials [72-75], A technique for the electrolytic reduction of halogenated 

hydrocarbons in groundwater using iron as cathode material was proposed by Gillham et 

al. [76]. Unfortunately, direct reduction of halogenated hydrocarbons in water encounters 

the following problems: (1) Tap water or groundwater contain large quantities of CaCOa, 

MgCOs, and other metal oxides or salts. These materials exist in water as metal ions or 

microparticles. In electrolysis, they deposit on cathode and cause cathodic deactivation. 

(2) Inorganic ions, such as S04~, NO3* in water can poison some cathodic catalysts like 

Pd, which is the most popular cathode catalyst for research in dehalogenation. (3) 

Hydrogen generation on cathode wastes electrical energy, decreases the current 

efficiency, and occupies the active site for reaction of the target compound. 

To avoid these problems, halogenated hydrocarbons can be collected from 

polluted gaseous media, aqueous solutions, and solid materials by adsorption processes 

and further extracted into organic solvents. Electrolytic reductions are completed in 

organic solvents. The advantage of this method is that some halogenated hydrocarbons 

that are hard to reduce in aqueous solution can be reduced to hydrocarbons in organic 

solvents. Dichloromethane (CH2CI2), for example, can be reduced to methane at silver 

and platinum cathodes in acetonitrile solution [77]. 

Mazur et al. [78] proposed a method to reduce polychlorinated biphenyls (PCBs) 

in nonaqueous solutions (such as propylene carbonate and ethylene carbonate) using 
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titanium coated with ruthenium dioxide as anode and partially graphitized amorphous 

carbon or carbon cloth as cathode. The cathodic potential was set up at -1.75 V vs SCE. 

PCBs were reduced from 500 ppm to less than 1 ppm at current eflSciency of 41.1%. 

Darian [79] improved Mazur's method by using N,N-dimethylformamide and a 

small amount of tetrabutylammonium bromide as electrolyte solution. The cathode plates 

were constructed of titanium, and the anode plates were of ruthenium oxide coated 

titanium. The PCBs reduction rate was increased. 

Gui [80] reduced chlorinated ethylenes and carbon tetrachloride in polar organic 

solvents such as acetonitrile, N,N-dimethylformamide , propylene carbonate, and 

dimethyl sulfoxide containing small amounts of organic salts. Iron or glassy carbon was 

used as cathode material. 

In organic solvents, cathodic deactivation problems still exist. Organic products 

can attach on the cathode and inhibit the reaction. Huber et al. [81] disclosed a technique 

to simplify the replacement of the inactive cathode layer. Besides this method, there is no 

good solution for this problem. On the other hand, organic solvents may be expensive and 

toxic, and the use of organic solvents to extract organic contaminants may produce its 

own pollution problem. 

As in electrochemical oxidations, redox mediators can be used in electrochemical 

reductions to act as electron carriers between cathode and target compounds in bulk 

solution. These types of mediators include: biphenyl, spinach ferredoxin, vitamin B-12, 

nickel complexes, and P-cyclodextrin among others. Biphenyl was found to be a 

convenient mediator for the dechlorination of polychlorobenzene or even 
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polychlorobiphenyl in acetonitril solution [82]. Mediated electrochemical reductions have 

also been applied to enhance biochemical transformation rates. Spinach ferredoxin, for 

example, in the presence of polysine acted as an electron shuttie between an indium-

doped tin oxide electrode and substrate-bound cytochrome P450 (cam) [83]. The 

ferredoxin shuttle accelerated the reactive dehalogenation of haloalkane. Vitamin B-12 

was found to be an effective mediator for the electrochemical reduction of some alkyl 

type halides [84]. In this work, vitamin B-12 did not only act as electron shuttie, but 

involved reductive reaction as forming intemiediate radicals. Nickel complexes were 

used as mediators for the electroreduction of chlorinated benzenes and dibenzofurans in 

methanol solutions at -1.4 V vs Ag/AgBr [85]. Using this mediator, high selectivity was 

observed and the formation of hydrogenated products was completely suppressed. 

All the above mentioned mediators may be difiRcult to remove from treated water 

and may pollute the environment. Compared to these mediators, oxygen can be 

considered a "clean" mediator. Oxygen can be conveniently reduced to hydrogen 

peroxide or superoxide ions at cathode in aqueous solution. Cathodically generated 

hydrogen peroxide can be converted to hydroxy 1 radicals in the presence of UV light or 

Fe"^. Hydroxyl radicals, in turn, can oxidize a great number of organic contaminants. For 

the electrochemical generation of H2O2, appropriate cathode material include platinum 

group metals, Au and Ag, oxides of platinum group metals and coordination complexes 

of group VIII metals (Mn, Gr, Fe, Co, Ni) [86-90]. Cathodically generated superoxide 

ions (*02') are also strong oxidants that are capable of degrading halogenated organic 

compounds [91-94]. Superoxide ions are generated by reducing dissolved oxygen at 
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cathodic potentials less than -l.O V vs SCE. The lifetime of superoxide ions is about 200 

seconds in aqueous solution [93]. Air, pure oxygen gas, or anodically generated oxygen 

may be the oxygen source when introduced with the cathodic electrolyte solution in 

dissolved form, or flow into a gas diffusion electrode. Cathode materials for generation of 

superoxide ions are different from those for generation of hydrogen peroxide. Preferred 

catalyst materials include high surface area graphite, cobalt tetrazannulene, cobalt 

tetramethoxyphenyl porphyria, and ruthenium trisbipyridyl. 
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CHAPTER 2 

RESEARCH OBJECTIVES 

As reviewed above, electrochemical destruction of organic contaminants in polluted 

waters suffers from three potential problems: cathodic scale, catalyst poisoning, and 

hydrogen generation. These three problems have not been satisfactorily solved and limit 

electrochemical applications in water treatment. The primary aim of this work is to solve 

these three problems. 

The objectives of this work include; (1) develop an electrochemical method to 

convert chlorinated contaminants to hydrocarbons or other non-toxic chemicals in 

polluted water; and (2) develop a thermochemical method to reduce volatile chlorinated 

contaminants to hydrocarbons in the gas phase. This work consists of four parts. In part 

1, the kinetics and mechanism of trichloroethylene (TCE) oxidation on an Ebonex 

ceramic anode were investigated. In part 2, cathodic reduction of TCE and chloroform 

(CF) on an Ebonex ceramic electrode with plated Pt or Pd as catalyst were studied. 

Experimental investigations were carried at reaction kinetics, mechanism and catalyst 

deactivation. In part 3, a new catalytic system was invented. Reductions of volatile 

chlorinated solvents such as CF, TCE, 1,1-dichIoroethylene (DCE), tetrachloroethylene 

(PCE), and vinyl chloride (VC) were very fast on this catalyst system in the presence of 

hydrogen and at ambient temperature and pressure. In part 4, a new electrochemical and 

thermochemical method for destroying chlorinated solvents in tap water was proposed. 

Removal of water scale and other deposited materials, and catalyst regeneration were 
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Studied using Ebonex ceramic-Pt as cathode and Ebonex ceramic as anode. Using this 

method, aqueous-phase chlorinated solvents were electrolytically destroyed and gas-

phase chlorinated solvents were chemically reduced on a Pd/Ni catalytic surface. 
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CHAPTER 3 

ELECTROLYTIC OXIDATION OF TRICHLOROETHYLENE USING A CERAMIC 
ANODE 

3.1 Introduction 

Trichloroethylene (TCE) has been widely used as a degreasing agent, dry cleaning 

solvent and chemical extraction agent. Inappropriate disposal methods have produced 

widespread groundwater contamination [95]. The earliest reported discovery of TCE in 

groundwater was in 1979 in the vicinity of Sacramento, California [96], Also in the late 

1970s, it was determined that TCE is both a probable human carcinogen and potent 

toxicant [97, 98], The U.S. Environmental Protection Agency subsequently established 

the maximum contaminant level for TCE in potable water at 5 ^g/L [99, 100]. 

Known methods for the destruction of TCE in water include oxidative and 

reductive biochemical degradation [lOI - 108], photochemical transformation [109, 110], 

high-energy electron beam irradiation [111, 112] and chemical oxidation [113, 114], 

sometimes in the presence of a transition metal catalyst or high temperature and pressure 

[115]. Although electroreduction of TCE has received some attention [116, 117], we 

could find no reports of its direct electrolytic oxidation. 

Hydroxyl radicals (OH*) can be formed from the electrolytic oxidation of HiO/OH" 

[118], They are powerful, nonspecific oxidants that react at significant rates with TCE and 



a variety of other organic contaminations [113, 119, 120](Table 3.1). Consequently, OH* 

generation may play a role in TCE electrolysis. Hydroxyl radical activity can be observed 

indirectly using spin traps such as a-(4-pyridyl-l-oxide) N-tert-butyl-nitrone (4-POBN) 

[121]. The radical adds to the unsaturated spin trap to form a new radical adduct of longer 

lifetime. 

Table 3.1. Rate constants for reaction of OH* with compounds of environmental significance 

Compound Rate constant 
(dm^'mol's"') 

Compound Rate constant 
(dm^mol's') 

Phenol'"'J 1.3x10'° Pentachlorophenol'' 4x10' 
Toluene' 3.0x19' general pesticides' 5x10^-1x10 
m-Xylene'"'' 7.5x10' T richloroethylene'' 4.2x10' 
o-Xylene'"^' 6.7x10' T etrachloroethy lene'" ̂ ' 3xI0' 
p-Xylene'''^' 7.0x10' 1,1-dichloroethyIene'' 7x10' 
Benzene' 7.8x10' 1,1 -dichloroethane'' 1.2x10' 
2-Chlorophenol'"'' 1.2x10'° 1,1-dichloro-l-propane'"^' 4xl0' 
Naphthalene'^''^ 9.0x10' Chloropentane' ' 3x10' 
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That can be detected using electron spin resonance (ESR)[122, 123], 

Graphite, noble metals, Pb02, Ti/Sn02, and Ebonex®ceramic are commonly used 

anode matenals. For this work, Ebonex*^ was selected as the anode material as a 

consequence of its electrical conductivity (6.3 x 10"^ n*cm, similar to that of graphite 

[124]) and chemical stability. Ebonex® is a nonstoichiometric titanium oxide comprised 

of Magneli phase titanium oxides Ti4C)7 and TisOg [125 - 127], It is made by heating 

TiOi to 1273 K in the presence of H^Cg). The product is stable in aqueous media 

throughout the practical pH range, although anodic oxidation in IM sulfuric acid results 

in partial oxidation of Ti4C)7 to Ti02, and surface passivation under extreme conditions 

may be an issue [128]. 

Here we describe work designed to establish the stoichiometiy and kinetics of 

electrolytic TCE oxidation using an Ebonex® ceramic anode. The dependence of 

reaction rate on the fixed anode potential and bulk solution pH was investigated. Data 

were used to propose a mechanism and estimate kinetic parameters for TCE electrolysis. 

Product stoichiometry and process efficiency were established as a fimction of electrode 

potential and bulk solution pH. 
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3.2 Methods and Materials 

3.2.1 GeneraL 

Experiments were conducted in a two-chamber, 3-eIectrode glass reactor in which 

the anode and cathode compartments were separated by a 15-cm^ Nafion cation-

exchange membrane (Figure 3.1). The 320-cm^ anode compartment contained 200 cm' 

of the electrolyte solution and a head space of 120 cm^. The anode consisted of an 8.5 by 

2 cm Ebonex® (Electrosysthesis, Inc., NY) ceramic sheet with a thickness of 0.2 cm. The 

cathode compartment volume was 100 cm^ The cathode was a 28-cm~ graphite rod 

(Alfa AESAR, MA), while a saturated silver-silver chloride electrode (SSCE; 

ACCUMET) served as reference. The chamber containing the reference electrode was 

separated from the anode compartment by a glass fiit. Hereinafter, all potentials are 

reported versus SSCE. 

The anode potential (Eg) was fixed (±0.01 V) relative to the reference using a 

potentiostat (Amel 410, Electrosynthesis, Inc., NY). The electrolytic current was < 1 .OA 

and the maximum difference between anode and cathode potentials was 25V. The pH of 

the anodic compartment was maintained (± 0.1 pH um'ts) via continuous addition of 0.1 

M NaOH using a pH-stat Brinkmann Metrohm (691 pH meter, 614 Impulsomat, and 665 

Dosimat). Contents of the anode compartment (0.05M KNO3 electrolyte in MilliQ water, 

TCE, etc.) were mixed continuously using a Teflon-coated, one-inch magnetic stirring 

bar (600 rpm). 
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Figure 3.1. Schematic representation of the electrolytic reactor including primary 
reactions at anode and cathode 
A=Ebonex ceramic electrode (anode) 
C=cathode 
N=Nafion, cation-exchange membrane 
PS=potentiostat 
R=Saturated silver/silver chloride electrode (reference) 



Trichloroethylene (Aldrich, WI) was added to the anode compartment as a liquid. 

Afiter allowing two hours for equilibration of gas- and liquid-phase concentrations, 

expenments were initiated by setting the desired anode potential at 2.5 to 4.3 V (fixed 

throughout single experiment). During the 3 to 7-hr experiments, 20-ram^ liquid samples 

were withdrawn periodically for measurement of TCE. Gas-phase samples (50 mm^ or 

100 mm^) were analyzed for O2, CO2, CO, and TCE. Additional measurements included 

liquid-phase inorganic carbon; CI" and chlorine oxyanions C103', CIO2' and CIO". Liquid-

phase inorgam'c carbon was measured by acidifying liquid samples and measuring 

released CO2 gas. Chlorine gas and CIO2 are unstable in water at pH>7.0, the pH region 

that was used to establish reaction stoichiometries. Independent variables other than 

reaction time included the fixed anodic voltage and the bulk liquid-phase pH. All 

experiments were conducted at room temperature (296-298 K). 

3.2.2 Analytical 

20-mm^ liquid samples were extracted in 1 cm^ of pentane prior to GC analysis 

(Hewlett-Packard 5890A; electron capture detector, DB-624 colunm; oven temperature 

313 K, injector temperature 423 K, detector temperature 523 K; He carrier gas; flowrate 

0.117 cm^s '). Gas-phase TCE was analyzed using a Hewlett Packard 5790 gas 

chromatography with flame ionization detector. All other operating conditions were the 

same as described previously. Gas-phase O2, CO2 and CO were analyzed using the HP 

5790 with a Carboxen 1000 column and thermal conductivity detector (oven temperature 



423 K, injector temperature 423 K, detector temperature 473 K, He carrier gas at 0.33 

ernes '). When O2 measurements were planned, the reactor headspace was filled with 

helium prior to the start of the experiment. 

Inorganic ions (CK, CIO", CIO2", ClOs") were analyzed by ion chromatography 

(IC) using a Dionex Qtc Analyzer (lon-Pac AG4A guard column, HPIC-AS4A analytical 

column, ASRS-1 self-regenerating anion suppressor). The effluent consisted of 0.85 mM 

sodium bicarbonate (NaHC03)/0.9 mM sodium carbonate (NaaCOj) (flowrate: 0.033 

cm^ s '). Sample injections (25 mm^ sample loop) were made through pre-rinsed 0.45 

jmi PTFE membrane filters (Gelman). 

4-POBN was used as a spin trap to detect hydroxy 1 radicals produced at the 

reaction anode. 4-POBN (100 mM) in aqueous sodium and potassium phosphate buffer 

solution (VWR, PA) (pH 6-7) was used as electrolyte solution. A positive control was 

developed by adding H2O2 (100 mM) and FeS04 (100 mM) with 4-POBN to the same 

buffered electrolyte solution. This mixture is known to yield hydroxyl radicals via the 

Fenton mechanism [129]. The resulting ESR spectrum provided a signature for the 4-

POBN radical adduct. A negative control was provided by adding FeS04 (100 mM) and 

4-POBN (100 mM) to the same buffered electrolyte solution. To detect TCE radicals 

discharged at the anode surface, TCE (10 mM) was injected into the anode compartment. 

Samples (20 mm^) were withdrawn from the positive and negative controls and the 

electrolytic reactor (anodic compartment only) for ESR analysis using a Bruker ESP 300 

E Spectrometer. Analyses were initiated within 10 seconds of sample withdrawal. The 
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magnetic field was set at 3432.00 G; microwave frequency: 9.65 GHz; modulation 

amplitude: 3.199 G; time constant: 81.92 ms; sweep time: 5.5 min. 

3.3 Mechanism and Kinetic Model 

The mechanism that is tentatively proposed for the electrolytic oxidation of TCE 

consists of the following steps. TCE diffuses to the electrode surface where it undergoes 

a single electron oxidation, thereby contributing to the anodic current and forming a 

short-lived cation radical. Radical formation is assumed to be the slowest chemical 

transformation step on the TCE reaction pathway. Subsequent conversions involve 

reaction of TCE radical and/or other reaction intermediates with hydroxyl radicals. 

Hydroxyl radicals produced at the anode surface via oxidation of H2O or OfT are 

consumed locally in the generation of molecular oxygen or participate in the conversion 

of TCE and/or reaction intermediates via hydrogen abstraction or chlorine substitution. 

These steps are assumed to be relatively fast. Stable reaction products include CO2, CO, 

Cr and chloroxyanions. Justification for individual steps is provided subsequently based 

on experimental observations. 

A rate expression for TCE conversion was developed based on conservation of 

mass in the anodic compartment. Selecting the control volume to include both the gas 

and liquid phases yields 

dt dt 
(3.2) 
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in which is the rate of TCE conversion (mol • s"'). Viand Vg are the liquid and gas-

phase volumes of the anodic compartment (cm^) and C/ and Cg are the liquid and gas-

phase concentrations of TCE (M). 

Because TCE is converted or lost only at the anode, the rate of diffusion for TCE 

to the anode surface is given by 

where C, is the TCE concentration on the anode surface; k„ is a mass transport coefficient 

of the controlling reaction step is represented using the Butler-Volmer equation 

where Hq is the number of electrons transferred in the rate-limiting electrode reaction 

(hereinafter assumed to be 1); ota is the anode transfer coefficient (the efficiency with 

which electrode potential is used to overcome the activation energy barrier to electron 

transfer); Eg is the anode potential (V); F(96500 C gm ' eq ') is the Faraday constant; R 

(8.314 J mol"' K"') is the gas constant; T(K) is the absolute temperature; kg (cm s"') is a 

rate constant for electron transfer (TCE to electrode) that contains both material - and 

reactor - dependent parameters such as the open-circuit potential for the reaction of 

interest. Under quasi-steady conditions [130, 131], from eq(3.3) and eq(3.4), the rate of 

transformation related to the liquid-phase TCE concentration can be derived as 

R„= IO ' Ak„iC,-C,) (3.3) 

(bulk liquid to electrode surface; cm s''); A is the electrode surface area (cm~). The rate 

(3.4) 
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R„ = lO ' AC, (3.5) 

Integrating eq(3.5) over time yields 

/Wq -/w = 
(3.6) 

where m is the mass of TCE in the reactor at time t and mo is the mass initially present 

(mol). Ci and Cg were measured over the course of each expenment to support 

calculation of mo -m and JC/dt. Thus, the area-specific rate of TCE conversion is 

predicted to be first-order in Q with a rate constant that is defined by 

this curve provided a voltage-dependent estimate for k. The procedure was repeated for a 

variety of fixed Ha values, and the resultant relationship was used to estimate a^, k^ and 

ka for TCE oxidation at Ebonex®. Because the reactive electrode area could not be 

determined with certainty, the geometric electrode area was used in the calculation. To 

the extent that this procedure underestimates the effective electrode area, k and therefore 

(3.7) 

To analyze data from a single experiment, mo-m was plotted versus AfCidt. The slope of 
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kn, and ka are overestimated. 

3.4 Results and Discussion 

3.4.1 Detection of OH radicals. 

As expected, an aqueous mixture of 4-POBN and FeS04 produced no detectable 

radicals (Figure 3.2a). Wlien H2O2 was also added to generate radicals via Fenton's 

mechanism [129] (positive control), the ESR spectrum of the 4-POBN-OH adduct was 

obtained (Figure 3.2b). The similarity of the ESR spectrum derived from the oxidation of 

water at Ebonex® (Figure 3..2c) strongly suggests that hydroxy 1 radicals are produced 

under the conditions of the experiment. Addition of TCE did not alter the spectrum 

(Figure 3.2d) suggesting (i) that at the concentrations used TCE was not an appreciable 

sink for hydroxyl radicals and (ii) that, if formed, TCE radical did not react with 4-POBN 

to produce a stable adduct. 

3.4.2 Variation of anode potential 

Eleven experiments were carried out at anode potentials ranging from 2.5 to 4.3 V, 

pH = 7.0 and an initial TCE concentration near 1.0 mM. Time-dependent TCE data are 

summarized in Figure 3.3. The vertical axis is the (normalized) time-dependent mass of 

TCE in the reactor. Although resistance to mass transfer across the air/water interface may 

contribute to the overall resistance to transformation in the reactor, here no assumption is 

made regarding the attainment of Henry's law equilibrium. Nor is one necessary since 
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Figure 2.2. ESR spectra for radical adducts obtained using the following 
Aqueous solutions/experimental conditions; 
(a) 100 mM 4-POBN; 100 mM FeS04 (negative control) 
(b) 100 mM 4-POBN; 100 mM FeS04; 100 mM H2O2 (positive control) 
(c) anode electrolysis; 50 min @120 mA with an Ebonex electrode; 

100 mM 4-POBN 
(d) anode electrolysis; 50 min @ 120 mA with an Ebonex electrode; 100 mM 

4-POBN plus 10 mM TCE 
Notice that experiments (c) and (d) differed only via the addition of TCE to the 
Aqueous 4-POBN solution. 
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both gas- and liquid-phase concentrations of TCE were routinely measured. That is, the 

mass balance that produced equations (3.2-3.7) was based in a control volume comprised 

of the entire anodic compartment. Mass transfer across the air/liquid interface does not 

show up explicitly although interphase transfwrt resistance may be a strong determinant 

of R^. Despite this limitation, the selection of control volume and resultant analysis 

(parameter estimation) are appropriate for situations in which the kinetics of mass 

transport across the gas/liquid interface is not an issue. 

Figure 3.3 data were used to relate the mass of TCE transformed to the quantity 

AjCidt (Figure 3.4). Slopes were used to estimate k values (eqs 3. 6 and 3.7) as a 

function of Ea (Figure 3.5) and then to estimate ka, k„, and using non-linear 

regression analysis (Sigmaplot)[128]. Parameter estimates so obtained were aa= 0.089; 

kn,= 2.43 X lO'^cm-s '; ka = 6.27 x 10"' cm-s '. Agreement between data and the fitted 

model was acceptable (Figure 3.5). At Ea=3.7 V, k was about half of its maximum value, 

kin, suggesting that resistance to transformation due to mass transfer and electrode 

polarization were about equal at that voltage. The surface-area-normalized rate 

constant, k, is predicted to reach kn,, its transport-limited value (-0.00243 cm-s ') at Ea > 

4.5 V. It proved difRcult to achieve such rates experimentally due to rapid O2 formation 

at higher potentials tested. At Ea=4.5 V, the total anodic current had not yet peaked (data 

not shown), suggesting that TCE oxidation occurs at the anode surface, i.e., that reactive 

intermediates such as OH* generated at the anode were not responsible for TCE oxidation 

in bulk solution. 
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Figure 3.3. Disappearance of TCE from the anode compartment of the 
electrolytic cell (Figure 3.1) using an Ebonex ceramic electrode; pH 7.0; 
anode potential as indicated. Notice that m is the mass of TCE in the 

electrode or V/C/ VgCg, and mo is the mass of TCE in the anode 

compartment at the beginning of the experiment. 
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Regression lines were constrained to pass through the origin. Goodness 
of fit supports the kinetic model used here (eq[3.5]). Notice that slopes are 
estimates of voltage-dependent k values (eq[3.7]). 
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Figure 3.5. Voltage-dependent, surface-area-normalized, first-order (in 
TCE concentration) rate constants(k) for TCE oxidation at the Ebonex 
ceramic anode, pH 7.0. The solid line is the best fit to eq[3.7]. Fitting 
parameters (k^ k,, 0^) were obtained using a nonlinear curve-fitting 

algonthm (Sigmaplot). 
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3.43 pH dependence 

The rate of production of OH*should be pH dependent at pH > 7.0 due to 

oxidation of OH* [118]. A degree of pH dependence wouid be expected, at least in basic 

solution, if reaction with OH controls the overall rate of TCE disappearance. Five 

experiments were carried out at Ea = 3.5 V and pH values ranging from 1.6 to 11.0. 

Results (Figure 3.6) indicate that the rate of TCE disappearance was independent of 

solution pH, suggesting that assumptions regarding the origin of overall rate limitation 

are justified. That is, the rate-controlling step in the proposed mechanism for TCE 

oxidation apparently does not involve reaction with OH*. 

3.4.4 TCE Concentration Effects 

Three additional experiments were conducted at an initial liquid-phase TCE 

concentration of approximately l.O^iM (pH 7.0; Ea 3.1, 3.5 and 3.8 V) to see if kinetic 

relationships developed at millimolar concentrations extended into the micromolar 

concentration range. Conditional first-order rate constants (k values; 4.17x 10"^, 7.3x10"', 

and 1.45x10"^ cm-s'') were similar to values reported in Figure 3.5. The mechanism of 

TCE oxidation, including the source of rate limitation, was apparently unaltered by a 

three-order-of-magnitude reduction in TCE concentration. 
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Figure 3.6. Surface-area-normalized rate constants for TCE oxidation at 
an Ebonex ceramic anode (E^ 3.5 V) as a function of the bulk solution pH. 
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3.4.5 Reaction Stokhiometry 

Experiments to establish a carbon balance (Figure 3.7) and a chlorine balance 

(Figure 3.8) generally indicated that all major carbon- and chlorine-containing products 

of TCE decomposition were accounted for analytically. CO and CO2 were the only major 

carbon-containing products of TCE oxidation. At Ea = 3.8 V and pH 1.6 to 1.9, CO2 

accounted for about 90 percent of the TCE carbon transformed over the 400-min course 

of the experiment (Figure 3.7). The remaining 10 percent appeared as CO. The ratio of 

CO2 to CO produced proved to be approximately constant in experiments conducted 

from Ea =2.5 V to 4.0 V (Table 3.2). Solution pH was generally in the acid range (and 

uncontrolled) in these experiments to facilitate measurement of CO2 evolution. Hence a 

range of pH values is reported for each experiment. 

Expected chlorine-containing products were CI", CIO', CIO2', CIO3', C102(g) and 

Cl2(g). Potential intermediates CIO2' and CIO" were not observed, probably due to 

hydrolysis and/or reaction with OH*. At pH > 7.0, CI2 (g) and CIO2 (g) should hydrolyze 

at the anode surface to produce CIO" and CIO3" [133], and, in fact, the only chlorine-

containing species detected in the experiment conducted at pH 7.0 were CI' and CIO3' 

(Figure 3.8). All the chlorine initially present as TCE was accounted for within the limits 

of analytical accuracy. 
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Figure 3.7. TCE oxidation at an Ebonex ceramic electrode (Eg 3.8 V). 

Solution pH was allowed to drift betwwen 1.6 and 1.9 in this experiment. 
Notice that major carbon-containing products of TCE oxidation included 
only CO2 and CO, as indicated by the mass balance on carbon. The mass 

balance line was calculated as TCE + (CO2 + CO)/2 (all masses in 

mmoles). 
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Figure 3.8. TCE oxidation at an Ebonex ceramic electrode (E^ 4.0V; 

pH 7.0). Notice that major chlorine-containing products of TCE oxidation 

included only CI' and CIO3', as indicated by the mass balance on chlorine. 

The mass balance line was calculated as TCE + (Cr + C103*)/3 (all 

masses in mmoles). 
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Table 3.2. Carbon mass balance and the ratio of the carbon products for TCE anodic 
oxidation at different potentials. Reaction time was 180 min. 

E. (V) 2.5 3.0 3.5 3.8 4.0 

PH 3.3-2.3 4.4-1.7 2.2-1.1 1.9-1.5 3.1-2.2 

rntcE (mmole) 0.0248 0.0474 0.110 0.135 0.168 

mco (mmole) 0.0042 0.0070 0.0188 0.0187 0.0390 

mco2 (mmole) 0.0425 0.0721 0.195 0.237 0.332 

mcoz/mco 10.1 10.3 10.4 12.6 8.5 
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3.4.6 Current Efficiency 

As expected, oxygen generation was observed at the reactor anode in the course 

of these experiments. Oxygen generation may have several deleterious effects on reactor 

performance. Most obvious is a loss of efficiency since power requirements and 

operations costs are oblivious to the nature or identity of the anodic reactions. Oxygen 

generation may also result in a loss of effective electrode surface area due to bubble 

generation/attachment. Here we defined a current efficiency in terms of the fraction of 

total anodic current that is accounted for via a specific reaction or set of reactions. For 

example, the fraction of current that results in (TCE) carbon oxidation was defined as 

^ 3 Fntg,, - Fm CO 

^co^coz ' 

J iadt 
0 

where m^ represents the mass of component i produced over the course of an experiment 

(moles) and Ujit is the cumulative anodic charge transfer over the same period (in 

coulombs). F is the Faraday constant. In this manner, the fraction of anode charge transfer 

for chlorine oxidation was 

^ Fm, CIO-J 

icr'Cio-3 

i 

(3.9) 
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(assuming that CI' and CIO3' were the sole chlorine-containing products), and, for oxygen 

production. 

Stoichiometric coefficients were based on the relative oxidation states of carbon in TCE, 

CO2 and CO, and the oxidation states of chlorine in chloride ion, chlorate, etc. 

Conditional efficiencies for CO2 and CO production at 2.5< Ea<3.9 V (Figure 3.9) 

indicate that TCE transformation efficiency was inversely related to the anode 

potential.The highest value observed was 32 percent, at Ea=2.5V. The distribution of 

anodic current among reaction products is also illustrated in Figure 3.10. Again it is 

evident that a smaller fraction of anodic current arises from TCE destruction at the higher 

voltages. The loss of efficiency is compensated for by faster reaction kinetics. The 

inverse relationship between voltage and current efficiency probably arises from TCE 

mass transport limitation at the higher voltages. However, the relatively low transfer 

coefficient (Og =0.089) for TCE oxidation should also be noted in this context. That is, 

mass transfer of H2O should not limit the O2 production rate, constraints on TCE 

transformation arising from mass transport of TCE to the electrode surface should lower 

t|co2+CO (as well as i^cr + ci03-)- Furthermore, if aa(TCE oxidation)<aa (H2O oxidation), 

increased anode potential and TCE conversion rate should be accompanied by lower 

Fmp, (3.10) 

0 
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Figure 3.9. Fraction of anodic current that is accounted for by the 

conversion of TCE to COi and CO, and the surface-area-normalized 

rate constant as functions of the fixed anode potential. 
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current efficiency. 

The practicality of electrolytic decomposition of halogenated aliphatics remains 

to be established. Use of Ebonex® as an electrode material satisfies several needs, 

however, owing primarily to its conductivity and resistance to corrosion. In this study, 

repeated use of electrodes over periods of weeks to months produced no apparent surface 

passivation in the aqueous potassium nitrate electrolyte and at the voltages used. All 

work reported was accomplished using a single anode. Electrode cleaning procedures 

consisted of only a rinse in MilliQ water. Results were reproducible, as indicated by 

repeated, identical experiments (not shown), and the body of data generated offers the 

appearance of internal consistency. Additional work will be necessary to determine 

effects due to long-term electrode passivation, especially in an actual ground water. The 

effect of solution ionic strength on transformation kinetics also remains to be established. 

Ebonex® ceramic is available as a permeable solid that should be well suited for use as a 

flow-through treatment electrode with a favorable surface-to-volume ratio [134]. 

Additional work is necessary, however, to establish design parameters, e.g. electrode 

thickness and flowrate, for applications such as the oxidation of halogenated ethenes. 

Ebonex® enjoys large overpotentials for both oxygen and hydrogen evolution in 

water. Its overpotential for water oxidation is evident since, for 2H2O O2 4H^ + 4e', 

E^v° = -0.62 V (vs. SSC) [135], which is significantly lower than potentials employed in 

this study. Overpotential for hydrogen evolution may make Ebonex® a useful material 

for reductive transformation of TCE and related compounds, although this remains to be 



Figure 3.10. Percentage of anodic current accounted for by TCE 
(cartx)n and chlorine) oxidation O2 production. (A) Ea=3.0 V; (B) 

Ea=3.4 V. Both experiments were conducted at pH 7.0. 
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established. 

Equation (3.7) provides a reasonable point from which to evaluate the feasibility 

of groundwater treatment via an oxidative electrolytic strategy. The fitted coefficients ka 

and Oa are intrinsic to the oxidation of TCE at Ebonex*', and, although km is a function of 

reactor hydraulics, the value generated here should be a conservative estimate of what 

can be achieved in a flow-through electrode. From this work, k = 1.25x10'^ cm-s'^ at Ea 

= 3.7 V. For advection-dominated plug flow through a porous Ebonex'^ electrode, 

electrode volume requirements are governed by 

r, = -?-ln(c. C,) (3.11) 
kAO 

where Vg is the volume of the anode compartment (dm^); Q is the flow rate of the stream 

to be treated (dm^-s'); A is the area-to-volume ratio of the anode material (cm"'); 0 is the 

anode porosity; and Co and Ce are the influent and effluent concentrations of the target 

contaminant. For an electrode of specific surface area=2000 cmVg, density=4g/cm^, 0 = 

0.8 (representative values from manufacture's specifications) an order-of-magnitude 

oxidation in TCE could be achieved with a detention time of about 2 seconds. At a 

design flow rate of 10 dm^ -min ', the required anode volume would be 240 cm^. It may 

be possible to improve electrode performance characteristics via the deposition of metal 

coatings [129] although this remains to be demonstrated for TCE transformations. 
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3.5 Conclusions 

TCE was rapidly oxidized to CO and CO2 using an Ebonex® ceramic anode. 

There were no other major carbon-containing products. In the neutral and alkaline pH 

range, the only chlorine products detected were CI' and ClOs". TCE oxidation kinetics 

were limited by diffusive transport at Ea >4.0 V. The maximum surface-area-normalized 

rate constant measured was 0.00243 cm-s '. The efficiency for TCE oxidation was 

inversely related to the anode potential, probably because TCE transport limitations 

became more restrictive at higher voltages. The disappearance of TCE was first-order in 

TCE concentration in experiments conducted at initial concentrations firom 1.0^M to 

1 .OmM. Conditional first-order rate-constants obeyed the same voltage dependence in 

each TCE concentration range tested. 

The physical and kinetic models proposed in this work were in agreement with 

experimental results. Electron transfer from TCE to the anode surface apparently limited 

the overall rate of reaction at relatively low applied potentials, and mass transport limited 

reaction kinetics at higher anode potentials. Anode polarization and mass transport 

provided equivalent resistance to reaction at E, ̂ .7 V. Hydroxyl radicals were produced 

at the electrode surface and probably participated in the overall transformation, although 

those reactions did not limit the rate of TCE disappearance under the experimental 

conditions. The extent to which hydroxyl radical generation is responsible for product 

selection or, under other experimental conditions, assists in the determination of TCE 
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conversion rate remains to be established. 
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CHAPTER 4 

ELECTROLYTIC DECHLORINATION OF TRICHLOROETHYLENE AND 
CHLOROFORM AT A Pt-or Pd-COATED CERAMIC CATHODE 

4.1 Introduction 

Chlorinated ethylenes and methanes, including TCE and CF, were identified as 

suspected human carcinogens in the late 1970s[136, 137]. Shortly thereafter, the U.S. 

Environmental Protection Agency established the maximum contaminant levels for TCE 

and CF in potable water at 5 lig/dm" [138, 139]. Because of their broad industrial uses 

and frequent inappropriate disposal, these compounds are widespread groundwater 

contaminants. As estimated, cleaning these groundwater sources using current techniques 

would be very expensive and take many years [140]. 

Our previous work [141] showed that TCE could be electrolytically oxidized to 

CO2 and CO at an Ebonex ceramic anode [142-145]. However, CF is resistant to 

electrolytic transformation at this anode. CF is also resistant to strong oxidants, such as 

ozone and hydrogen peroxide combined with UV radiation [146], On the other hand, 

TCE and CF are susceptible to reductive dehalogenation, especially at a catalyst surface. 

TCE and other chlorinated hydrocarbons can be reduced in nonaqueous solution at a 

carbon cathode or at a metal-modified carbon electrode [147-151], TCE, CF and other 

chlorinated hydrocarbons have also been electrolytically reduced in aqueous solution at 

metal cathodes, such as Ag, Zn, Cu, Pt, and Pd electrodes [152, 153]. TCE and CF 

reduction was slow on these electrodes, including pure Pd and Pt. 
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Here we describe a fast electrochemical reduction method for TCE and CF. 

Ebonex ceramic was used to support Pt or Pd that was electrolytically plated on surface. 

TCE and CF could not be reduced at an untreated Ebonex cathode. Pt or Pd was plated on 

Ebonex ceramic surface to form crystal structure. This crystal structure had high electron 

affinity for TCE and CF, which were completely dissolved into catalyst surface. Pure Pt 

or Pd metal surface have no this kind of structure. Compared to using the metal 

electrodes, the advantages of using Ebonex ceramic materials as catalyst support include; 

(1) no corrosion problem; (2) the cathode can be reversed as anode to remove deposited 

materials in tap water or groundwater treatment without damaging electrodes [154], 

Except noble metals, the metal electrodes can not be used in tap water or groundwater 

treatment, because they can not be reversed as anode to remove water scale or other 

deposits. The behavior of Pt- and Pd- coated electrodes in sulfate and chloride solution 

wa-s investieated The denendence of rediicrinn rate on the initial TCF, and CF 

concentrations, pH, and cathode potential was investigated. Reduction products were 

determined and carbon chlorine mass balances were established. A reduction mechanism 

and kinetic model were proposed. The experimental data were used to estimate the 

parameters of a kinetic model. 

4.2 Experimental 

4.2.1 General 

Electrochemical reduction experiments were performed in a commercial three-

electrode, two-compartment glass reactor in which the cathode and anode compartments 
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were separated by a 15-cm^ Nafion cation-exchange membrane (155-156). The cathode 

compartment was filled to capacity (320 cm^) with 0.1 M K2SO4 or 0.05 M KCl. A 100-

cm" syringe was connected to the top of the compartment to collect gaseous products (H2 

and other gases), and to keep the pressure constant. The cathode was a 1.9cm x 12.7 

cmX3mm Ebonex (Electrosysthesis, Inc., NY) ceramic sheet that was plated with Pt or 

Pd. The lOO-cm^ anode compartment contained 50 cm^ of the same electrolyte solution. 

The anode was an untreated Ebonex ceramic sheet (1.6cmx 12.7cmx3mm). The reference 

electrode was a saturated silver-silver chloride electrode (SSCE; ACCUMET). The 

chamber containing the reference electrode was separated from the cathode compartment 

by a glass fnt. All potentials are reported versus SSCE. 

A potentiostat (Amel 410, Electrosynthesis, Inc., NY) was used to fix the cathode 

potential (Ec) relative to the reference. The pH of the catholyte was controlled by 

continuous addition of 0.1 M HCl using a pH-stat (Brinkmann Metrohm 691 pH meter, 

614 Impulsomat, and 665 Oosimat). The catholyte was stirred continuously with a 2.5 cm 

Teflon-coated magnetic bar. 

Liquid TCE or CF (Aidrich, 99%) (normally 20 mm^) was injected into the 

cathode compartment, while was allowed to equilibrate for about 30 minutes. The desired 

cathode potential was applied to initiate the experiment. Liquid samples (20 mm'') were 

withdrawn every 10 minutes to determine TCE or CF, and 50-100 mm^ gas samples were 

withdrawn from the gas-phase (syringe) to determine TCE or CF and gaseous product 

concentrations. 
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4.2.2 Analytical 

TCE or CF liquid samples (20 mm^) were extracted into 1 cm^ of pentane and 

determined by gas chromatography (Hewlett-Packard 5890 A, electron capture detector; 

DB-624 column; oven temperature 313 K, injector temperature 423 K, detector 

temperature 523 K; He carrier gas; flowrate 0.117 cm^ s"'). Gas-phase species (100 mm^) 

were analyzed by gas chromatography (Hewlett-Packard 5790, flame ionization 

detector). Aqueous-phase chlorine-containing ions were analyzed by ion chromatography 

(IC) using a Dionex Qic Analyzer (lon-Pac AG4A guard column, HPIC-APIC-AS4A 

analytical column, ASRS-1 self - regenerating anion suppressor). The eluent consisted of 

0.85 mM sodium bicarbonate (NaHCOs )/0.9 mM sodium carbonate (Na2C03) (flowrate 

0.033 cm^s '). Sample injections (25 mm^ sample loop) were made through prerinsed 

0.45 |j.m PTFE membrane filters (Gelman). 

4.23 Cathode preparation 

Two Ebonex ceramic sheets were immersed in 300 cm^ of a solution containing 

PdCb (Aldrich, 99%, 0.05g) and NH4CI (0.03g) and stirred for 15 minutes. A DC 

potential was applied across the two electrodes and Pd was plated on the cathode for 1 

hour (pH ~ 1.0, 5 mA/cm^, 313 - 323 K) [157]. After plating, the cathode was rinsed with 

deiom'zed water and stored under DI water until needed. The Pt coating procedure was 

the similar: 0.1 g KaPtCle (Aldrich, 98%) /300 ml, pH 2~3 adjusted with HCl, 2~5 

mA/cm^, 303 - 313 K. The Pt-coated Ebonex appeared to be shining and metallic. 
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43 Mechanism and kinetic model 

On the carbon-chlorine bond, the carbon atom bearing a slight positive charge and 

the chlorine a slight negative charge [158]; 

—Cl^ (4.1) 

In aqueous solution, protons are assumed to accumulate around the negatively polarized 

chlorine atoms of TCE and CF due to electrostatic attraction yielding a positively charged 

ion pair. 

CnHCIj + HjO^ C„HCl3*H30^ (4.2) 

This positively charged ion pair migrates through boundary layer to the cathode surface; 

CnHCb'HjO^ -• (CnHCh-HsO^ad, (4.3) 

where n=l for CF and n=2 for TCE. The driving forces include the applied potential and 

the chemical potential due to the concentration difference between in the bulk solution 

and on the cathode surface. The mass transfer rate fi'om bulk solution can be expressed as 

•^=Ak„(C,,-C>) (4.4) 
at 

where k„ is the mass transfer coefRcient (cm.min ') which depends on diffusion 

coefHcient D, ionic strength, pH, and fluid type. A (cm^) is the cathode surface area, and 

m=ViCi + VgCg. y fcm^J is the volume and C (mM) is the concentration. Subscripts /, g, b, 

and / represent the properties of liquid phase, gas phase, bulk solution and surface, 

respectively. 

Cb =[CnHCl3*H30^=/:/[H30'lC6 (4.5) 
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where Cb=[CnHCl3] and Ki is the equilibrium constant of reaction (4.2), and 

Ci = [CnHCU'HsO^ads- (4.6) 

At the cathode surface, water or protons are reduced to hydrogen radicals, H2, and OH~. 

Chlorinated compounds can be dissociated into atomic chlorine on Pd catalyst surface, 

but the C-C, or C=C bonds are not dissociated [159,160], Pt catalyst can be assumed 

having the similar properties under cathodic potential. We propose that the adsorbed ion 

pair captures an electron from the electrode and is dissociated into; 

(CnHCl3*H30^ads + 6* ^ (CnHClj*) + (4.7) 

where superscript represents dissociated state. Subsequent steps include; 

(C„HCl3*) + H* + e -> (CnHzCh') + Cr (4.8) 

(CnHzCb*) + H* + e- (C„H3C1') + CV (4.9) 

(CnHjCr) + H* + e" -> (C„H4') + cr (4.10) 

In the case of TCE, i.e. n=2, (CnH4*)ads further reduced to ethane or n-butane may occur. 

We assume that leaction (4.8) is the slowest and the back reaction can be neglected. The 

mass transfer can be described using the Butler-Volmer equation [161, 162] 

Akl otWlexpT-
RT y 

.-ll 

(4.11) 

where kc, Oc, Ec, and T represent the rate constant (cm*min ), the cathode transfer 

coefficient, the cathode potential, and the absolute temperature (K), respectively. F is the 

Faraday constant (96,500 C moV' ) and R is the gas constant (8.314 J mor' K*^). 
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Using steady-state assumption 

dm dnii 
dt dt 

(4.12) 

the overall reaction rate equation can be derived from equations (4.4) and (4.11) 

dm 

~dt' k. k, RT ' 

- /  

(4.13) 

where kc =Ki kc [H30^[H*] andk„=Ki k„ '[HsO^. kc and k„ are functions of [//"]. 

Integration of equation (4.13) with t=0, m=mo; and t=t, m=m, results in 

m ^ - m  =  A  1 1 
— H—exp(—^—^) 
k _  k  * ^ R T  

\c„dt (4.14) 

and the rate constant k can be defined 

k„ k. RT ' 

-I 
(4.15) 

A plot of mo - m versus A \Cbdt should yield a straight line, where the slope represents the 

rate constant k (cm min''). Using non-linear regression method, the parameters k„, kc, and 

Oc can be determined from data k and Ec. 
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4.4 Results and Discussion 

4.4.1 Electrocatalytic Activity 

Both SO4" and CI" are reported to poison palladium catalysts [163-164]. In this work, 

the effects of these two ions on Pd- and Pt- coated Ebonex cathodes were investigated. At 

the start of each test, the cathode was soaked in aqua regia (HCl; HNO3 3:1, by volume) 

overnight to dissolve all Pd or Pt on the surface, nnsed with deionized water, and then a 

fresh Pt or Pd surface was deposited. TCE was selected as the target compound. Chloride 

is the product of TCE reduction, and always exist in these tests. Therefore, the effect of 

chloride was examined first The initial NaCl concentration was 0.05 M; and the pH was 

maintained at pH 7.0 by injection of HCl. Chloride concentration increased in the 

working compartment over time. Several repeat tests confirmed that chloride ions did not 

poison Pd- or Pt-coated Ebonex. The electrocatalytic activity of the Pt and Pd catalysts in 

sulfate solution was also tested. The sulfate could be cathodically reduced to the sulfur 

[165], which could poison many noble metal catalysts. TCE (-1.6 V) and CF (-1.35 V) 

reductions at Pd-coated Ebonex cathodes in 0.1 M K2SO4 solution at pH 7.0 are 

illustrated in Figure 3.1. On newly prepared cathodes, the half-life of CF is 20 minutes 

while that of TCE is <10 minutes. When the cathode was used in a second time, the CF 

half-life increased to 80 minutes and TCE half-life increased to over 50 minutes. After 

using 4-5 times in sulfate solution, the Pd-coated Ebonex cathode completely lost its 

activities. A similar experiment showed that SO4" did not poison Pt-coated Ebonex. This 

was expected that platinum possessed greater resistance to sulfur poisoning [166], Based 

on these tests, we selected Pt-coated Ebonex electrode for TCE reduction in K2SO4 
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Figure 4.1. TCE and CF reduction at Pd-coated Ebonex cathode in 
0.1 M K2SO4 solution at -1.6 V and -1.35 V, respectively. pH was 
controlled at neutral. When the electrodes were used in the second time, 
the reduction rates apparently decreased due to SO4 ' strongly poisoned 
Pd catalyst. 
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solution, the Pd-coated Ebonex electrode for CF reduction in KCl solution in the 

following experiments. 

4.4.2 Variation with Cathode Potential 

In these experiments, TCE was electrolytically reduced on Ebonex-Pt cathode in 0.1 

M K2SO4 solution, and CF was reduced on the Ebonex-Pd cathode in 0.05 M KCl 

solution. Eleven experiments were performed at the same Ebonex-Pt electrode and 

potentials from -0.3 to -1.6 V for TCE reduction; eight experiments were carried out at 

the same Ebonex-Pd electrode and potentials from -0.5 to -1.6 V for CF reduction, at pH 

7 and an initial concentration near 1.0 mM. The normalized time-dependent TCE and CF 

mass in the reactor at various potentials is illustrated in Figures 4.2- 4.3. The half-life of 

TCE at -1.6 V and pH 7 is about 20 minutes, and the half-life of CF at -1.6 V and pH 7 

is about 25 minutes. Lx)garithmica]ly normalized liquid-phase concentration ln(C/Co) vs. 

time are straight lines (R~ >0.98. Data have not been shown here). If the gas-phase 

volume is negligible small compared to the liquid phase volume, l^gCg in equation m= 

VgCg + f^/C/ can be neglected, then the slopes represent the overall reaction rate k as 

defined in equation (4.14). But in these experiments, the gas-phase volume increased 

over time due to hydrogen and hydrocarbon production. For example, at -1.5 V, the gas-

phase volume increased to over 120 cm^ in two hours. The total mass in both the liquid-

and gas-phases was accounted by using equation (4.13). Equation (4.13) is suitable for 

any closed liquid-gas phase reaction system, no matter Vi or Vg is constant or variable 
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Figure 4.2. TCE reduction in 0.1 M K2SO4 solution at R-coated 
Ebonex cathode at pH 7.0 and cathode potentials as indicated. 
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Figure 4.3. CF reduction in 0.05 M KCI solution on Pd-coated 
Ebonex cathode at pH 7 and cathodic potentials from -0.5 V 

to-1.6 V. 
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with time. The time-dependent mass of TCE and CF in the reactor vs. AfCidt is plotted 

in Figures 4.4 -4.5. AfCidt was numerically calculated or calculated from the straight-

line relationship for ln(C/Co) vs time. Slopes of these straight lines in Figures 4.4- 4.5 

represent overall reaction rate constant k, which is a function of Ec and pH. With these k 

and Eedata, the parameters kc, km, and Oc of equation (4.14) at pH 7.0 can be estimated 

using non-linear regression analysis (Sigmaplot) [132]. Parameters km, kc, and Oc were 

estimated to be 0.4498(cm*min'' ), 1.23x10'^ (cm*min"*), and 0.1388 for TCE reduction; 

and 0.4178(cm*min"'), 4.24x10"* (cm*min''), and 0.1619 for CF reduction, respectively. 

As Figure 4.6 indicates, agreement between data and the fitted model was acceptable. 

The overall rate constant k reached the transport-limited value, kn, at Ec < -1.6. km 

depends on pH, target molecule electrokinetic properties, electrochemical surface area, 

and stirring speed. It is noteworthy that kn, values for TCE and CF reduction are three 

times larger than that for TCE oxidation (0.1458 cm min ') [141]. This may be due to 

TCE and CF being positively charged, thereby enhancing diffusion in boundary layer on 

the cathode surface (see below). 

4.43 Dependence on initial concentration 

TCE reduction rates are independent of initial TCE concentrations ( 0.1 M K2SO4, 

Pt-Ebonex, -1.1 V, pH 7.0) (Figure 4.7). CF reduction rates are also independent of 

initial CF concentrations (0.05 M KCl, Pd-Ebonex cathode, -1.5 V, pH 7.0) (Figure 4.7). 
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Figure 4.4. Mass of TCE reduced in 0.1 M K2SO4 solution on R-coated 
Ebonex cathode at pH 7.0 and the indicated cathodic potentials as a 
function of A ̂ c.dt as equation (14) predicted. The slopes of these lines 
represent the rate constant k. 
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Figure 4.5. Mass of CF leduced in 0.05 M KCI solution on Pd-
coated Ebonex cathode at pH 7.0 and the indicated cathodic 

potentials as a function of A C/dt as equation (4.14) 
predicted. The slopes of these lines represent the rate 

constant k. 
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Figure 4.6. The rate constants for TCE reduction on R-coated 
Ebonex and for CF reduction on Pd-coated Eix>nex. Experimental 
conditions were as indicated in Figures 4.-4.S. Equation (4.15) was 
fitted to the experimental data using non-linear regression analysis 
(SigmaPlot). 
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Figure 4.7. TCE reduction at R-coated Etx)nex at -1.1 V and pH 7.0 in 
0.1 M K2SO4, and CF reduction at Pd-coated Ebonex at -1.5 V and 
pH 7.0 in 0.05 M KCI are independent of their initial concentrations. 
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However, current efficiency is lower at lower concentration. These results are consistent 

with the kinetic model described by equation 4.14, i.e., TCE and CF reduction are the 

pseudo first-order at constant pH. The reduction of these chlorinated compounds will not 

be required to apply higher potentials at lower concentration than at the higher 

concentration, as metal ions reduction, which is needed higher potentials at lower 

concentration. The reduction of TCE and CF are irreversible. With this charactenstic, 

TCE and CF can be reduced to ppb even ppt level with the same applied potentials at any 

initial concentrations. 

4.4.4 pH Dependence 

The pH-dependence of TCE reduction (Pt-coated Ebonex, 0.1 M K2SO4, -0.65 and -

1.1 V) was investigated from pH 2 to 11. The specific rate constant was strongly 

dependent on pH (Figure 4. 8). At pH 11, the conductivity should be similar as at pH 3, 

but the reduction rate, hydrogen formation rate, and current density were lower than at 

pH 3. As predicted in equation (4.14), the reduction rate constant k is a function of the 

proton concentration. At low pH, TCE and CF molecules may exist as positively charged 

ion pairs, thereby improving their mobility to cathode {k„\ and increasing reaction rate 

kc) due to increasing proton concentration according to equation (4.7). 

4.4.5 Reaction Stoichiometry 

Methane, ethane and ethylene were the major carbon-containing products of CF and 

TCE reduction. At lower potentials (absolute value), trace amounts of dichloromethane 



Figure 4.8. TCE reduction rate constants in 0.1 M K2SO4 at 
R-coated Ebonex as a function of the bulk solution pH. 



resulted from CF reduction, while traces of dichloroethylene and n-butane resulted from 

TCE reduction. For TCE reduction, at any potentials, no vinyl chloride (VC) was ever 

detected from TCE reduction. A good carbon mass balance was obtained for both CF and 

TCE (Figures 4.9- 4.10). The only chlorine - containing product was CI". The chlorine 

mass balance for TCE reduction confirmed that no carbon-chlorine compounds remained 

(Figure 4.11). 

4.4.6 Current efficiency 

As TCE and CF are electrolytically reduced to hydrocarbon, hydrogen gas was 

generated simultaneously. This is undesirable because it consumes electrical energy and 

the gas bubbles on the electrode surface may block the active sites. The current 

efficiency, T|, is defined as 

7  =  / - ^  ( 4 . 1 4 )  

luJt 
0 

where ic, ttih., and F represent the cathodic current, the moles of the generated hydrogen 

gas, and Faraday's constant, respectively. In the denominator, fi(dt is the total cathodic 

charge transfer over the same period. The current efficiencies for TCE and CF reduction 

are illustrated in Figure 4.12. The highest efficiencies were 100% at -0.5 V for CF and -

0.7 V for TCE, and the lowest efficiencies were 16.6% for CF and 24.4% for TCE at -1.6 

V. The decrease of the current efficiency is caused by mass transfer limitations, and the 
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Figure 4.9. Cart>on mass balance for CF reduction (0.05 M KCI, -
1.6 V, pH 7.0) at Pd-coated Ebonex cathode. The main product is 

methane. 
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Figure 4.10. Carbon mass isaiance for TCE reduction( 0.1 M 
K2SO4 -1.6 V, pH 7.0) at Pt-coated EtK>nex cathode. The 

main products are ethane and ethylene. 
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Figure 4.11. Chlorine mass balance for TCE reduction( 0.1 
M K2S04. pH 7.0, -1.35 V) at Pt-coated Ebonexcathode. 
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Figure 4.12. The current efficiencies for TCE and CF electrolytic 
reductions. Experimental conditions were as indicated in Figures 
4.6-4.7. 
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cathode active surface decrease due to hydrogen gas bubbles blocidng as cathodic 

potentials decreased. 

4.5 Conclusions 

Polar TCE and CF apparently form weak positively charged "ion pairs" in 

aqueous solution. These pairs migrate to the cathode under a DC electrical field. Ebonex 

ceramic can be plated Pt or Pd catalyst, and used as cathode to rapidly dechlorinate TCE 

and CF to hydrocarbons and chloride. Without using Pt or Pd catalyst, no dechlorination 

would be happened on Ebonex ceramic cathode. Experimental results showed that Pt 

possessed greater resistance than Pd to sulfur poisoning, and both of them would not be 

deactivated in chloride solution. The main carbon-containing products were methane for 

CF, ethylene and ethane for TCE. The only chlorine product detected was CP. TCE and 

CF reduction were limited by mass transport at Ec <-1.6 V. The maximum surface-area-

normalized rate constants were 0.45 (cm.min ') for TCE and 0.42 (cm.min ') for CF. The 

current efficiency for TCE and CF dechlorination were inversely related to the cathode 

potential (absolute value), because the transport limitations became more restrictive and 

the cathode active surface area decreased due to more hydrogen gas bubble generated at 

lower voltages. The disappearance of TCE and CF were pseudo-first-order in TCE and 

CF concentrations at constant pH, cathodic potentials from -0.5 V to -1.6 V, and initial 

concentrations from 1.0 ^M to 1 mM. The reduction rate increased as pH decreased, due 

to TCE and CF mass transport rate increased and hydrogen radical concentration, which 

involved in reaction controlling step, increased as pH decreased. The reaction 
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mechanisms and kinetic model proposed in this work were employed to explain the 

experimental results and successfully correlated with the experimental data. 
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CHAPTER 5 

CATALYTIC HYDRODECHLORINATION OF GAS-PHASE 
CHLOROETHYLENES AND CHLOROFORM 

5.1 Introduction 

Pd-catalyzed methods for destruction of aqueous-phase TCE have already been 

developed [167- 169], As described, palladium was coated on iron substrates; aqueous-

phase TCE was reduced to ethane on the Pd surface. In this method, palladium served as 

cathode to reduce water molecules and TCE. Reducing equivalents were derived from 

elemental iron. The method is potentially limited by corrosion, since iron is oxidized to 

Fe(n) or Fe(in), and poisoning of the Pd catalyst by dissolved components of many 

aqueous wastes. 

The Pd-catalyzed hydrodehalogenation of halogenated hydrocarbons in water in 

the presence of hydrogen gas has also been reported [170-178]. In these works, carbon, 

Al, AI2O3, and other metal oxide particles were utilized as Pd catalyst supports. Using 

these methods to treat polluted water, ions such as SO4", NO2', etc., which will poison the 

Pd catalyst, must be removed from water prior to treatment [178]. 

Established methods for catalyzing the hydrodehalogenation of gas-phase 

halogenated hydrocarbons include the use of silicalite zeolites [179], a transition metal 

carbide [180], a transition metal silicide [181], and a palladium-amended aluminosilicate 
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support [182] at elevated temperatures or high pressures. The catalyst supports used in 

these techniques suffered from three disadvantages relative to the use of conductive 

porous supports: (1) Catalyst cannot be electrochemically plated on non-conductive 

support surfaces; the chemical reduction methods employed were not capable of 

uniformly coating catalyst on the support surface due to palladium atom crystallization or 

coagulation in solution. Thus, more catalyst was needed to achieve the same reductive 

kinetics; (2) Particles trended to aggregate, limiting the active surface in contact with the 

gas phase; (3) Catalyst regeneration was difficult or impossible. At ambient temperature 

and pressure, the hydrodechlorinations of chloroform and chlorinated ethenes proved to 

be slow or impossible using these catalysts. 

The dissociation of hydrogen gas and chlorinated hydrocarbons on Pd surfaces 

has been theoretically and experimentally investigated [183- 187]. It was concluded that: 

(1) Hydrogen molecules can dissociate into hydrogen atoms on Pd surfaces at all 

temperatures (> lOK), and the dissociated hydrogen atoms can even penetrate into the 

Pd film. 

(2). Chlorinated hydrocarbons such as PCE, TCE, and CH3CI can also dissociate into 

chlorine atoms and C-C backbone on the Pd surface. 

The new technique we developed for reducing gas-phase chlorinated 

hydrocarbons to hydrocarbons is more cost effective and practical, requires less catalyst, 

and enjoys a higher reaction rate than other techniques. Palladium was used as catalyst 

af^er it was electrochemically plated on porous nickel foam surfaces. Chlorinated 



compounds were steadily added to hydrogen gas or stripped from water using hydrogen 

gas, and the gas mixture flowed through the Pd/Ni catalyst column. In the catalyst 

column, chlorinated compounds and hydrogen gas dissociated on Pd catalyst surface, 

then reacted to form hydrocarbons, that were released into the gas phase. Important 

characteristics of this technique are that; (1) the hydrodechlorination reaction proceeded 

at ambient temperature and pressure; (2) reactions were rapid; (3) since palladium was 

uniformly plated on the porous conductive foam surface, the maximum active surface 

area could be reached at relatively low Pd loading; (4) since the reaction proceeded in 

gas phase, the catalyst was not poisoned by sulfate or nitrate in the aqueous solution; (5) 

the catalyst was easy to be regenerated and had a long lifetime. 

The purpose of this work is to demonstrate the advantages of this new technique 

and reactor type, investigate the reaction mechanism and kinetics, identify the reaction 

products, and develop a regeneration method for the Pd/Ni catalyst. 

5.2 Experimental 

5.2.1 Catalyst Preparation 

Nickel foam (Electrosysthesis, Inc., NY) with a 60-^m pore size was used as 

catalyst support. Total surface area of the catalyst support (50 cm^, 38 g) nickel foam was 

5150 cm^, which was measured using mercury porosimetry (Quantachrome Autoscan 

25). To add the Pd catalyst, 0.2 g K2PdCl6 (Aldrich, 98%) was dissolved in 500 ml DI 



water. The nickel foam stub (2.4 cmHlO cm) was immersed in an electrolytic cell as 

cathode. Two Ebonex ceramic (Electrosysthesis, Inc., NY) sheets (2.5 cmHlO cmH3 

mm) were placed on both sides of the nickel foam as anodes. Pd was plated on the nickel 

foam surface under the following conditions: pH 2-3, current density 3-S mA/cm^, and 

temperature 308 - 313 K. The process was carried out for 60 minutes for each nickel 

foam piece coated. Alter plating Pd, the nickel foam was cut to small pieces with a 

diameter of 1.2 cm, then packed into a column with a diameter of 1.2 cm and length of 

50 cm. This catalyst column so produced had a filled volume of 50 cm^ and 50% 

porosity. 

5.2.2 Experimental Setup. 

Figure 5.1 is a schematic diagram of the experimental setup. Hydrogen gas was 

bubbled through a flask containing water and the target chlorinated hydrocarbon before it 

was added to the column. Alternatively, gas containing chlorinated hydrocarbons was 

supplied using a whirled Teflon tube that was immersed in a chlorinated hydrocarbon 

solution in a flask. The chlorinated target compounds diffused into the Teflon tube and 

were carried out in the continuously flowing hydrogen gas. A stable gas-phase 

concentration could be obtained via this method. Gas samples were taken periodically 

from the inlet (3) and outlet (4) of the column (1) and analyzed via GC-FID as described 

previously [188, 189]. Product (ethylene and ethane) distribution was determined via gas-
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Figure 5.1. The diagram of the experimental setup. 1. Catalyst column; 2. 
A large flask containing water and chlorinated compound; 3. Gas 
sampling probe for influent gas; 4. Gas sampling probe for effluent gas; 
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chromatograph using a GSQ column. Chloride ion concentrations were measured via ion-

chromatography, and Pd concentration in drained water were analyzed via atomic 

absorption spectrometry. Influent chlorinated hydrocarbon concentrations were 

controlled by adjusting the solution level in the flask where the whirled Teflon tube was 

immersed, or by adjusting the liquid-phase concentration in the large container (2). 

Hydrogen composition was varied via dilution with nitrogen gas. After about 10 hours of 

continuous operation, DI water was used to wash the column. Media were dried using a 

continuous flow of nitrogen gas before the column was used again. 

53 Mechanism and Kinetic Model 

Experimental and theoretical studies [183] have shown that molecular hydrogen 

is "dissociated" with almost no energy barrier into two hydrogen atoms on the palladium 

surface at all temperatures (T>10 K). The dissociated atoms are stabilized by forming Pd-

H bonds without weakening existing Pd-Pd bonds. That is 

H - H  '  P d - P d - ^ 2 P d - H  (5.1) 

Hydrogen atoms so dissociated on Pd are chemically active. Gas-phase chlorinated 

targets must diffuse to the Pd catalyst surface through a quiescent boundary layer. Thus, 

the mass transfer rate is given by 

Jm =  k^a(C-Ci )  (5.2) 
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where k„ is the mass transfer coefficient (cm s '), a is the surface area per unit volume of 

the catalyst, and C, is the concentration at the catalyst surface. On the Pd catalyst surface, 

the chlorinated hydrocarbons could be dissociated into elements which retains the 

stoichiometry, 

(CxHyCl . . ) , - ^ (C .HyCl - . )  (5.3) 

where x= 1 -2, y=0 - 3, r= 1 -4, subscript"/" represents the surface state and superscript 

represents the dissociated state. The dissociated chlorinated hydrocarbons react with the 

dissociated hydrogen atoms to form hydrocarbons. The probability of more than two 

molecules or atoms participating in such a reaction is very low. The hydrodechlorination 

is completed through a series steps. The first step of these reactions can be written as 

(CxHyClz )  ^  PdH PdCl  (5.4) 

and the overall reaction can be expressed as 

rc,HyCl, / - 2 zPdH' CxHy.. + =Pd - zHCl (5.5) 

The final products CxHy^ and HCl can be released to gas phase, although part of HCI 

produced remains at least temporally on the catalyst surface. The im'tial reduction 

[eq(5.4)] is assumed to be the rate controlling step. Thus, the reaction rate is 

R = kaa[PdH] (5.6) 
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where k is the reaction rate constant (cm/s). Under steady condition, R=J„, the rate 

expression (5.6) can be written in terms of the bulk concentration C, 

R = KC (5.7) 

where 

At a hydrogen volume fraction >0.1, hydrogen dissociation on Pd/Ni surface apparently 

reaches saturation. Thus, [PdH] is constant, and the rate of reaction is zero-order in 

hydrogen concentration. For denvation of a kinetic model, it is assumed that the bulk 

phase concentration of the chlorinated hydrocarbon is uniform in the radial direction, the 

gas flow rate does not change in the flow-through column (Fig. 5.1), and K is 

independent of u due to k„ » ̂[PdH]. A mass balance can be made for a differential 

volume AV of thickness Ah under steady condition: 

-DA —  ̂ uAC 
dh h L 

-DA — +UAC 
dh 

=  R A V ^ r ^ \ V  ( 5 . 9 )  
h-SJt 

where D is the diffusion coefficient of the chlorinated hydrocarbon in gas phase, u is the 

gas velocity, h represents position in the column, A is the cross sectional area of the 

column, and AI^=A AA. Under steady, isothermal conditions, Rads approaches zero. 

Substituting for R using equation (5.7), dividing both sides of the equation by Ah, and 
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taking limits as AA-X), equation (5.9) yields 

D^^-u—-KC = 0  
dh' dh 

(5.10) 

The general solution of the equation (5.10) is 

C = /j/exp 
u-^u- ' - fKD 

2D — *  

Using boundary conditions 

(5.11) 

h  = 0 .  C  = Co;  /»  =  oo ,  c  =  0  

constants A| and A2 are determined as 

(5-12) 

A, = Co A2 = 0 (5.13) 

and 

C = Coexp 
-2Kh 

u  ̂•̂ u' "iKD 

In this work, »4KD, and equation (14) can be simplified to 

(5.14) 

C = Coexp^-—) 
u 

(5.15) 
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At h^L, Uu is the retention time tr, and the effluent concentration (Q) should be 

governed by 

ln^ = -A:/. (5.16) 
Co 

That is, a graph of \n(Cf Co) versus the reactor retention time, t^, should yield a straight 

line and permit evalution of K. In experiments, the gas volume flow rate was directly 

measured, instead of measuring velocity (i/). Retention or reaction time t^ was 

determined with equation 

O 
(5.17) 

where Vp is the column pore volume (25 cm^) and Q is the gas flow rate (cm^ s"'). 

5.4 Results and Discussions 

5.4.1 Conversion at various retention times 

Hydrodechlorination experiments of PCE, TCE, DCE, VC, or CF were carried out 

at ambient temperature and pressure in the experimental setup illustrated in Figure 5.1. In 

the catalyst column, 0.2 g K2PdCl6 was electrolytically plated on the nickel foam 

surfaces, i.e., only 0.0153g Pd (2.97x10"^ g Pd/cm^ nickel foam surface). Gas flow rates 

ranged from 750 cm^min"' to 30 cm^min"', which were equivalent to retention time from 
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2 to 50 seconds. In all experiments, the influent concentration of the chlorinated 

compound ^vas always less than 7000 ppm. After the gas flow rate and the influent 

concentration kept constant for 15 - 20 minutes, the adsorption and desorption reached 

steady, and 3-6 gas samples were taken from the inlet and outlet of the catalyst column 

for each steady state. Conversions were calculated as follows; 

where Q, Cf, and Cp represent the influent and effluent concentrations of the chlorinated 

compounds and the concentrations of the reaction products, respectively. Conversion 

values calculated with these two equations were very close under steady condition. VC, 

TCE, PCE, DCE, and CF were very rapidly reduced to hydrocarbons in the Pd catalyst 

column with pure hydrogen gas. Per Figure 5.2, half-lives for these chlorinated 

compounds were 3.2s(VC), 5.2s(TCE), 8.7s(PCE), 13.3s(DCE), and 26s(CF). Over 95% 

of these chlorinated compounds were reduced to ethane and ethylene or methane (in the 

case of CF) in 13, 24,30, 57, and 113 seconds, respectively. 

As expected (eq. 5.16), plots of In(l-x) versus retention time were linear (R" > 

0.98) for PCE, TCE, 1,1-DCE, VC, and CF (Figure 5.3). The slopes of these lines 

Co 
(5.18) 

or 

(5.19) 



102 

20 40 60 

Retention time, tn (s) 

80 100 

Figure 5.2. VC, TCE, PC, 1,1-DCE, and CF were reduced to 
hydrocartx)ns in the gas flow-through column at ambient 
temperature and pressure with pure hydrogen gas in the 
presence of 0.0153g palladium catalyst supported on the 

porous nickel foam. 
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Figure 5.3. Conversion values for five chlorinated compounds 
in Figure 5.2 were converted to ln(1-x) and plotted versus 

retention time tp. According to equation (5.16), the slopes of 
these straight lines represent the reaction rate constants K. 
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represent the pseudo-first-order reaction rate constant K values, which are potentially 

dependent on temperature, the diffusion coefRcient of the target compound, and the 

specific surface area of the catalyst As shown in Figure 5.4, the reaction rate constant of 

VC was twice that of TCE and almost 9 times that of CF. K values for these five 

compounds were in the order Kvc(0.219 s"')>Ktce(0-134 s'')>Kpce(0.080 s"') 

>K;dce(0 052 s'')>Kcf(0 027 s '). Results suggest that overall reaction rates were reaction 

controlled. Since the diffusion coefficients of these compounds are all close to 0.1 cm^s ' 

[190], if controlled by mass transport, the conditional reaction rate constants would have 

been similar. 

5.4.2 Effect of influent concentratioD 

In above experiments, the influent concentration Co of the chlorinated compounds 

varied with the column gas flow rate. Here, conversions were determined at constant gas 

flow rate and various influent concentrations. When hydrogen was the pure carrier gas, 

conversions of all five target compounds were independent of their influent 

concentrations in the range 70 ppm to 7000 ppm. Typical results for TCE conversions at 

various influent concentrations (120 ppm to 1700 ppm) and retention times are illustrated 

in Figure 5.5. The conversion of PCE was constant at 96% (tR =38 s) despite variation in 

the influent concentration from 120 ppm to 500 ppm. Results confirmed that the 

dechlorination reactions for these five chlorinated hydrocarbons were first-order in target 

concentration, as predicted based on theoretical considerations. 
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Figure 5.4. The reduction rate constants for VC, TCE, 
PCE, 1.1-DCE, and CF in the gas flow-through column at 

ambient temperature and pressure with pure hydrogen gas in 
the presence of 0.0153 g Pd catalyst supported on the porous 

nickel foam. 
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Figure 5.5. TCE conversion was independent of its 
influent concentrations in the Pd catalyst flow-through column 

at constant pure hydrogen gas flow rate. 
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5.43 Effect of Hydrogen Concentration 

TCE was selected as a representative compound for investigation of hydrogen 

concentration effects. The tests were performed at an influent TCE concentration of 1200 

ppm, and the gas flow rate was constant at 150 cm^ min ' (tR=10 s). Hydrogen was mixed 

with nitrogen gas at different ratios before mixture were introduced to the Pd catalyst 

column. As shown in Figure 5.6, TCE conversion was essentially unaffected by variation 

in hydrogen gas volume fraction >10%. At f^tion lower than 10%, TCE conversion 

decreased as hydrogen concentration decreased. As expected, TCE conversion was lower 

at hydrogen volume fhiction 1.5% than at 3.1%, and was a function of gas flow rate 

(retention time) in the range 2.5s ^ tR< 38s (Figure 5.7). The results of these experiments 

confirm that hydrodechlorination of TCE follows a mixed- order icinetics, as suggested 

by the kinetic model. 

5.4.4 Product Analysis 

The main products of TCE hydrodechlorination in the Pd catalyst column were 

ethane (80 -95%) and ethylene (Fig. 5.8). Dichloroethylene and n-butane were detected 

in trace amounts when reactor retention times were less than 24 s. At tR>24s, no 

dichloroethylene was observed. VC was never detected. These results indicate that 

carbon-carbon double bonds were broken in the dissociation of chlorinated ethylene on 

Pd surface. At tR>30s, the products of PCE hydrodechlorination include ethylene and 

ethane; no TCE or VC were detected. Trace amount of £>CE was detected at shorter 
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column. The main product is ethane. This strongly hinted that the 
C=C double tx>nd was broken in the dissodation on Pd surface. 
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retention times. The only carbon-containing products of VC and DCE 

hydrodechlorinations were ethylene and ethane. CF hydrodechlorination produced 

methane and trace amounts of E)CM at retention times shorter than 100s, but at retention 

times longer than 113s, no DCM was detected. 

5.4.5 The Effect of Catalyst Loading 

In all the above experiments, the catalyst loading on the nickel foam was only 

0.0153g (0.2g K2PdCl6), which is equivalent to 0.498 mmole. According to estimation, 

0.0153 g Pd is sufRcient to provide monolayer coverage on the nickel foam (5150 cm^, 

38 g) if Pd is uniformly plated. Here, we selected CF as target compound, and ran 

experiments at three different Pd loadings (0.0153g, 0.0306g, and 0.0459g)- CF 

conversion as a function of Pd loading is provided as Figures 5.9-5.10. At the 0.0306g 

and 0.0459g Pd loadings, the reaction times for 95% conversion were 84s and 30s, 

respectively. A comparable degree of conversion at the 0.0153g Pd loading was achieved 

in 113 s(above). The hydrodechlorination rates of these five chlorinated hydrocarbons in 

above experiments can be increased as the Pd catalyst loading increases. Increasing the 

Pd catalyst loading can increase the reactive surface area and improve the surface 

structure of the catalyst. On the optimum catalyst surface structure, hydrogen gas and 

chlorinated hydrocarbons can reach the maximum dissociation. Additional experiments 

must be conducted to determine how much the Pd catalyst loading is necessary to obtain 

an optional dechlorination rate. 
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S.4.6 Catalyst deactivation and regeneration 

The only significant inorganic chlorine-containing product from the 

hydrodechlorination of these five chlorinated hydrocarbons using the Pd catalyst column 

was hydrochloride. A portion of the HCl formed left the reactor as HCl(g). This was 

scrubbed into distilled water and measured as changes in pH and chloride ion 

concentration. The remainder remained on the Pd catalyst surface, eventually interfering 

with catalyst activation or blocking the catalystic surface. To measure deactivation, 

catalyst performance was continuously tested for 100 hours under the following 

conditions: 0.0153 g Pd catalyst loading, pure hydrogen at a flow rate of 148.5 cm^min"' 

(tR=10. Is); and 1200 ppm TCE influent concentration. During the first ten hours, little 

catalyst deactivation was apparent, and TCE conversion was consistently >98% (Figure 

5.11). From 10 to 60 hours, TCE conversion efficiency continuously decreased. After 60 

hours, however, TCE conversion stabilized at about 50%, suggesting that HCl removal 

with the mobile gas phase matched HCl production at that point. 

The poisoned Pd catalyst was regenerated by rinsing with DI water. During the 

procedure, 300 cm^ of DI water was poured into the top of the Pd catalyst column and 

drained fi'om the bottom. The exhausted water contained high chloride concentrations, 

and several ppb Pd. Afterwards, the column was dried for 15 minutes under flowing N2 

(500 cm^ min"'). After regeneration, the Pd catalyst recovered most of its original 

activity. The process was repeated periodically over a six>month period without ftirther 

loss of activity (Figure 5.12). That is, although the original activity of the Pd/Ni catalyst 
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Figure 5.11. Catalyst deactivation test. Experimental conditions: 
pure hydrogen gas with flow rate 148.5 cm^ min'^ (tR=10.1 s); 
0.0153 g Pd catalyst loading in the column; 1200 ppm influent 

TCE concentration; the ambient temperature and pressure. 
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was never fully recovered, subsequent cycles involving 48 hours of column use followed 

by regeneration were characterized by no additional deterioration of column 

performance. The functional relationships between TCE conversion efficiency and 

reactor retention time, immediately after washing and after 48 hours of use, were 

independent of the number of regeneration cycles (Figure S. 12). Results suggest that 

adsorbed Pd is removed in the first washing step, leading to a deterioration of column 

performance, subsequent washing steps remove little or no additional Pd, resulting in a 

(dynamically) stable pattern of performance. 

5.5 Conclusions 

Gas-phase PCE, TCE, DCE, VC, and CF in hydrogen gas was dechlorinated in 

seconds in the flow-through Pd catalyst colunm. Palladium catalyst was 

electrochemically plated on the porous nickel foam surfaces. This method produced a 

catalytically active surface that was stable over long periods of operation. Pd catalyst was 

avoided to be poisoned by sulfate or nitrate due to reaction in gas phase, but it was 

poisoned by HCl, which maybe block the catalyst active sites or weaken the Pd-Pd bonds. 

HCl could be washed out using DI water to regenerate the catalyst. The 

hydrodechlorination reactions of five chlorinated compounds (VC, TCE, PCE, DCE, CF) 

were first-order at hydrogen volume fraction >10%. At low hydrogen volume fraction 

(<10%), the reactions were mixed-order. The reaction mechanism proposed in this work 

was well supported by observed reaction kinetics. There is reason to respect that reactive 
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columns of the type described can provide a practical means for destroying gas-phase or 

liquid-phase halogenated solvents in large flow rates. 
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CHAPTER 6 

ELECTROCHEMICAL AND THERMOCHEMICAL DESTRUCTION OF 

CHLORINATED SOLVENTS IN WATER 

6.1 Introduction 

Electrochemistry has many applications in water treatment. For instance, 

microorganisms can be destroyed in a fluid stream under the influence of an applied 

voltage. The process apparently damages the cell membranes to bring about bacterial 

inactivation [191], Viruses and toxic chemicals can be destroyed by electrolytically 

generated oxidants that are derived fr^om chloride or other ions [192- 196], 

Electrochemical destruction of liquid-phase toxic chemicals has been investigated for 

many years [197-203], although the direct treatment of actual wastewater techniques is 

rare and related investigations have not been reported in the technical literature. 

Destruction of halogenated hydrocarbons in tap water or groundwater encounters the 

following problems; (1) Tap water or groundwater contain large quantities of CaCOj, 

MgC03, and other metal oxides or salts. In electrolysis, these materials deposit on 

cathode and cause the cathodic deactivation. (2) The inorganic ions, such as S04~, NO3' 

and other impurities in water can poison cathodic catalysts. (3) Hydrogen generation on 

cathode consume the electric energy, decrease the current efficiency, and inhibit the 

active site for target compound. They have not been used for destroying halogenated 
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contaminants. These three problems become the barrier for electrocbemical application in 

water treatment. 

To solve these problems and more effectively apply electrochemistry to 

wastewater treatment, some basic research work have been done previously [141, 190, 

204]. The oxidation of chlorinated solvents in deionized water containing pure salt on an 

Ebonex ceramic anode [141], and the dehalogenation reactions on an Ebonex ceramic 

cathode using Pt or Pd as catalyst [190] were described previously. Additional 

experiments showed that gas-phase chlorinated contaminants could be rapidly reduced to 

hydrocarbons on a Pd/Ni catalyst in the presence of hydrogen [204]. Here, these three 

findings were combined to destroy chlorinated solvents in tap water. Water scale or other 

deposits on the cathode were removed by reversing the polarity of the electrodes, taking 

advantage of the fact that the Ebonex -Pt electrode is suitable as either cathode or anode. 

The objectives of this work described here were to: (1) design and test the 

proposed apparatus for simultaneous anodic oxidation and cathodic reduction in tap 

water, and gas-phase reduction of chlorinated contaminants using cathodic generated 

hydrogen as reductant; (2) remove water scale and other deposited materials from the 

cathode by periodically reversing the polarity of electrodes; and (3) develop basic 

performance information for design and operation of a practical electrolytic reactor for 

wastewater treatment. 
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6.2 Experimental 

6.2.1 Experimental Setup 

The experimental apparatus consisted of an electrolytic cell, a DC power supply, a 

nickel foam-Pd catalyst column, a gas-collection bottle, and a graduated cylinder for 

measuring the volume of the expelled water from the gas-collection bottle (Fig 6.1). The 

electrolytic cell consisted of a 300-cm^ glass cylinder with an Ebonex ceramic anode 

(12.7 cm x2.5 cmx3 mm), and 7 pieces Ebonex ceramic sheet (12.7 cmx7mmx3nmi) 

plated Pt catalyst as cathode, which were fixed around anode. The distance between the 

anode and cathodes is about 5 cm. The cell was filled with 200 cm^ tap water, so that the 

headspace volume was about 60 cm^. The immersed anode surface area was 56 cm^ and 

the cathode surface area was 70 cm~. Three pieces nickel foam plated with 0.05 g 

K2PdCl6 (D=2.7 cm, thickness=2 nmi, pore size=2 mm) was suspended in the headspace. 

The catalytic colunm was a glass tube (L=50 cm, II>=1.2 cm) that was filled with the 

nickel foam-Pd catalyst. Gases that generated from the electrolytic cell flowed through 

the catalytic column and were collected in the gas-collection bottle. The entire gas 

collection bottle was filled with water, and expelled water was captured in the graduated 

cylinder. In this manner, the volume of the gases released was monitored as a function of 

time. The graduated cylinder was placed a little lower than the water level in the bottle, 

so that the pressure in the electrolytic cell would be close to atmospheric pressure. Thus, 

the water volume collected was an accurate representation of the gas volume produced. 
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Figure 6.1 Schematic diagram of the experimental setup. 
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6.2  ̂Catalyst Preparation 

To initiate catalyst preparation, 220 cm^ deionized water containing 0.2 g K2PtCl6 

(Aidrich, 98%) solution was placed in the electrolytic cell and stirred with a magnetic 

bar. Solution pH was adjusted to 2-3 with concentrated HCl. A DC potential (60 - 80 V) 

was applied between Ebonex anode and multiple Ebonex cathodes for one hour. The 

current density and temperature were maintained at 2—5 mA cm'^ and 303 - 313 K. 

Under these conditions, about 80% Pt was uniforaily plated on electrodes. The Ebonex 

ceramic sheet with plated Pt had a characteristic silver color. 

Nickel foam (Electrosysthesis, Inc., NY) with a 60 )im pore size was used as 

catalyst support in the catalyst column. Total surface area of the catalyst support (50 cm^) 

m'ckel foam was 5150 cm^, which was measured using a mercury porosimetry 

(Quantachrome Autoscan 25). The catalyst loading on the nickel foam was only 0.0153 g 

Pd (0.2 g KzPdCU), which is equivalent to 2.97x 10"^ g cm'^. The overall porosity of the 

catalyst column is 50%. Detailed procedures for the Pd catalyst plating on nickel foam 

are given in Chapter 4. 

6.23 Sampling and Analytical 

Liquid samples (20 mm"*) were withdrawn every 10 minutes from the liquid 

sampling probe and extracted into 1.0 cm^ pentane and analyzed using a gas 

chromatography installed with electron capture detector A second 1.0-cm^ liquid sample 

was withdrawn every 20 minutes for measurement of chlorine-containing ions using an 

ion chromatography. Gas samples (100 nrni^) from the headspace probe and the gas 
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collection bottle were analyzed via GC-FID to determine gas-phase concentrations of 

chlorinated targets, intermediates, and hydrocarbon products, and via GC-TCD to 

quantify CO2 and CO. Detailed procedures and analytical conditions are described in 

chapters 3-4. 

63 Results and Discussion 

63.1 Water Scale Removing 

Water scale and other material deposited on the reactor cathodes were removed at the 

end of each hour-long experiment by reversing the potential on the cathode and anode for 

10 minutes during the recovery period, current density was maintained at 2-3 mA cm'^. 

Water scale on the cathode was peeled off during the treatment, i.e., while electrode 

polarity was reversed The phenomenon was clearly observed on a small, polished metal 

surface. During normal operation of the electrolytic reactor (i.e., for destruction of 

halogenated targets), the electrolytic current decreased during the first 10 -20 minutes of 

operation, due to water scale deposition. Afterwards, the current increased due to the 

solution's ion strength increase; when the ion strength reached the constant, the current 

also reached the constant. After water scale was removed by reversing electrode polarity 

for 10 minutes in the same electrolyte solution, the electrolytic current returned to its 

initial value in fi^h tap water. Data representing electrolytic current as a function of time 

in successive one-hour treatment periods are provided as Figure 6.2. When electrodes 

were used in successive treatment steps without an intervening regeneration step, 

performance deteriorated in the second treatment, as shown in Figure 6.2. When the 
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cathode was completely covered by water scale, the electrolytic reaction couldn't 

continue. The results of TCE disappearance data from the same experiments provide a 

similar picture (Figure 6.3). That is, the rate of TCE disappearance decreased without 

using electrode regeneration steps. When a 10-minute polarity reversal was employed 

between one-hour treatment steps, electrode performance stabilized. 

63.2 Single Compound Destruction 

TCE, PCE, and CF were degraded in tap water in the electrolytic cell. In each case, 20 

mm^ of the pure liquid-phase target was injected into 200 cm^ of tap water to initiate the 

experiment Water scale and other deposited materials on the reactor cathode were 

removed by reversing electrode polarity at the end of each one-hour experiment. Figure 

6.4 illustrates the results of TCE degradation experiments at various currents (217 mA, 

455 mA, 749 mA, 1000mA) and voltages (9.6 V, 14.2 V, 20 V, 26 V). Results were 

similar for the other halogenated targets. The data indicate that 78% and 99% of the 

added TCE were destroyed in 10 and 50 minutes at an electrolytic current of 1000 mA. 

The overall disappearance rate for TCE, PCE, and CF in 200 cm' tap water are expressed 

-VdCdi =R = Ra~R^'Rb-RG (6.1) 

Where Ra, Rc, Ri, and Rg represent the anodic oxidation rate, the cathodic reduction rate, 

the reaction rate in the bulk solution, and the gas transport rate across the interface 

between liquid and gas phase, respectively. 

These rates are defined as 

Ra = SakaC (6.2) 
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Figure 6.2. The current variations with time at different conditions: 
1. in 0.017M K2SO4 solution; 2-4. In tap water and cathode was 
deaned by reversing electrode polarity before experiments; 
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Figure 6.3. TCE disapperance in liquid phase with time at 850 mA: 
1. The cathode has been used two times (120 minutes) in tap 

without cleaned; 2. The cathode has been used one time (60 min) 
without cleaned; 3-5. The cathode was deaned by reversing electrode 
polarity for 10 minutes at 3.6 mA.cm'^ in 60 minute periods. 
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Figure 6.4. TCE disappearance in the tap water of the electrolytic cell 
with time at various average current densities. 
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R ^ = S c k c C  ( 6 . 3 )  

R b - k b C  ( 6 . 4 )  

RG — f^c a V C (6.5) 

Thus, the overall disapperance for chlorinated target in 200 cm^ tap water can be 

expressed 

In (C Co) = -Kt (6.6) 

K is the overall disapperance rate constant 

K = SJca'V - Sck^  ̂~ Kg a ~ k  ̂V (6.7) 

where V is the volume of the solution; Kg is the gas transport constant and a is the area 

across the interface between liquid and gas phase; Sa, Sc, ka, kc and kb represent the 

surface area and reaction rate constant for anode and cathode, and the reaction rate 

constant in bulk solution, respectively. Using this equation, the rate constants K for TCE, 

PCE, and CF were calculated from the experimental data at 800 mA and 21 V. The 

individual disappearance rate for these compounds were in order Ktce>Kpce>Kcf 

(Fig.6.5). At this current density (/c=l 1.4 mA cm'^ and 4 =14.3 mA cm'^), anodic 

oxidation (Ea>4.0 V vs. SSCE, / > 5 mA cm"^ ) and cathodic reduction (Ec<-1.6 V vs 

SSCE, / >5 mA cm"^) were in mass transfer limited according to the previous 

experimental results [141, 190], In the liquid phase, the targets were oxidized to CO2, 

CO, and CI' or reduced to CH4, C2H4, Cztie, and HCl. Chloride ions were further 

oxidized to chlorine gas that was released to gas phase due to solution pH lower than 5 in 

theprocedure. No chlorine oxyanions were detected. Chloride ion concentration 

decreased with time in all experiments presumably due to the oxidation of CI' to Clzig) 
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and release to the gas phase (Fig.6.6). Some of chlorinated targets were stripped to gas 

phase by the evolved O2, H2, and the gas products, and were destroyed in the nickel 

foam-Pd catalytic column. The simultaneous presence of molecular oxygen and 

halogenated targets established several potential reaction pathways for destruction of the 

target compounds. In addition to the conventional routes of hydrolysis and 

dihaloelminating, O2 can be reduced to hydrogen peroxide or superoxide ions, which can 

oxidize chlorinated compounds to CO2 and CO [206 - 207], As current density increases, 

O2 and H2 evolution will increases. Chlorinated compounds destroying rate in this system 

can reach the maximum when O2 and H2 evolution reach the mass transfer limitation. 

633 Multi-Compound Degradation 

To look for competitive effects among multiple halogenated targets, 10 mm^ of TCE, 

PCE, and CF were injected together into 200 cm' tap water in the electrolytic cell. The 

experimental results at current density (higher than the mass transfer limitation) 11 

mA/cm~ (21 V) showed that rates of degradation for all three compounds were consistent 

with their individual degradation rates. At different initial concentrations (S mm' TCE, 10 

mm" PCE, 20 mm' CF), the experimental results at the same current (11 mA cm'^, 21 V) 

were similar to above results (Fig. 6.7). Results suggest that competition among the three 

compounds was not important determinant of overall reaction kinetics at current density 

higher than that of the mass transfer limitation. Solutions of multiple targets apparently 

behave as "ideal solution" - i.e., the properties of individual compounds such as 

diffiisivity and volatility are apparently unchanged in the mixture. 
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Figure 6.5. The disappearance for CF, PCE, and TCE in the tap 
water of the electrolytic cell at 12.1 nriA.cm'̂  as a function of time. 
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63.4 Gas Phase Reaction 

Gaseous products of the electrolytic reaction in liquid phase included H2,02, CH4, C2H4, 

C2H6, CO2, and CO. Volatile chlorinated compounds were transferred with these gases to 

the gas phase. This gas mixture flowed through the nickel foam-Pd catalyst in the 

headspace of the electrolytic cell and the catalytic column. On the catalyst surface, 

hydrogen and oxygen reacted to form H2O and release heat. Chlorinated compounds were 

rapidly dechlorinated to hydrocarbons in the presence of hydrogen gas. When the Ni-Pd 

catalyst was omitted from the headspace of the electrolytic cell, gases entering the 

catalyst column became very warm. However, when the nickel foam-Pd catalyst was 

added to the headspace of the electrolytic cell, all parts of the catalytic column remained 

cool to the touch. These observations suggested that most exothermic gas-phase reactions 

neared completion in the headspace normally configured electrolytic cell. Chlorinated 

hydrocarbons were rapidly reduced to hydrocarbons on the hot Ni-Pd surface. In the 

exhaust gas at the bottom of the catalyst column, no chlorinated compounds were 

detected, in either the experiments with individual compound or the multi-compound 

experiments. Exhaust gases contained O2, H2, and CO2, CH4 (when CF was the target), 

C2H6 and traces of C2H4 in the TCE and PCE experiments. 

6.4 Conclusions 

To solve three problems that limited electrochemical application in wastewater 

treatment; cathodic scale, catalyst poisoning, and hydrogen generation, the destruction of 

the chlorinated contaminants in tap water was experimentally investigated using an 
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electrolytic cell. Ebonex ceramic served as anode and Ebonex ceramic plated Pt served as 

cathode that could also served as anode when reversing electrode polarity without 

damaging electrode. Water scale and other deposited materials on cathode were removed, 

and the Pt catalyst was regenerated by reversing electrode polarity for 10 minutes in one 

- hour experimental period. TCE, PCE and CF were destroyed in this electrolytic cell. In 

liquid phase, these compounds were converted to hydrocarbons, CO2, CO, CI", and CI2. In 

gas-phase, these compounds were completely dechlorinated to hydrocarbons in the Pd/Ni 

catalyst column using the cathodic generated hydrogen as reductant 
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CHAPTER? 

SUMMARY 

In this work, two initial purposes were reached; (1) developed an electrochemical 

method to convert liquid chlorinated solvents to hydrocarbons or other no toxic 

chemicals; (2) developed a thermochemical method to reduce gaseous chlorinated 

solvents to hydrocarbons and HCl. Four papers were completed and two new techniques 

were proposed. 

In the first part of this work, an Ebonex ceramic material was found to be able 

served as anode to electrochemically oxidize TCE to CO2 and trace amount of CO, CI', 

and CIO3'. Hydroxyl radicals electrolytically generated on anode surface were detected. 

The reaction was found to be the first order, independent of solution pH, and reach the 

mass transfer limitation at Ea > 4.3 V vs SSCE (/ > 5 mA cm'^). The proposed model 

valid for gas-liquid system fitted the experimental data very well. 

In the second part of this work, TCE and CF were rapidly reduced to ethane, 

ethylene, methane, and CP on Ebonex ceramic cathode using Pt or Pd as catalyst. The 

cathodic reaction was first order, strongly dependent of solution pH, and reached the 

mass transfer limitation at Ec < -1.6 V (vs SSCE) (/ >5 mA*cm'^). The Pt-coated Ebonex 

ceramic cathode was found to possess great resistance to sulfiir and chlorine poisoning, 

and to be able to serve as anode for removing water scale or other deposits in wastewater 

treatment. 
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In the third part of this work, a new conductive foam-Pd catalyst was prepared for 

rapidly reduction chlorinated solvents to hydrocarbons. This new technique was found to 

be more cost effective, more practical useful, need less catalyst, and have higher reaction 

rate, compared to other techniques. The characteristics of this method include; (1) The 

hydrodechlorination reaction happened at ambient temperature and pressure; (2) Reaction 

were completed in couple seconds; (3) Palladium was um'fbrmly plated on the porous 

conductive foam surface, the maximum active surface area could be reached per unit 

catalyst; (4) Catalyst wouldn't be poisoned by sulfate and nitrate; (5) The catalyst could 

be easily regenerated and had a long-life time. 

In the forth part of this work, a new destruction method for chlorinated solvents in 

real wastewater was proposed and was demonstrated to be effective. Water scale or other 

deposited materials on Ebonex-Pt cathode could be removed, and the catalyst could be 

regenerated by reversing electrodes. TCE, PCE, and CF were found to be destroyed to 

CO2, CO, C2H4, C2H6, CH4 (only for CF), and CP in liquid phase, the gaseous TCE, PCE, 

and CF were reduced to hydrocarbons in the Pd/Ni catalyst column in the presence of 

hydrogen. 
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