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ABSTRACT 

Chlorinated hydrocarbons, such as perchloroethylene  (PCE) and 

trichloroethylene (TCE), are persistent environment al hazards, due to 

improper disposal, affecting groundwater sources lo cated near a variety 

of industrial processes.  As many chlorinated hydro carbons are 

suspected carcinogens, there is great interest in d eveloping 

inexpensive and environmentally sound technologies for the remediation 

of contaminated sites. Current efforts focus on the  use of soil-vapor 

extraction (SVE) to pass gas phase contaminants thr ough a granular 

activated carbon bed (GAC), which creates solid tox ic waste, and 

possibly more harmful by-products during GAC regene ration. This 

research focuses on the use of hydrogen and short-c hain alkanes, in 

combination with oxygen, to promote the conversion of PCE over a Pt/Rh 

three-way catalyst. The use of both of a hydrocarbo n and oxygen creates 

mixed reducing-oxidizing (redox) conditions. Result s indicate that 

redox conditions result in the complete removal of the target compound 

and produces primarily CO 2, H 2O and HCl. The process has proven to be 

most effective near stoichiometric conditions with respect to the 

reducing and oxidizing agents (2:1 for H 2:O 2 and 1:5 for propane:O 2). 

Residence times in the reactor are typically on the  order of 0.1 to 0.5 

seconds and catalyst surface temperatures range fro m 200 °C to 550 °C, 

with PCE conversion greater than 99% starting at 45 0 °C under slightly 

reducing (H 2:O 2 > 2) conditions. Laboratory results suggest that th e 

catalytic mechanism is a multiple step surface reac tion involving the 

three reactants (H 2/C 3H8, O 2 and PCE). A mechanism based on Langmuir-

Hinshelwood kinetics has been developed in an attem pt to model the 

process. 
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The role of the cerium oxide present in a three-way  catalyst on 

the direct oxidation of perchloroethylene (PCE) has  also been explored. 

Experiments have shown that in the absence of an ex ternal oxidizing 

agent, PCE can be converted over an alumina support ed Pt/Rh catalyst.  

This work hypothesizes that the chlorine atoms in t he adsorbed PCE 

interact with oxygen in oxidized cerium, CeO 2, reducing the cerium and 

replacing the oxygen atoms to create CeCl 3. This process begins at a 

catalyst surface temperature of 300 °C and reaches 100% conversion at 

400 °C. 
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CHAPTER 1 

INTRODUCTION 

 Chlorinated hydrocarbons have long been an importa nt solvent for 

industrial applications. They have widespread uses in areas such as dry 

cleaning, degreasing, pesticides, pharmaceuticals a nd consumer products 

due to their chemical stability and, in some applic ations, their 

volatility. Perhaps the most widely known chlorinat ed hydrocarbon is 

tetrachloroethylene (C 2Cl 4), commonly known as perchloroethylene (PCE), 

which was widely used as a dry cleaning solvent sta rting in the 1950’s. 

Trichloroethylene (C 2Cl 3H), or TCE, was used as a volatile gas 

anesthetic in the early 20 th  century and as a degreaser throughout the 

20 th  century. The compound 1,1-dichloroethylene (1,1-DC E) has been used 

in semiconductor manufacturing while 1,2-dichloreth ylene (1,2-DCE) has 

been used as an industrial solvent. Chlorinated met hanes, such as 

carbon tetrachloride (CCl 4), chloroform (CCl 3H) and dichloromethane 

(CCl 2H2), were widely used as industrial solvents, refrige rants and in 

pesticides in the early to mid 20 th  century, but were phased out of use 

due to their high toxicity and the use of other sol vents for the same 

applications. A variety of chlorinated ethane compo unds are used as 

solvents and precursors for the production of other  compounds, such as 

vinyl chloride (C 2ClH 3). Many of these compounds currently have 

significant usage, as PCE, TCE, 1,1-DCE, dichlorome thane, chlorethane, 

1,1-dichloroethane, 1,2-dichloroethane, 1,1,1-trich lorethane, 1,1,2-

trichloroethane and 1,1,2,2-tetrachloroethane have all been listed on 

the Organisation for Economic Co-operation and Deve lopment’s most 

recent High Production Volume Chemical list[1], as chemicals that are 

produced at levels greater than 1,000 metric tons/y r. 
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 While chlorinated hydrocarbons have myriad uses on  both the 

industrial scale and the laboratory scale, many hav e significant 

drawbacks related to human health and compound stab ility. Carbon 

tetrachloride was widely used as a refrigerant in t he 20 th  century but 

was later shown to have adverse health effects, suc h as liver, kidney 

and central nervous system damage at high exposure levels, leading to 

the most common consumer uses of the products being  banned[2]. Carbon 

tetrachloride readily evaporates but can have an at mospheric lifetime 

of 100 years, and breakdown products have proven to  destroy ozone[2]. 

Carbon tetrachloride and chloroform have long been recognized as being 

potentially harmful to human health and the environ ment, but the 

compounds that replaced them, such as PCE and TCE, eventually were 

proven to have harmful effects themselves. 

 There is epidemiological evidence that links incre ased rates of 

esophageal cancer, cervical cancer and non-Hodgkin’ s lymphoma to PCE 

exposure; liver cancer, biliary cancer and non-Hodg kin’s lymphoma to 

TCE exposure; and lymphohematopoietic malignancies to carbon 

tetrachloride exposure[3]. For the general populati on, the most 

important exposure pathways for PCE are ambient air  inhalation and 

ingestion of contaminated water, while higher expos ures are expected in 

dry cleaning workers and residents of highly indust rial areas[4]. Due 

to PCE’s high volatility, environmental releases ty pical are into air, 

as many uses are performed in open atmosphere envir onments. 

Perchloroethylene is occasionally released to water  and soil, with 

aeration processes capable of stripping the volatil e organic from the 

contaminated water[4]. Soil and land disposal is mo re problematic. 

Although land disposal of PCE has been banned by th e US, over a 100,000 



16 
 

pounds were released in the year prior to the ban[4 ]. This has led to 

over half of the EPA National Priority List sites t esting positive for 

PCE and other chlorinated organic compounds[4]. Con taminated soil is 

difficult to remediate because the contaminant is o ften present in the 

unsaturated vadose zone above groundwater, acting a s a source for 

further groundwater contamination. Since solubility  of chlorinated 

hydrocarbons is low in water, the concentration of the contaminant is 

usually much higher in the vadose zone than in the groundwater. An 

effective method to remediate the contaminant in th e vadose zone would 

be an attractive option for pollution control effor ts. 

 The standard in situ method for treating the contaminated soil is 

soil-vapor extraction (SVE), a method where a vacuu m is applied to the 

soil to promote a controlled air flow and remove vo latile compounds, 

followed by a treatment method. Common treatment me thods are granular 

activated carbon (GAC) adsorption. These methods ha ve shortcomings. 

Incineration of spent GAC requires high temperature s (> 1000 K) and, 

under the correct conditions, the incineration of c hlorinated 

hydrocarbons can produce phosgene (CCl 2O) at temperatures higher than 

needed for compete conversion of the original targe t[5]. Phosgene is a 

more harmful compound than the original compounds, causing damage to 

the pulmonary alveoli at concentrations below detec tion limits. 

Treatment with GAC requires further treatment or di sposal of the spent 

GAC, raising treatment costs. 

 We have previously established that the use of a t hree-way 

catalyst in reducing-oxidizing (redox) conditions c an effectively treat 

PCE[6], act as a treatment method following SVE in the field[7] and 

explored the role of propane and oxygen on the conv ersion of PCE[8]. My 
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contributions to the previous work can be found in section 1.1. 

Catalytic oxidation of hydrocarbons[9, 10] and chlo rinated 

hydrocarbons[11-13] over noble metal catalysts have  been widely 

explored, but rarely in the presence of hydrogen or  other 

hydrocarbons[14]. Catalytic hydrodechlorination of carbon tetrachloride 

on Pt[15], 1,2-dichloroethane and TCE on Rh[16] and  1,2-dichloroethane 

and carbon tetrachloride on Pt[17] have all been st udied, with the 

typical results of chlorinated byproducts and catal yst deactivation. 

Weiss et al. [18] proposed zero order reaction kinetics and a mechanism 

for cis- and trans- 1,2-DCE hydrodechlorination over Pt in the 1960’s. 

The history of catalytic oxidation and dechlorinati on is explored 

further in Chapter 3. Chapter 3 will focus on the i nteraction of PCE, 

H2, O 2 and the Pt/Rh catalyst with regards to product dis tribution and 

PCE conversion. It is proposed that the PCE undergo es catalytic 

hydrodechlorination, followed by the catalytic oxid ation of the 

hydrocarbon products, resulting in complete convers ion of PCE to CO 2 and 

HCl. A kinetic reaction rate based on Langmuir-Hins helwood mechanism is 

explored and the relationship of H 2 and O 2 concentrations to PCE 

conversion is discussed within the context of the p ossible mechanism. 

Chapter 4 extends the work of Willinger et al.[8], which explores the 

effects propane and O 2 have on PCE conversion, to three additional 

chlorinated ethene compounds, 3 chlorinated methane  compounds and 6 

chlorinated ethane compounds. A kinetic model is de veloped that 

represents the conversion of the chlorinated hydroc arbons in the 

presence of propane in atmospheric air conditions. The relationship 

between the compounds and relevance to remediation efforts is 

discussed. This research contributes a deeper under standing of our 
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previous work in the conversion of PCE under redox conditions in the 

presence of a three-way catalyst. 

 Chapter 5 explores the role of cerium oxide presen t in the 

washcoat of the three-way catalyst on the conversio n of PCE in the 

absence of any external oxidizing or reducing speci es. The process is 

known as destructive adsorption and has previously been noted with 

carbon tetrachloride on lanthanum and cerium oxides [19] and earth metal 

oxides[19, 20]. The work has also been extended to chloroform and 

dichloromethane on basic oxides[21]. This research provides evidence 

that the destructive adsorption process can be used  to convert PCE to 

benign products. 

 

1.1  Contributions to Present Studies 

1.1.1 Catalytic Dechlorination of Gas-Phase Perchlo roethylene Under 

Mixed Redox Conditions[6] 

My contribution to this paper (found in Appendix A)  was primarily 

in a support role. My most direct contribution to t he paper is in the 

results related to the time dependence of PCE conve rsion in O 2 only 

conditions and H 2 only conditions found in Table 3 of the paper. I 

performed the experiments that showed that at 180 ° C and 280 °C, the 

catalyst loses the majority of its activity within 2 hours of 

initiation in H 2 only conditions. The experiments also showed that in O 2 

only conditions, catalyst activity does not change over a 4 hour period 

at 380 °C and 480 °C. 

 

1.1.2 Mixed Redox Catalytic Destruction of Chlorina ted Solvents in 

Soils and Groundwater: From the Laboratory to the F ield [7] 
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I am the second author on this paper (found in Appe ndix B) and am 

directly responsible for many of the experimental r esults present in 

the paper. I performed the experiments for the data  presented in Figure 

1, relating PCE conversion to H 2/O 2 ratio while the H 2 concentration and 

PCE concentration are held constant. These results indicated that 

increasing O 2 concentrations reduce conversion of PCE at all 

temperatures. I performed the experiment for the re sults presented in 

Figure 2, demonstrating that PCE concentration has an effect on PCE 

conversion. I was a member of the team that collect ed the field data 

presented in Figure 4 and helped compile the data s o that it could be 

presented in the paper. I contributed to the text o f the paper through 

editing and input on the information that was prese nted. 

 

1.1.3 Thermocatalytic Destruction of Gas-Phase Perc hloroethylene Using 

Propane as a Hydrogen Source[8] 

I adapted Willinger’s thesis[22] for this paper (fo und in 

Appendix C) and contributed experimental results. T he text of the paper 

was written primarily by me. I prepared the sample for the scanning 

electron microscopy image in Figure 2. I performed the experiments for 

the results presented in Figure 3, indicating that PCE conversion is 

steady in a propane/O 2 environment and that PCE conversion is initially 

high in an O 2 free environment but quickly drops as the catalyst is 

deactivated due to coking. The experiments also sho wed that propane 

conversion, under experimental conditions, is less than 10% when O 2 is 

present and negligible in an O 2 free environment. I performed the 

experiments for the information presented in Figure  5, showing the 

dependence of PCE and propane conversion on the O 2 concentration. The 
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results indicated that PCE conversion was highest a t the stoichiometric 

H2/O 2 ratio, but still appreciable in atmospheric air co nditions. 
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CHAPTER 2 

PRESENT STUDIES 

 The methods, results and conclusions of these stud ies are 

presented in the papers appended to this dissertati on. The following is 

a summary of the most important findings in these d ocuments. 

 

2.1 Catalytic Dechlorination of Gas-Phase Perchloro ethylene Under Mixed 

Redox Conditions 

 This paper was originally published in Applied Cat alysis B: 

Environmental, Volume 79, in 2008 [6]. A reprint of  the paper is 

located in Appendix A. 

 The objective of this work was to study how the si multaneous 

presence of H 2 and O 2 work to promote the conversion of PCE over a Pt/Rh  

catalyst. The creation of a mixed reaction environm ent, where both 

reduction and oxidation reactions can occur, allows  high conversion at 

relatively low temperatures and prevents deactivati on of the catalyst, 

which occurs in standard oxidizing or reducing envi ronments. 

 

2.1.1 Methods 

 The catalyst used was initially manufactured for u se as an 

automobile catalytic converter. It is a cordierite supported Pt/Rh 

catalyst with a washcoat containing alumina, cerium , zirconium and 

other trace constituents. The washcoat accounts for  10% of the catalyst 

weight. The mass ratio Pt/Rh is 3 to 1, with a tota l metal loading of 

1.85 × 10 -4  g total metal/cm 3 of total nominal envelope of the catalyst  

 Experiments were carried out in a glass fixed-bed tubular reactor 

with a 2.54 cm × 2.54 cm cylindrical catalyst monol ith. The catalyst 
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was centered in a vertically-aligned tube furnace. Temperatures were 

measured in two locations: at the center of the lea ding face of the 

catalyst and at the furnace wall above the catalyst . Over the course of 

an experiment, a well mixed gas stream was fed to t he reactor. The 

stream consisted of H 2, N 2, O 2, and PCE. PCE was added to the stream by 

passing N 2 over the surface of liquid PCE and entraining the vapor phase 

PCE. Steady influent concentrations of PCE were mai ntained in this 

fashion. A typical total gas flow rate was 500 mL/m in at room 

temperature, resulting in reactor residence times f rom 0.7 s to 1.5 s 

depending on the reactor temperature. 

 Influent and effluent gases were analyzed using an  HP 5890 gas 

chromatograph equipped with a thermal conductivity detector and a flame 

ionization detector (FID). A wide-bore capillary co lumn was used with 

the FID to measure chlorinated and dechlorinated hy drocarbons. 

 

2.1.2 Results 

 The major end products of the catalytic reaction a re CO 2, H 2O and 

HCl. Due to the complexity of the reaction system, a number of 

reduction and oxidation reactions are expected to t ake place. One 

reaction that may have a major impact on the experi ment is the 

oxidation of H 2: 

 

  2 H 2 + O 2 → 2 H 2O      (2.1) 

 

 In the presence of O 2, H 2 can undergo this exothermic oxidation, 

resulting in an enthalpy change of -241.8 kJ/mol H 2. This reaction 

creates an internal heater within the reactor, resu lting in a 
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temperature difference between the furnace and the catalyst surface. At 

an H 2/O 2 molar ratio of 2.15, which is slightly above the s toichiometry 

necessary for complete oxidation of H 2 (Eq. 1), a temperature difference 

of approximately 100°C is obtained. The temperature  difference 

decreased as the H 2/O 2 ratio decreased. 

 The H 2/O 2 ratio had an important effect on PCE conversion. I n 

general, conversion of PCE increased with increasin g temperature. At a 

H2/O 2 ratio of 2.15, conversion reached 90% by 400°C and  was 100% at 

higher temperatures. In contrast, when no H 2 was included in the system, 

PCE conversion did not begin until catalyst surface  temperatures 

reached 350°C, and only reached 15% at a temperatur e of 450°C. H 2/O 2 

ratios up to 2.15 showed increased conversion over the oxygen only 

conditions. 

 The H 2/O 2 ratio effect on PCE conversion ultimately affects the 

mechanism of catalyst deactivation. Coke formation and chlorine 

poisoning appear to be the primary mechanism of cat alyst deactivation 

during hydrodechlorination of PCE.  Under reducing- only conditions (H 2-

only experiments at a catalyst surface temperature of 180°C and 280°C), 

substantial decreases in PCE conversion were observ ed over periods of 

time ranging from minutes to hours. Deactivation un der reducing only 

conditions was attributed to coking. Oxidizing-only  experiments at 

380°C and 450°C showed sustained conversion for sev eral hours, 

indicating that deactivation due to chlorine poison ing is a much slower 

process, which is consistent with previous observat ions. 

 In the “redox” reaction conditions proposed, inter mediates with 

the potential to deactivate the catalyst can be rem oved by either H 2 or 

O2. Under these mixed conditions, PCE conversion can be maintained at a 
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high level over a number of hours without deactivat ion concerns. The 

same catalyst was used for over two years without a pparent 

deactivation. The only products detected were CO 2, H 2O, HCl and ethane, 

while no chlorinated byproducts were ever observed using GC-FID. 

 At conditions where the H 2/O 2 ratio is below 2, it might be 

expected that O 2 would quickly consume the H 2 by reaction 2.1, 

preventing any increased conversion of PCE above th at offered by 

oxidizing only conditions. It was observed that at H2/O 2 ratios between 

0 and 2, PCE conversion was higher than expected by  PCE oxidation. 

Previous work has indicated that water can have a p romotion effect on 

the conversion of chlorinated compounds. Experiment s were run with H 2O 

replacing H 2 in the system to test this concept. Results indica ted that 

water produced a negligible increase in PCE convers ion. It was 

concluded that the H 2 must be responsible for the enhanced conversion at  

lower temperatures. 

 The kinetics of PCE conversion was studied under r educing, 

oxidizing and mixed redox conditions. Apparent firs t order rate 

constants were calculated. The results indicate tha t the PCE reduction 

reaction is much faster than the PCE oxidation reac tion, and proceeds 

at lower temperatures. This implies that in the mix ed reaction scheme, 

PCE reduction steps precede PCE oxidation, with oxi dation eliminating 

intermediates that would otherwise poison the catal ysts. Apparent 

activation energies were calculated under the two c onditions (reducing 

and oxidizing), with values similar to previously p ublished values for 

similar reactions. 

 An apparent first order reaction model was develop ed to test the 

significance of the rate constants and activation e nergies previously 
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determined. The model overestimated conversions at each of the four 

studied H 2/O 2 ratios over the entire temperature range. This ind icates 

that the model as developed was insufficient and to o simple to 

represent the catalytic process. 

 

2.1.3 Conclusions 

 The simultaneous presence of H 2 and O 2 acts to both promote PCE 

conversion over that seen in standard oxidizing con ditions and prevent 

deactivation of the catalyst present under standard  reducing 

conditions. A stoichiometric H 2/O 2 ratio of 2 was shown to provide the 

best combination of results, with higher levels of H2 not adding an 

extra benefit. No chlorinated byproducts were ever detected, and the 

presence of excess oxygen did not prevent H 2 promotion of PCE 

conversion. A study of the reaction kinetics indica tes that a reduction 

of PCE is likely to happen before the products are oxidized. A first 

order reaction model proved to be too simple to rep resent the catalytic 

process. 

 

2.2 Mixed Redox Catalytic Destruction of Chlorinate d Solvents in Soils 

and Groundwater: From the Laboratory to the Field  

This paper was originally published in the compilat ion 

Environmental Challenges in the Pacific Basin  in the Annals of the New 

York Academy of Sciences[7]. The book was originall y published in 2008. 

A reprint of the paper is found in Appendix B. 

 The paper further explores the findings published in Orbay et al. 

[6]. The replacement of H 2 as the reducing agent with low molecular 

weight alkanes (methane through n-butane) was studied. The application 
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of the mixed conditions catalytic reactor to a fiel d scale remediation 

project was explored, using propane in place of H 2. 

 

2.2.1 Methods 

 The catalyst used was a cordierite-supported Pt/Rh  catalyst with 

a washcoat containing alumina, cerium, zirconium an d other trace 

constituents. The washcoat accounts for 10% of the catalyst weight. 

Pt/Rh exist on the catalyst in 3 to 1 ratio, with a  total metal loading 

of 1.85 × 10 -4  g total metal/cm 3.  

 Laboratory experiments were carried out in a glass  fixed-bed 

tubular reactor with a 2.54 cm × 2.54 cm catalyst. The catalyst was 

centered in horizontally aligned tube furnace. Temp eratures were 

measured in two locations: at the center of the lea ding face of the 

catalyst and at the furnace wall above the catalyst . Over the course of 

an experiment, a well mixed gas stream was fed to t he reactor. The 

stream consisted of alkane or H 2, N 2, O 2, and PCE. During the studies of 

alternative reducing agents, methane, ethane, propa ne and n-butane were 

added to the gas stream as required. PCE was added to the stream by 

passing N 2 over the surface of liquid PCE and entraining the vapor phase 

PCE. Constant concentrations of PCE were able to be  maintained in this 

fashion. A typical flow rate was 500 mL/min at room  temperature, 

resulting in reactor residence times from 0.7 s to 1.5 s depending on 

the reactor temperature.  

 Gases were analyzed using an HP 5890 gas chromatog raph equipped 

with a thermal conductivity detector and a flame io nization detector 

(FID). A wide-bore capillary column was used with t he FID to measure 

chlorinated and dechlorinated hydrocarbons. 
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 Field experiments took place at an Arizona WQARF s ite south of 

the University of Arizona. Two elliptical catalyst blocks were stored 

in automobile catalytic converter housings mounted in parallel. Soil 

vapor extraction (SVE) gas containing chlorinated h ydrocarbons from 

contaminated soil was passed through the reactors a t approximately 100 

L/min. The SVE gas contained up to 100 ppmv of PCE as well as 

detectable amounts of TCE, DCE and diesel vapor. Ox ygen concentrations 

(by volume) in the SVE gas ranged from 12% to 18% o ver the course of 

the experiment. Propane was always used as the redu cing agent, with 

catalyst temperatures ranging from 400°C to 650°C. Results were 

analyzed on site using a HP 5710A gas chromatograph  equipped with an 

FID. 

 

2.2.2 Results 

 As discussed in Orbay et al.[6], the H 2/O 2 ratio and catalyst 

surface temperature play major roles in the degree to which PCE is 

converted to the end products of H 2O, CO 2 and HCl. No additional benefit 

is received when the H 2/O 2 ratio increases above 2. The effect of O 2 

concentration on conversion was studied. While main taining a H 2/O 2 ratio 

of 2, O 2 concentration was increased from 1% to 8% by volum e. PCE 

conversion at a given catalyst surface temperature was always larger at 

the lower O 2 concentrations than at higher concentrations. This  effect 

was believed to be a result of competition between O2 and PCE for active 

sites on the catalyst. 

The experiments described above were conducted at a  PCE 

concentration of 200 ppmv, while previous results h ave been reported at 

800 ppmv. A significant increase in PCE conversion was seen at each 
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temperature during these experiments (8% H 2 4% O 2, 200 ppmv PCE) as 

compared to previous results (10.3% H 2, 5% O 2, 800 ppmv PCE) indicating 

that the gaseous PCE concentration also has a large  impact on PCE 

conversion. In further study, it was found that at a constant catalyst 

surface temperature of 200°C, H 2 concentration of 2.7% and O 2 

concentration of 1.3% (H 2/O 2 ratio of 2), PCE conversion dropped from 

95% at 50 ppmv PCE to 80% at 400 ppmv PCE. 

The need to find an alternative reductant is a resu lt of the high 

cost of H 2 and handling difficulties when used in field opera tions. A 

series of aliphatic alkanes (methane through n-butane) was studied as a 

replacement for H 2. All but methane showed increased conversion over 

strict oxidative conditions. Ethane demonstrated th e least promotion of 

PCE conversion while n-butane proved to be the most effective. The role 

of the alkanes was claimed to be to provide hydroge n to aid reductive 

dechlorination. This is supported by decreasing C-H  bond dissociation 

energies as the carbon chain length increases, with  the ease of 

dissociation corresponding with the ability to prom ote conversion of 

PCE. Experimental results prove this is the case. P ropane was chosen 

was the reductant for use in further field tests be cause it is 

inexpensive. Laboratory studies also showed that th e ideal C 3H8/O 2 ratio 

is 1/5, which is the stoichiometric ratio for oxida tion of propane. 

The pilot-level field test was operated under stop- start 

conditions for 240 days during 2006. The treated SV E gas contained up 

to 100 ppmv PCE and 10 ppmv TCE, as well as trace c ontaminants such as 

DCE and diesel vapor. Near complete conversion of P CE and TCE were 

obtained over the entire course of the field test. Catalyst activity 

remained apparently constant during the testing, de spite less than 
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ideal C 3H8/O 2 ratio due to high oxygen concentrations (12% to 18 %). A 

direct comparison to a granular activated carbon re mediation system was 

made due to side by side operation of the two syste ms. The cost per 

pound of PCE treated was essentially the same. Howe ver, the cost does 

not increase with increasing PCE concentration for the catalytic 

system, while it does increase for the carbon adsor ption system. 

 

2.2.3 Conclusions 

 Oxygen concentration in the gas phase proved to ha ve an important 

role in PCE conversion. The higher the O 2 concentration, the lower the 

PCE conversion was, at a given catalyst surface tem perature, which was 

attributed to competition between for active sites between PCE and O 2. 

Conversion was shown to decrease at a given tempera ture as PCE 

concentration increased. Low molecular weight alkan es promoted PCE 

conversion over a strictly oxidative system, with p ropane being chosen 

for further study due to a combination of performan ce and cost 

effectiveness. A pilot level field test showed that  a mixed reductive-

oxidative system could effectively treat contaminat ed SVE gases at a 

cost competitive with more standard processes. 

 

2.3 Thermocatalytic Destruction of Gas-Phase Perchl oroethylene Using 

Propane as a Hydrogen Source 

 This paper was originally published as in the Jour nal of 

Hazardous Materials in 2009[8]. A reprint of the pa per is found in 

Appendix C. 

 The paper extends the study of propane as a hydrog en source in 

the mixed reducing-oxidizing conditions discussed i n Orbay et al.[6] 
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and Gao et al.[7]. The role of propane in PCE conversion at high  oxygen 

concentrations (near atmospheric air) was studied, as well as the 

effects of the C 3H8/O 2 ratio. A first order kinetic model was proposed 

for propane consumption and a Langmuir-Hinshelwood competitive 

adsorption model was proposed for PCE conversion. 

 

2.3.1 Methods 

 See sections 2.1.1 and 2.2.2 for a description of the methods.  

 

2.3.2 Results 

 Propane had previously proven to be most effective  at a C 3H8/O 2 

ratio of 1/5, which is stoichiometric for propane o xidation[7]. The 

degree of promotion of PCE conversion under high ox ygen conditions was 

explored. At a catalyst surface temperature of 425° C, under near 

atmospheric conditions (20% O 2), a propane concentration of 1% was able 

to promote conversion of 250 ppmv PCE to 25%. When O2 was removed from 

the system, PCE conversion immediately jumped to 10 0%. This conversion 

would not last, as the catalyst was nearly complete ly deactivated 

within 1 hour, but it indicated that O 2 lowers PCE conversion and blocks 

active sites. It also was noted that propane conver sion dropped from 

10% to ~1% after oxygen was removed, an indication that the majority of 

propane conversion in this situation is due to prop ane oxidation.  

 The combined effects on PCE conversion of O 2 concentration, 

propane concentration and the C 3H8/O 2 ratio were studied. Results showed 

that at influent O 2 concentrations of 10% and 20%, the C 3H8/O 2 ratio 

needed to be greater than 1/10 for propane to have a large promotion 

effect on PCE conversion. This led to the observati on that there may be 



31 
 

two different reaction regimes in place. At low C 3H8/O 2 ratios, catalytic 

oxidation of PCE dominates, with propane providing only minor 

promotion. At high C 3H8/O 2 ratios, PCE conversion is highly promoted, 

indicating a catalytic hydrodechlorination reaction . 

 The conversion of propane during the experiments w as explored to 

gain further insight into surface site competition among gas phase 

species and the reaction mechanism. In general, pro pane conversion was 

lower than PCE conversion at any given catalyst sur face temperatures. 

Propane conversion also increased with increasing p ropane influent 

concentration, which is inconsistent with apparent first-order 

kinetics. Previous studies had reported that observ ed reaction orders 

for alkanes are often greater than 1. As previously  reported in Gao et 

al.[7], PCE conversion decreases as PCE concentration  increases. 

 A first-order kinetic model was proposed to model propane 

conversion for cases where oxygen was in excess. Th is was defined as 

any situation in which the C 3H8/O 2 ratio was less than 1/10. The model 

was able to accurately fit propane conversion data under that limited 

condition. It was noted that under low C 3H8/O 2 ratios, PCE conversion did 

not appear to depend on either O 2 or propane content. Due to this, a 

Langmuir-Hinshelwood kinetic expression, with a fir st order surface 

reaction with respect to PCE, was developed. The mo del was fit using 

four parameters, and, under the limited conditions of the model, 

predicted PCE conversion accurately. 

 

2.3.3 Conclusions 

Propane is capable of promoting a reductive hydrode chlorination 

of PCE under mixed reducing-oxidizing conditions. I n near atmosphere 
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conditions, an influent concentration of propane of  2% proved 

sufficient to convert 100% of the PCE in the influe nt stream. In most 

cases, a C 3H8/O 2 ratio of 1/10 produced high conversion of PCE. Kin etic 

reaction models were developed for both propane and  PCE conversion, and 

were able to accurately model conversion under high  oxygen conditions. 
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CHAPTER 3 

KINETIC MODELING OF THE REDUCTIVE HYDRODECHLORINATION OF 

PERCHLOROETHYLENE ON A THREE-WAY CATALYST 

 

3.1 Introduction 

 Perchloroethylene (PCE) and other chlorinated hydr ocarbons, such 

as trichloroethylene (TCE), were widely used as sol vents in a variety 

of industries. They are long lasting contaminants t hat are not readily 

removed, and they often contaminate aquifers locate d below former and 

current industrial sites. Our group recently propos ed the use of a 

catalytic system using a commercially available sup ported Pt/Rh 

catalyst under mixed reducing-oxidizing conditions for the remediation 

of PCE [6, 7]. The system proved to work with eithe r hydrogen or 

propane acting to promote hydrodechlorination of PC E, with oxygen 

working to oxidize the products and to prevent cata lyst deactivation. 

The work was largely successful, although attempts to model the process 

proved difficult. 

 To the best of our knowledge, the reaction kinetic s of the 

hydrodechlorination of PCE on a three-way catalyst (TWC) has never been 

studied. In general, work on hydrodechlorination ki netics on platinum 

is limited. Weiss and co-workers[15, 18] studied th e dechlorination of 

carbon tetrachloride, and cis- and trans-dichloroth yelene (DCE) on 

platinum catalysts. These studies suggested mechani sms but were limited 

in their scope. In recent years, work on catalytic hydrodechlorination 

on platinum has extended to chlorinated methanes[23 ], 1,2-

dichloroethane[17] and dichlorodifluoromethane[24].  These works focus 

primarily on product distributions and the comparis on of the influence 
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of supported platinum catalysts on conversion of th e chlorinated 

hydrocarbons. 

 Extending the work to other catalysts, Kim and All en[25] explored 

the hydrodechlorination of PCE, TCE, 1,2-DCE, cis-D CE and trans-DCE 

over a NiMo/Al 2O3 catalyst[25]. They observed that the dechlorinatio n 

mechanism appeared to follow a multiple chlorine re moval process, 

rather than a sequential chlorine removal process. Ordonez et al.[26] 

studied dechlorination of PCE over a Pd/Al 2O3 catalyst under a variety 

of reactor conditions. A Langmuir-Hinshelwood mecha nism with first 

order kinetics was offered to model the reaction.  

 Catalytic oxidation of chlorinated hydrocarbons, h owever, has 

been thoroughly explored, with Spivey[9] providing a good overview. The 

catalytic oxidation of light hydrocarbons in the pr esence of H 2 has also 

been thoroughly studied. In 2000, Deutschmann et al.[27] reported on H 2-

assisted methane combustion in a Pt/Al 2O3 honeycomb channel. They used a 

H2 and O 2 mixture to increase the temperature of the catalys t, with H 2 

being completely consumed, to reduce the light-off temperature for the 

combustion of methane. Other researchers have also studied the use of H 2 

to promote the oxidation of methane[28], the oxidat ion of propane[29] 

and the effect of methane and ethane on the H 2 oxidation reaction[30]. 

Oxidative dehydrogenation of ethane, in order to fo rm ethylene as a 

product, has been widely studied on a variety of ca talysts[31-34]. In 

general, the presence of H 2 in the reaction system is used as a way to 

promote partial oxidation of a fully reduced feedst ock.  

The value of the above studies to this work is in t he exploration of 

the kinetics of H 2 oxidation in the presence of hydrocarbons. While t he 

kinetics of reductive hydrodechlorination have been  studied, they have 



35 
 

not been studied in the presence of O 2, to our knowledge. This section 

will present a simplified kinetic model for the hyd rodechlorination of 

PCE in the presence of O 2. We will also explain, through kinetics, why 

the H 2 oxidation reaction does not simply consume the ava ilable H 2, 

preventing any catalytic removal of PCE.  

 

3.2 Experimental 

 

3.2.1 Catalyst 

 The catalyst used in the experiments was a commerc ially available 

three-way catalyst used primarily in automobile cat alytic converters. 

The catalyst monolith support, with 1 mm × 1 mm cells, is primarily 

cordierite (90%), with Pt and Rh deposited in a 3:1  wt/wt ratio on the 

surface in a washcoat (10%) containing alumina, cer ium and zirconium 

oxides, and other trace constituents. The nominal m etal loading on the 

catalyst is 1.85×10 -4  g total metal/cm 3. Typically, a 2.54 cm diameter × 

2.54 cm length was placed in the reactor. In cases where short 

residence times were needed (< 0.2 s), smaller sect ions of catalyst 

were used. Testing indicated that plain cordierite monolithic support  

contributed insignificantly to PCE conversion under  typical operating 

conditions.  

 

3.2.2 Reactor System 

 Experiments were conducted in a 50 cm (long) by 2. 54 cm (inner 

diameter) quartz tube (ACE Glassware) in a single-z one tube furnace 

(Thermolyne 21100), aligned at a 45 ° angle, and equipped with 

temperature control.  Quartz tube inserts with an o uter diameter of 



36 
 

2.54 cm were used to support the catalyst approxima tely 20 cm from the 

upstream end of the 38 cm furnace.  This position a llowed the influent 

gas stream to reach furnace temperature before cont acting the catalyst, 

which was verified by an independent measurement. A  K-type thermocouple 

(Omega Engineering) was placed at the center of the  inlet face of the 

monolith (the thermocouple was directly in contact with the solid 

surface of the honeycomb) to measure experimental t emperatures. A Type 

Platinel II thermocouple was located at the furnace  inner wall above 

the honeycomb as the set point for temperature cont rol.  

Oxygen (99.9%, Air Liquide), nitrogen (99.99%, The University of 

Arizona Cryogenics & Gas Facility) and hydrogen (99 .9%, The University 

of Arizona Cryogenics & Gas Facility) were used as recieved. Flows were 

regulated using needle valves (Swagelok) and mass c ontrol sensors 

(Omega Engineering, Inc.). Liquid PCE (Aldrich, 99. 9+%) was placed in a 

modified flask located in an insulated water bath ( 20°C).  Nitrogen was 

passed over the surface of the PCE, entraining the vapor, which was 

then mixed with H 2, O 2 and N 2 at experiment-dependent ratios.  The total 

flow rate was 1 L/min at room temperature, and conc entrations of PCE 

were <600 ppmv.  Residence times in the reactor ran ged from 0.6 s 

(catalyst at room temperature) to less than 0.2 s ( catalyst at 400 °C 

and above). A standard experiment (800 ppmv PCE, 6%  H 2, 3% O 2, 0.5 Lpm 

total flow rate) was run periodically to check cata lyst activity. If 

the PCE conversion was lower than expected, likely due to coking, the 

catalyst was treated with a gas stream consisting o f 5% O 2 and 95% N 2 as 

needed (12-16 hours) at 500 °C. 
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3.2.3 Analytical 

An HP 5890 gas chromatograph equipped with a flame ionization 

detector (FID) was used to analyze the gas streams.  Influent and 

effluent gas samples were injected into the GC usin g Hamilton gas-tight 

syringes. Chlorinated hydrocarbons were measured us ing a 0.53-mm wide-

bore capillary column (J&W DB-624, 30 m × 0.53 mm × 3.0 mm). Light 

hydrocarbons (methane, ethene and ethane) were meas ured using a J&W DB-

1 capillary column. The temperatures of the injecto r and the detector 

were typically 200 °C and 250 °C, respectively. Helium was used as the 

carrier gas. 

3.2.4 Experiments 

 Although experimental conditions changed often, a standard 

experiment was performed to check catalytic activit y. The experiment 

was run at 500 mL/min total flow rate, at catalyst surface temperatures 

ranging from 150°C to 500°C. The influent stream co ntained 6% H 2, 3% O 2 

and 800 ppmv PCE. If catalytic activity was lower t han expected, the 

catalyst was cleaned with a gas stream consisting o f 5% O 2 and 95% N 2 

overnight (12-16 hours). 

 

3.3 Results and Discussion 

 

3.3.1 Reductive Dechlorination in the Presence of O xygen 

 The experimental system described above has a numb er of 

components that could contribute to the conversion of PCE to CO 2, H 2O 

and HCl. Introduced gas phase components (H 2, O 2 and PCE) and three-way 

catalyst surface components (Pt, Rh and cerium zirc onium oxide) might 
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all play various roles in the conversion of PCE. Th e goal of this 

section is to find the most important variables and  elucidate the 

degree to which each of them effects the reaction a nd develop a model 

that can fit experimental results. 

 Cerium zirconium oxide is typically used in TWCs t o increase 

oxygen storage capacity and oxygen mobility on the surface[35]. 

Although this component will play an indirect, alth ough important, role 

in oxygen availability, its effects were not studie d. The two supported 

metals, Pt and Rh, are directly responsible for cat alysis. Rhodium is 

widely considered to be an important component of t he TWC due to its 

reactivity with NO[36]. To our knowledge, there is only one study that 

focuses on supported rhodium for the dechlorination  of chlorinated 

hydrocarbons. Bozzelli et al.[16] studied a Rh/SiO 2 catalyst with 1,2-

dichlorethane and trichloroethylene and noted dechl orination of the 

targets, along with a significant amount of chlorin ated byproducts. 

During the course of our experimentation, chlorinat ed byproducts were 

never observed in the effluent stream. While Rh und oubtedly plays a 

role in the conversion of PCE, the expansive studie s of hydrocarbon 

conversion on platinum noted in the literature revi ew and the lack of 

studies involving supported Rh, indicate a minimal direct role for Rh 

in the dechlorination of chlorinated hydrocarbons o n a TWC. Further 

studies may indicate a more substantive role for Rh , allowing the roles 

of Pt and Rh in dechlorination to be thoroughly des cribed but the TWC 

will be treated as a single catalyst for the rest o f the section, 

rather than two separate metal catalysts. 

 Catalytic reaction systems containing H 2, O 2 and another reactant 

have been studied numerous times. There are 4 steps  that must be 
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considered: 1) adsorption of each species to the ca talyst surface, 2) 

reaction of surface adsorbed species, 3) desorption  of products, and 4) 

homogenous reactions away from the catalyst surface . The adsorption 

reactions in this system are as follows: 

  

 H 2 + 2 (s) → 2 H(s)      (3.1) 

 O 2 + 2 (s) → 2 O(s)      (3.2) 

 C 2Cl 4 + (s) → C 2Cl 4(s)      (3.3) 

 

where (s) indicates a catalyst surface site. Both H 2 and O 2 are known to 

dissociate upon surface adsorption and are treated as such in 

comparable studies[27, 31, 37]. For the purposes of  this study, PCE 

will be treated as an undissociated molecule upon a dsorption. 

 The primary surface reactions in this system are: 

 

 H(s) + O(s) → OH(s) + (s)     (3.4) 

 OH(s) + H(s) → H 2O(s) + (s)     (3.5) 

 C 2Cl 4(s) + H(s) → C 2Cl 3(s) + HCl(s)    (3.6) 

 C 2Cl 3(s) + H(s) → C 2Cl 3H(s) + (s)    (3.7) 

 C 2Cl 4-x Hx(s) + y H(s) +(4-x) (s) →  

C2H4(s) + (4-x) Cl(s) + y (s)    (3.8) 

 C 2Cl 4(s) + 4 O(s) → 2 CO 2(s) + 2 Cl 2(s) + (s)  (3.9) 

 C 2H4(s) + 6 O(s) → 2 CO 2(s) + 2 H 2O + 3 (s)   (3.10) 

 

Reactions 3.4, 3.5, 3.8, and 3.10 are standard reac tions accepted in 

literature[38, 39]. Reaction 3.6 and 3.7 work toget her sequentially or 

in concert (as seen in reaction 3.8) to fully reduc e PCE. Ethylene is 
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the reduced intermediate described in the above rea ction scheme, but 

experiments have indicated that both methane and et hane are produced in 

the reaction, depending on catalyst surface tempera ture and catalyst 

condition. Figure 3.1 is the product distribution o f PCE dechlorination 

performed under reducing conditions in our system ( no O 2 present). 

 

Figure 3.1: Product distribution as a function of time. Experim ent 
performed under reducing conditions (6% H 2, 0% O 2). Catalyst surface 
temperature is 450°C. PCE inlet concentration is 70 0 ppmv. Residence 
time is 0.15 s. As time increases, PCE conversion d ecreases due to 
coking, and the reduced product distribution change s. Legend: ( ♦) 
Influent PCE; ( ▲) Effluent PCE; ( □) Effluent methane; ( ●) Effluent 
ethane; (+) Effluent ethylene. 

 

Reductive dechlorination without the presence of ox ygen results in 

coking of the catalyst surface, explaining the decr easing PCE 
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conversion and the lack of a complete carbon balanc e. However, as the 

catalyst is deactivated, the primary reduced produc t evolves, from 

methane to ethane and then ethylene as catalytic ac tivity is reduced. 

All three products are present at the same time ove r the course of the 

experiment.  

 

Figure 3.2: Product distribution as a function of temperature. 
Experiment performed under redox conditions (4% H 2, 2% O 2).  PCE inlet 
concentration is 700 ppmv. Residence times range fr om 0.10 s to 0.35 s. 
As the catalyst surface temperature increases, PCE conversion 
increases, and the reduced product distribution cha nges. Legend: ( ♦) 
Influent PCE; ( ▲) Effluent PCE; ( □) Effluent methane; ( ●) Effluent 
ethane; (+) Effluent ethylene. 

 

Similar results were seen when a product distributi on was performed in 

the presence of both O 2 and H 2. Since coking is not a problem in this 
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scenario, the experiment was performed at a range o f surface 

temperatures from 50°C to 550°C. The results can be  seen in Figure 3.2. 

Ethane is the first reduced hydrocarbon observed, p eaking at a CST of 

225°C, followed by an increase in methane that peak s at a CST of 300°C. 

Ethylene effluent concentration peaks at a similar temperature to 

ethane but is present in smaller amounts at all tim es. It should be 

noted that all three products could be detected ove r a range of 

temperatures (100°C to 300°C) and that no chlorinat ed byproducts were 

detected. The GC-FID analytic setup allowed for the  detection of 

chlorinated hydrocarbons at significant concentrati ons (> 1ppmv). The 

gap in the carbon balance is CO 2, which we did not have the capacity to 

detect on the same time scale, but have detected in  similar 

experiments. Since our previous results[6] indicate  that combustion of 

PCE on this catalyst at the conditions employed doe s not begin until 

350°C, and is not greater than 10% until temperatur e exceeds 450°C, it 

is our contention that the primary mechanism of PCE  conversion is 

reductive hydrodechlorination, even in the presence  of O 2, at 

temperatures less than 450°C. The presence of O 2 prevents coking on the 

catalyst surface and combusts the reduced products to CO 2 and H 2O. 

 Surface reactions 3.4 and 3.5 need further discuss ion. Ideal 

reaction conditions necessitate a 2/1 H 2/O 2 ratio, which is also the 

stoichiometric ratio for the combustion of H 2. In this situation, it is 

likely that H 2 is completely consumed before it has a chance to r eact 

with the PCE. The ideal solution to determine if H 2 would be consumed by 

O2 before reacting with PCE would be to compare the i ntrinsic surface 

reaction rate of reaction 3.4 with that of reaction  3.6. The intrinsic 
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rate for reaction 3.4 is well established using num erical CHEMKIN 

chemical kinetics formalism[31, 38, 39]. The intrin sic rate is: 

 

 � � 1.0 � 10��	
��.
��        (3.11) 

 

The intrinsic rate for the reaction between an adso rbed hydrogen atom 

and adsorbed PCE is not known.  Insight may still b e drawn from these 

studies that apply to this work. Reaction 3.4 is th e limiting step for 

the combustion of H 2, with an adsorbed OH species being highly reactive  

with adsorbed H to produce adsorbed water. In each of these cases, a 

light hydrocarbon species was present, yet the spec ies still underwent 

oxidative dehydrogenation, independent of the H 2/O 2 ratio, due to a 

higher intrinsic reaction rate. This study’s experi mental results 

(product distribution, PCE conversion), along with published results, 

indicate that H 2 combustion does not prevent reductive 

hydrodechlorination of PCE in this reactor system. The surface 

reactions of H and O are important however, and the ir impact will be 

discussed further in the next section. 

 There is also the possibility of gas-phase species  interacting 

with surface species. Gas-phase H atoms have been s hown to extract 

chemisorbed chlorine through an Eley-Rideal mechani sm from Si 

surfaces[40, 41]. In this system, the important rea ction is: 

 

C2Cl 4(s) + H 2 → C 2Cl 3H(s) + HCl     (3.12) 
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Desorption of products must be considered, as any p roduct that 

strongly binds to the catalyst surface would affect  PCE conversion. 

Based on known products, the following reactions mu st be considered: 

 

C2Cl 4(s) → C 2Cl 4 + (s)      (3.13) 

CH4(s) → CH4 + (s)       (3.14) 

C2H6(s) → C 2H6 + (s)      (3.15) 

C2H4(s) → C 2H4 + (s)      (3.16) 

CO2(s) → CO2 + (s)       (3.17) 

HCl(s) → HCl + (s)      (3.18) 

 

Other species may desorb from the catalyst surface,  only to quickly 

readsorb. The adsorption and desorption reactions w ill be considered 

rapid and in equilibrium for the purpose of modelin g, as discussed in 

the next section. 

 There are two possible homogeneous gas phase react ions that must 

also be considered, namely the combustion of H 2 and PCE: 

 

 2 H 2 + O 2 → 2 H 2O       (3.19) 

 C 2Cl 4 + 2 O 2 → 2 CO 2 + 2 Cl 2     (3.20) 

 

Hydrogen auto-ignition does not start until tempera tures exceed 800 K, 

which is above the temperature range under consider ation. PCE 

combustion does not occur on the catalyst until tem peratures greater 

than 450°C[6], and does not occur homogeneously unt il much higher 

temperatures. These two reactions will not be consi dered further. 
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 Three reactions have been established as the impor tant steps in 

the conversion of PCE. Either reaction 3.6 or 3.12 is the limiting step 

for reductive hydrodechlorination and reaction 3.4 is the limiting step 

for H 2 combustion, which will affect the concentrations o f H 2 and O 2 in 

the reactor system. 

 

3.3.2 Kinetic Model for Reductive Dechlorination of  PCE 

 This group has previously attempted to develop a k inetic model 

for the conversion of PCE on a three-way catalyst. In Orbay et al.[6], 

a simple first-order model for PCE conversion faile d to match the 

trends present in the data satisfactorily. The mode l failed because 

surface concentrations of the reactants were not ta ken into account, 

only the gas phase PCE concentration. This study wi ll present a model 

taking into account adsorbed reactant concentration s and surface 

competition between the reactants. 

 From the analysis in section 3.3.1, the three reac tions that 

control this system are the dissociation of a chlor ine atom from the 

adsorbed PCE, the interaction of gas-phase H 2 with adsorbed PCE and the 

reaction of an adsorbed oxygen atom and an adsorbed  hydrogen atom. The 

reaction rates (mol m -3  s -1 ) are: 

  

 �� � �������� ���         (3.21) 

 �� � �������� ���       (3.22) 

 �� � ������ ���        (3.23) 

 

where Cs are the surface densities (mol m -2 ) of each of the adsorbed 

species, and k1 to k3 are the intrinsic second-order rate constants (m 
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mol -1  s -1 ) for each reaction. Equilibrium constants can be d eveloped from 

equations 3.1 through 3.3 for the three primary com ponents: 

 

 ���� � ���� 
�����!

        (3.24) 
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        (3.25) 
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        (3.26) 

 

where C refers to the gas phase concentration (mol m -3 ) of each species, 

Cv refers to the vacant surface site density (mol m -2 ) and  K is the 

adsorption equilibrium constant. These relationship s allow the surface 

concentration of each species to be described by th e vapor phase 

concentration, although the vacant surface site den sity is still not 

known. This is solved by performing a molar balance  of surface species 

on the catalyst surface. The total surface density of sites can be 

described by the following balance: 

 

 �% � �& ' ��� ' ��� ' �����       (3.27) 

 

where CT is the total surface site density(mol m -2 ) on the catalyst. 

Solving for Cs and Cv leads to the following three Langmuir-Hinshelwood 

isotherms: 
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Although there are more species adsorbed to the sur face of the 

catalyst, it will be assumed that competition for s urface sites will be 

between these three species. The rate constants, k1 to k3, are adjusted 

for temperature through the use of an Arrhenius rel ationship: 

 

 �+ � �+�	,
�-.
�� /        (3.31) 

         

where kx� is the pre-exponential factor for reaction x, T is the 

catalyst surface temperature (K) and E ax  is the activation energy (kJ 

mol -1 ) for reactions 3.28 – 3.30. The equilibrium consta nts (K H2, K O2 and 

KPCE) are adjusted for temperature by using van’t Hoff’ s equation: 
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where K xʹ is a pre-exponential constant for species x, Q Ads,x  is the heat 

of adsorption on platinum (kJ/mol) for species x an d T is the catalyst 

surface temperature. The heats of adsorption on pla tinum for O 2 and H 2 

are known values taken from literature. Lee et al.[42] reports heats of 

adsorption values for simple molecules on platinum.  For this work, 

Pt(111) will be used as a model of the catalyst sur face. It is noted 

that heats of adsorption change only slightly with changes in platinum 
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structure[42]. The values used in this work are: Q Ads,O2  = 200.8 kJ/mol 

and Q Ads,H2  = 95.9 kJ/mol. 

 The rate constants are then fully described by the  following 

three equations: 
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 This creates a two equation kinetic model, where e ither equation 

3.21 or 3.22 is coupled with equation 3.23, with 8 fitting parameters, 

including 5 pre-exponential constants, the heat of adsorption of PCE on 

platinum, the activation energy for reaction 3.4 an d the total surface 

site concentration of platinum. In the modeling sec tions below, the 

surface site concentration of platinum will be comb ined with the pre-

exponential constants to reduce the fitting paramet ers by one. 

 

3.3.3 Analysis of the O(s)-H(s) Surface Reaction 

 As mentioned above, equations 3.21 or 3.22 are cou pled with 

equation 3.24 due to competition for reaction sites  between the 

reactants. In order to fully model this reaction, w e would need to know 

the surface concentrations of H(s) and O(s), and in  turn the gas phase 

concentration of H 2 and O 2 as a function of temperature. These data are 

not available. However we will assume that surface and gas phase 

concentrations of these species are constant (below  450°C), since the 
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PCE concentration is generally much lower than eith er the O 2 or H 2 

concentration, and the most active reaction is the reduction, not the 

oxidation, of PCE in this range. It should also be noted that at 

temperatures under 400°C, experimental observations  indicate H 2O 

formation is minimal, indicating that the developed  model should fit 

better at lower concentrations. 

 

3.3.4 Modeling of the PCE Reduction Reaction 

 Our observations and calculations show that reacti on 3.22 

provides a more accurate description of the PCE red uction reaction than 

reaction 3.21, as the gas-phase concentration of H 2 is necessary to 

fully describe observed changes. The important surf ace site competition 

proved to be between oxygen and PCE, with competiti on between PCE 

molecules being particularly important. Competition  between PCE and H 2 

for surface sites appeared to be negligible, so thi s term was dropped. 

The degree of competition for surface sites between  O 2 and PCE was 

difficult to determine from our data, and the model  fit well without 

the term, so the oxygen competition term was droppe d from equation 

3.22. The final reaction rate equation developed fr om equation 3.21 is: 
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The temperature dependence of K PCE did not significantly affect the 

modeling and was ignored. The reactor was modeled a s a plug flow 

reactor: 

 

 78 9����|+ � 78 9����|+);+ � <���=>?     (3.41) 
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       (3.43) 

 

assuming constant temperature along the length of t he catalyst and the 

presence of a kinetically controlled regime, rather  than a mass 

transfer controlled regime. v 0 is the volumetric flow rate through the 

reactor. The validity of these assumptions has been  previously 

established[6]. The concentration of H 2 in the gas phase was assumed to 

be constant. Equation 3.43 was solved using a 4 th  order Runge-Kutta 

method written in Visual Basic Application in Micro soft Excel. 

Parameters were fit using Excel Solver by reducing the root mean 

squared error of the difference between experimenta l outlet 

concentration and the modeled outlet concentration.  

 The application of the model can be seen in Figure  3.3, which 

shows the conversion of PCE as a function of PCE in fluent concentration 

at 3 different temperatures. The fitted parameter v alues for the model 

are: k s’ = 0.031 s -1 ; K PCE = 10 8 mol cm -3 ; E a2 = 17.1 kJ mol -1 . In what 

follows, we will use these fitted values to explore  how the model 

performs to predict reactor performance under diffe rent conditions.   
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Figure 3.3: PCE conversion as a function of PCE influent concen tration. 
Experiment performed under redox conditions (3% H 2, 1.5% O 2). Residence 
time at ambient temperature of 0.4 s. As PCE influe nt concentration 
increases, PCE conversion decreases. Legend: ( □) 400°C; ( ♦) 300°C; ( ▲) 
200°C; solid lines correspond to model calculations  at each catalyst 
surface temperature. 

 

 At PCE influent concentrations ranging from 50 ppm v to 800 ppmv, 

the model accurately describes the PCE effluent con centration within 5 

ppm. PCE conversion in Figure 3.3, and the rest of this section, is 

described by: 

 I<%= �  ����,LMD����,NOP
����,LM

� 100      (3.44) 
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where X is the conversion of PCE. The lack of accur acy seen at the 

lower influent concentrations of Figure 3.3 is an a rtifact of the PCE 

conversion equation where the error in the modeled PCE effluent 

concentration is amplified at low influent PCE conc entrations. At this 

point, the model has described the competition effe ct of PCE at three 

temperatures and one inlet condition (1 Lpm total f low rate, 3% H 2 and 

1.5% O 2). Figure 3.4 shows the PCE effluent concentration against the 

PCE concentration. 

 

Figure 3.4: PCE conversion as a function of PCE influent concen tration. 
Experiment performed under redox conditions (1.5% H 2, 1.5% O 2). Total 
flow rate of 1 Lpm. As PCE influent concentration i ncreases, PCE 
conversion decreases. Legend: ( □) 400°C; ( ♦) 300°C; ( ▲) 200°C; lines 
indicate model predictions. 
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 The purpose of Figure 3.4 is two-fold. First, the model can 

accurately describe the PCE effluent concentration and conversion at a 

different inlet condition (1.5% H 2, 1.5% O 2 and 1 Lpm total flow rate). 

Second, there is a large difference between predict ed effluent 

concentrations at 400°C and experimental results. A t low H 2 

concentrations (1.5%), the model underpredicts PCE conversion at higher 

catalyst surface temperatures. This effect will be discussed further 

later in the paper. 

 Figure 3.5 shows PCE conversion as a function of r esidence time. 

In these experiments, all conditions (catalyst surf ace temperature; H 2, 

O2 and PCE concentrations) were held constant except for total flow 

rate. As expected, PCE conversion increases as resi dence time 

increases. Figure 3.5 is at a higher H 2 concentration (5%) than the 

previous results. At a PCE influent concentration o f 700 ppmv, the 

model under predicts conversion at fast residence t imes, while more 

accurately describing the conversion at longer resi dence times. The 

model does account for the sharp increase in conver sion as residence 

time increases at both PCE concentrations, indicati ng that even at high 

PCE concentrations, a residence time greater than 0 .25 s is sufficient 

to completely remove PCE from the stream. 
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Figure 3.5: PCE conversion as a function of reactor residence t ime. 
Experiment performed under redox conditions (5% H 2, 2.5% O 2). Catalyst 
surface temperature: 425°C at 700 ppmv PCE inlet an d 400°C at 70 ppmv 
PCE inlet. Legend: ( ♦) 700 ppmv PCE; ( □) 70 ppmv PCE; lines indicate 
model predictions. 

 

 Figure 3.6 shows PCE conversion as a function of c atalyst surface 

temperature. Experimental results indicate that und er the inlet 

conditions of Figure 3.6 (0.5 Lpm total flow rate, 6% H2, 3% O 2, 700 

ppmv PCE), PCE conversion is greater than 90% at ca talyst surface 

temperatures higher than 200°C and is essentially c omplete by 300°C. 

The model slightly over predicts PCE conversion ove r the entire 

temperature range, typically by about 5%. It does p redict that 
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conversion is complete by 250°C, in the same range as experimental 

results. 

 

Figure 3.6: PCE conversion as a function of catalyst surface 
temperature. Experiment performed under redox condi tions (6% H 2, 3% O 2). 
Total flow rate of 0.5 Lpm. As catalyst surface tem perature increases, 
PCE conversion increases. Legend: ( ♦) 700 ppmv PCE; solid line 
indicates model predictions. 

 

The previous results show satisfactory model predic tions at 

varied experimental conditions. However, the model,  with the fitted 

parameters presented above, could not describe accu rately some 

experimental results. Figures 3.7 and 3.8 show expe rimental data that 

the model cannot fully describe. Both figures show PCE conversion as a 

function of catalyst surface temperature. Figure 3. 7 corresponds to 
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total flow rate of 1 Lpm and a PCE influent concent ration of 400 ppmv, 

while Figure 3.8 is for a total flow rate of 2 Lpm and a PCE influent 

concentration of 400 ppmv. The primary difference i s that the range of 

residence times is different; 0.25–0.5 s in Figure 3.7 and 0.1-0.25 s 

in Figure 3.8. 

 

Figure 3.7: PCE conversion as a function of catalyst surface 
temperature. Experiment performed under redox condi tions. Total flow 
rate of 1 Lpm. PCE concentration of 400 ppmv. As ca talyst surface 
temperature increases, PCE conversion increases. Le gend: ( ♦) 6% H 2, 3% 
O2; ( ▲)3% H 2, 1.5% O 2; ( □)1.5% H 2, 0.75% O 2. Lines are model predictions. 

 

 Experimental results indicate that at each of thes e inlet 

conditions, PCE conversion is approximately the sam e, with the higher H 2 

concentrations providing marginally higher PCE conv ersions. A similar 
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trend is seen in the model results, although to a m uch greater degree. 

The model can describe accurately the experiment at  3% H 2 and 1.5% O 2, 

which were the conditions seen in Figure 3.3, from which the parameters 

were initially fit. The model over predicts convers ion at 6% H 2 and 3% 

O2, but only to about the same degree as seen in Figu re 3.6, under 

similar conditions. At 1.5% H 2 and 0.75% O 2, the model under predicts 

the conversion, increasing in error as the catalyst  surface temperature 

increases. Similar trends can be seen in Figure 3.8 . The model 

describes the experiments at 6% H 2/3% O 2 and 3% H 2/1.5% O 2 accurately. At 

1.5% H 2/0.75% O 2, the model significantly under predicts PCE conver sion. 

The same under prediction is seen in Figure 3.4 at 1.5% H 2, although 

with 1.5% O 2. The common link between these two experiments is the low 

level of H 2 in the system. This may indicate that there is som e surface 

competition between H 2 and PCE. At the higher H 2 concentrations, 

saturation of the H 2 on the catalyst surface may hide the effect, 

lowering PCE conversion independent of H 2 concentration. At this lower 

concentration, the surface may not be saturated wit h H 2, allowing for 

more PCE adsorption and larger conversions. This al so would explain why 

the error increases as catalyst surface temperature  increases. The 

surface reaction between adsorbed hydrogen and oxyg en becomes more 

relevant as temperature increases, resulting in les s surface 

competition. 
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Figure 3.8: PCE conversion as a function of catalyst surface 
temperature. Experiment performed under redox condi tions. Total flow 
rate of 2 Lpm. PCE concentration of 200 ppmv. As ca talyst surface 
temperature increases, PCE conversion increases. Le gend: ( ♦) 6% H 2, 3% 
O2; ( ▲)3% H 2, 1.5% O 2; ( □)1.5% H 2, 0.75% O 2. Lines indicate the model 
applied at each inlet condition. 

 

3.3.5 Model Issues 

 The model proposed in this paper accurately descri bes the 

conversion of PCE over a range of experimental cond itions. Experimental 

results have shown that as the oxygen concentration  increases, PCE 

conversion decreases. This is not as readily appare nt when the H 2/O 2 

ratio remains around 2, as in the majority of the r esults presented in 

this paper, but becomes apparent as O 2 levels approach that of air. The 

model as shown does not account for this. As propos ed in section 3.3.2, 
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a competition term could account for this, although  experimental 

results did not have the necessary range to model i t. The adsorption 

equilibrium constant, K PCE, should also be related to temperature through 

a van’t Hoff relationship, despite the fit of the m odel over the 

proposed temperature range. 

 

3.4 Conclusions 

 The conversion of PCE on a three-way Pt/Rh catalys t was explored. 

A series of reactions (adsorption, surface and deso rption) were 

explored to describe the conditions under which the  reaction occurs. A 

kinetic model, using a Langmuir-Hinshelwood mechani sm, was created to 

describe the reaction between adsorbed PCE and hydr ogen. This 

expression was then analyzed using experimental dat a, with the 

important contributions being PCE concentration, si te competition among 

the PCE molecules, and the H 2 gas phase concentration. The kinetic model 

was able to accurately describe a range of experime ntal results with 

limited shortcomings. 
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CHAPTER 4 

KINETIC MODELING OF REDUCTIVE HYDRODECHLORINATION OF CHLORINATED 

HYDROCARBONS IN THE PRESENCE OF PROPANE 

 

4.1 Introduction 

 Previous work by this group has demonstrated that a three-way 

catalyst used in reducing-oxidizing (redox) conditi ons can convert 

perchloroethylene (PCE) to benign products, using e ither hydrogen or 

propane as the reducing agent[6, 8]. However, PCE i s not the only 

chlorinated hydrocarbon of interest as many differe nt chlorinated 

solvents have been used in industrial and commercia l. Currently, ten 

chlorinated hydrocarbons (PCE, trichloroethylene (T CE), 1,1-

dichloroethylene (1,1-DCE), dichloromethane, chloro ethane, 1,1-

dichloroethane (1,1-DCA), 1,2-dichloroethane (1,2-D CA), 1,1,1-

trichlorethane (1,1,1-TCA), 1,1,2-trichloroethane ( 1,1,2-TCA) and 

1,1,2,2-tetrachloroethane (1,1,2,2-TeCA)) are on th e Organisation for 

Economic Co-operation and Development’s most recent  High Production 

Volume Chemical list[1]. Carbon tetrachloride and c hloroform were also 

previously produced in high volume, although their use is now 

restricted due to health and environmental concerns . Chlorinated 

solvents can be found in over half of the EPA Natio nal Priority List 

sites[4], demonstrating their widespread use and ne ed for clean up and 

remediation.  

 This study will explore the mechanistic and kineti c aspects of 

the conversion of the chlorinated hydrocarbons on t he Pt/Rh three-way 

catalyst. Previous work has indicated that there ar e three primary 

catalytic mechanisms for the removal of chlorinated  hydrocarbons: 
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oxidation, hydrodechlorination and dehydrochlorinat ion. Catalytic 

oxidation of chlorinated methanes on Pt and Pd cata lysts was studied by 

Koyer-Golkowska et al.[43], who concluded that reactivity increased 

with a decreasing number of C-H bonds (increasing n umber of C-Cl bonds) 

in the molecule. Other work has explored TCE and di chloromethane[44] 

and TCE, dichloromethane and 1,2-DCE[13]. This grou p’s previous work 

has indicated that PCE oxidation does not begin unt il 350 °C, and 

requires much higher temperatures to reach complete  conversion[6]. 

However, catalytic oxidation of chlorinated hydroca rbons is known to 

produce Cl 2, which can deactivate noble metal catalysts, makin g 

catalytic oxidation unsuitable for remediation uses . 

 Catalytic hydrodechlorination has been widely stud ied for a 

variety of chlorinated compounds and catalysts. Orb ay et al.[6] offer a 

thorough exploration of these studies. A more recen t study looked at 

hydrodechlorination of dichloromethane, chloroform and PCE on a Pd/TiO 2 

cordierite catalyst[45], concluding that the cataly tic reactivity order 

is chloroform > PCE > dichloromethane. They also ob served significant 

deactivation of the catalyst, due chlorine poisonin g in the reactor. 

The major difference between our work and previous studies into 

hydrodechlorination is the inclusion of oxygen to c reate redox 

conditions. 

 Dehydrochlorination differs slightly from hydrodec hlorination in 

that in dehydrochlorination, HCl is abstracted thro ugh an elimination 

reaction from the target compound[46], while in hyd rodechlorination, 

only a Cl atom is removed from the target, with H c oming from another 

source. Dehydrochlorination has been explored in aq uatic systems with 

pentachloroethane reacting to PCE[47] and 1,1,2,2-T eCA reacting to 
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TCE[48, 49]. Other work has shown that 1,1,1- and 1 ,1,2-DCA react to 

1,1-dichlorethene and 1,1,1,2-tetrachloroethene rea cts to TCE[50]. The 

dehydrochlorination reaction can be described by th e following 

equation: 

 

 H-R-Cl(s) → R ’ (s) + HCl(s)     (4.1) 

 

where R is the chlorinated ethane compound with 2 t o 4 additional Cl 

atoms and 0 to 2 H atoms and R ’  is the product chlorinated ethylene. 

Although this reaction has been reported primarily in aquatic and 

biological systems, we report the ability of a Pt/R h three-way catalyst 

to catalyze this reaction on chloroethane compounds  containing three or 

more Cl atoms. 

 This research explores the use of a three-way cata lyst to convert 

four chloroethylenes, 3 chloromethanes and 7 chloro ethane compounds 

under redox conditions. We will show that hydrodech lorination is the 

primary removal mechanism for the majority of the c ompounds, while 

dehydrochlorination occurs in a subset of the chlor inated ethane 

compounds. A kinetic model based on a Langmuir-Hins helwood isotherm has 

been developed to describe conversion of the target  compounds as a 

function of catalyst surface temperature and inlet concentration. The 

link between the activation energy of the Cl dissoc iation reaction and 

the bond dissociation energy based on transition st ate theory is 

discussed. 
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4.2 Experimental 

 

4.2.1 Catalyst 

 The catalyst used in the experiments was the catal yst described 

in Present Studies[6-8] and Chapter 3. 

 

4.2.2 Reactor System 

 Experiments were conducted in the reactor describe d in Chapter 3. 

Propane (99.9%, Air Liquide) and breathable air (99 .99%, The University 

of Arizona Cryogenics & Gas Facility) were used as obtained. 

Chlorinated hydrocarbon species were obtained at th e purities described 

in Table 4.1.  

 

Table 4.1: Source, purity and C-Cl bond dissociation energy fo r 
chlorinated hydrocarbons used in this work. Bond di ssociation energies 
taken from Handbook of Bond Dissociation Energies i n Organic 
Compounds[51] and are the most widely accepted values. 
 

 

Compound Source Purity E BDE

kJ/mol

Tetrachlorethylene Sigma-Aldrich 99.9% 383.7

Trichloroethylene J.T. Baker 100% 391.6

1,1-Dichloroethylene Sigma-Aldrich 99% 390.8

1,2-Dichloroethylene J.T. Baker 99.7% 369.9

Carbon Tetrachloride Sigma-Aldrich 99.9% 296.6

Chloroform J.T. Baker Purified 320.5

Dichloromethane Sigma-Aldrich 99.9% 338.0

1,1-Dichloroethane Sigma-Aldrich 99% 327.9

1,2-Dichloroethane Sigma-Aldrich 99.8% 345.1

1,1,1-Trichloroethane Sigma-Aldrich 99% 292.9

1,1,2-Trichloroethane Acros Organic 98%

1,1,2,2-Tetrachloroethane Acros Organic 98.5% 318.0

Pentachloroethane Sigma-Aldrich 95% 311.7
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4.2.3 Analytical 

An HP 5890 gas chromatograph equipped with a flame ionization 

detector (FID) was used to analyze the gas streams.  Influent and 

effluent gas samples were injected into the GC usin g Hamilton gas-tight 

syringes. Chlorinated hydrocarbons were measured us ing a 0.53-mm wide-

bore capillary column (J&W DB-624, 30 m × 0.53 mm × 3.0 mm). The 

temperatures of the injector and the detector were typically 200 °C and 

250 °C, respectively. Helium was used as the carrier gas . 

 An Agilent 6890N gas chromatograph equipped with a  5973 Network 

mass spectrometer detector was used to verify the i dentities of 

chlorinated hydrocarbon by-products created in the treatment of several 

chlorinated ethanes. Reactor effluent was bubbled t hrough methanol to 

trap the chlorinated compounds. 

 

4.2.4 Experiments 

In general, data describing conversion as a functio n of catalyst 

surface temperature were taken at three concentrati ons for each 

chlorinated hydrocarbon. A pool of the desired chlo rinated hydrocarbon 

was placed in the bottom of a U-tube located in an insulated water bath 

(20 °C). Air was passed over the surface of the pool, en training the 

vapor phase, which was then mixed with C 3H8 and the bulk flow air at 

experiment-dependent ratios.  The total flow rate w as 1 L/min at room 

temperature for all experiments. Residence times in  the reactor ranged 

from 0.4 s (catalyst at room temperature) to less t han 0.2 s (catalyst 

at 600 °C and above). Concentrations of O 2 and C 3H8 were maintained at 

20% and 2%, respectively, in all experiments. A sta ndard experiment 
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(20% O 2, 2% propane, 800 ppmv PCE, 1000 LPM total flow rat e) was 

performed when changing chemicals to ensure catalys t activity remained 

constant. If the conversion of PCE dropped below es tablished levels, 

the catalyst was treated over night at 500 °C in a flowing stream of 

20% O2. 

 

4.3 Results and Discussion 

 

4.3.1 Kinetic Modeling 

 Catalytic reductive dechlorination of PCE in the p resence of 

oxygen and hydrogen was explored in detail in Chapt er 3. The 

concentrations of PCE, O 2 and H 2 were shown to have varying roles in the 

overall conversion of PCE through an analysis of po ssible adsorption, 

desorption, surface and homogeneous reactions and k inetic data. A 

similar approach was used to analyze the same syste m with propane 

instead of H 2[8]. It was noted that an adsorption model for PCE based on 

a Langmuir-Hinshelwood isotherm can accurately desc ribe the conversion 

of PCE under limited conditions where the molar O 2/C 3H8 ratio in the 

reactor influent is less than 10. Under these condi tions, PCE 

conversion is approximately independent of both O 2 and propane 

concentrations. 

 Similar conditions were chosen for this work, with  the O 2 

concentration maintained at near atmospheric condit ions (20%) and a 

propane concentration of 2%. Under these conditions , O 2 concentration is 

assumed to be constant throughout the reactor while  propane conversion 

remains below 10% at catalyst surface temperatures less than 450 
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°C[22]. Although previous work deals only with PCE,  this work extends 

the model to 12 additional chlorinated hydrocarbons .  

 In the model proposed, adsorption of the chlorinat ed hydrocarbon 

to the catalyst surface is followed by the extracti on of a Cl atom by a 

H atom absorbed on a neighboring site,  

 

 R-Cl + (s) → R-Cl(s)      (4.2) 

 R-Cl(s)+ H(s) → R(s) + HCl(s)     (4.3) 

 

R refers to the parent hydrocarbon attached to the chlorine (methane, 

ethane or ethylene). Additional Cl atoms attached a re possible, but not 

shown for clarity. All of the chlorinated hydrocarb ons in this work 

contain multiple Cl atoms, suggesting that reaction  4.3 could be 

sequential with further Cl atoms dissociating in th e same manner, or 

having multiple Cl atoms dissociating in concert. I t has been suggested 

that the atomic Cl is removed from the catalyst sur face by interaction 

with adsorbed H atoms[8]. Assuming reaction 4.3 is rate-limiting, leads 

to the following reaction rate for Cl dissociation:  

  

 �� � ����Q�R� CTU         (4.4) 

 

where C s(mol m -2 ) is the adsorbed species surface density and k 1(m mol -1  

s -1 ) is the second-order intrinsic rate constant. Whil e the 

concentration of the adsorbed chlorinated compound is not known 

directly, assuming rapid adsorption and desorption leads to the 

following equilibrium relationship based on reactio n 4.2: 
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 �Q�R � ���V 
���V�!

         (4.5) 

 

where K is the adsorption equilibrium constant and C(mol m -3 ) is the gas 

phase concentration of the chlorinated compound. Th e surface density of 

vacant sites, C v(mol m -2 ), is an unknown value and can be related to the 

total catalyst surface site density, C T(mol m -2 ), and the adsorbed 

species concentration, C s, through a site balance and equation 4.5, 

resulting in the following equation, 

 

 �W � ��
<�)(��V���V=        (4.6) 

 

Both the rate constant, k 1, and the equilibrium constant, K RCl, are 

temperature dependant with relationships described by the Arrhenius and 

van’t Hoff equations, respectively, 

 

 �� � ��X 	0
�-,��V
�� 5

        (4.7) 

 �Q�R � �8	0
123 ,��V
�� 5

       (4.8) 

 

where E a(kJ mol -1 ) is the activation energy for the overall reaction ,  

Qads (kJ mol -1 ) is the heat of adsorption for a specific compound , k 1
’ (m 

mol -1  s -1 ) and K 0 are pre-exponential factors and T(K) is the cataly st 

surface temperature. The reaction rate can then be described by the 

following equation, 

   

 �� � ���
(��V���V("��Y"Z���

<�)(��V���V=�       (4.9) 
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with k 1 and K RCl related to temperature through equations 4.7 and 4 .8. K H 

is the equilibrium adsorption constant for adsorbed  H.  Since this 

reactor can be modeled as a plug flow reactor[6], p erforming a molar 

balance on the system leads to the following expres sions: 

 

 78 9�Q�R|+ � 78 9�Q�R|+);+ � <���=>?     (4.10) 

 lim+C8
9���V|.D9���V|.EF.

GH � <���=      (4.11) 

 
G���V

GH � � 6�(��V���V
<�)(��V���V=�       (4.12) 

 

v0(m
3 s -1 )  is the volumetric flow rate through the reactor, t( s) is the 

residence time of the chlorinated compound within t he reactor, x is the 

linear horizontal distance into the reactor and k 0(s
-1 ) is 

 

 �8 � ������Y�Z�%�       (4.13) 

 

 �8X � ��X ����Y�Z�%�       (4.14) 

 

Equation 4.12 was solved using a 4 th  order Runge-Kutta method written in 

Visual Basic Application in Microsoft Excel. Parame ters were fit using 

Excel Solver by reducing the root mean squared erro r of the difference 

between experimental outlet concentration and the m odeled outlet 

concentration. The fitted parameters were k ’
0, E a, K 0 and Q ads . Values for 

each of the compounds can be found in Table 4.2. 
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Table 4.2: Fitted parameter values for each of the 12 chlorina ted 
hydrocarbons using the hydrodechlorination model pr esented in Equation 
4.12. The fifth column is the rate constant, k 0, evaluated at 400 °C. 
 

Trends within the data in Table 4.2 will be explore d later, as 

initial work has indicated that each set of compoun ds (chlorinated 

methanes, ethanes and ethenes) should be treated in dividually. It 

should be noted that the negative heats of adsorpti on indicate an 

exothermic adsorption process. The value of k 0 at a catalyst surface 

temperature of 400 °C is also presented. This value  represents the 

apparent rate for hydrodechlorination. There is no obvious trend in the 

data, but it should be noted that the chlorinated e thenes have a lower 

rate as a group than the other chlorinated hydrocar bons presented.  

 

4.3.2 Chlorinated Ethene Compounds 

 PCE has been the chlorinated hydrocarbon used in o ur previous 

work. Figure 4.1 shows PCE conversion as a function  of catalyst surface 

temperature. PCE conversion, and conversion for the  remainder of the 

chlorinated hydrocarbons, is defined as: 

Compound k'
0 Ea K0 Qads k0 (400 °C)

s
-1 

kJ/mol cm
3 

mol
-1

kJ/mol s
-1 

Tetrachlorethylene 7.22×10
-2 

74.7 2.91×10
3

-55.5 1.15×10
-7

Trichloroethylene 3.00×10
1 

99.4 2.91×10
3

-45.2 5.80×10
-7

1,1-Dichloroethylene 1.01×10
-4

32.7 2.92×10
3

-58.7 2.93×10
-7

1,2-Dichloroethylene 2.40×10
-1

71.8 2.92×10
3

-50.3 6.43×10
-7

Carbon Tetrachloride 4.01×10
-2

55.2 4.69×10
6

-5.0 2.09×10
-6

Chloroform 1.06×10
0

76.4 2.90×10
3

-46.4 1.25×10
-6

Dichloromethane 7.33×10
-1

78.4 2.90×10
3

-51.3 6.04×10
-7

1,1-Dichloroethane 3.82×10
2 

83.7 2.94×10
3

-31.5 1.22×10
-4

1,2-Dichloroethane 6.23×10
0 

84.5 2.90×10
3

-43.4 1.73×10
-6

1,1,2-Trichloroethane 5.00×10
1 

88.1 2.91×10
3

-37.4 7.28×10
-6

1,1,2,2-Tetrachloroethane 1.77×10
-2 

56.9 2.12×10
4

-35.4 6.80×10
-7

Pentachloroethane 1.30×10
-2

53.7 2.32×10
5

-25.9 8.85×10
-7



70 
 

 

 I<%= �  ����,LMD����,NOP
����,LM

� 100      (4.15) 

 

The general trends seen here are increasing convers ion as the 

catalyst surface temperature increases and decreasi ng conversion as 

target concentration increases. These trends will b e seen in every 

compound studied. The model fits the higher concent rations better, 

although sampling error was approximately 5 ppmv in  PCE, leading to 

increased error when dealing with the conversion of  a target at low 

concentrations. At 100 ppmv, the low concentration in Figure 4.1, this 

sampling error can result in a 5% change in convers ion, while at the 

highest initial concentrations used, the change in conversion due to 

error is less than 1%.  
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Figure 4.1: PCE conversion as a function of catalyst surface 
temperature. Legend: ( □) 100 ppmv PCE; ( ▲) 400 ppmv PCE; ( ♦) 800 ppmv 
PCE; lines correspond to model at PCE concentration .  
 

 The experimental data and model both indicate that  conversion of 

PCE never reaches 100%. This is likely a result of the excess O 2, as 

previous results have indicated that O 2 competes with PCE for surface 

sites. 

 Figure 4.2 shows TCE conversion as a function of c atalyst surface 

temperature. TCE conversion begins approximately 50  °C lower than that 

of PCE. This is likely due to the presence of a sin gle H atom on the 

molecule, which can reduce steric hindrance at the catalyst surface, 

allowing TCE to adsorb more readily to the catalyst  surface. 
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Figure 4.2: TCE conversion as a function of catalyst surface 
temperature. Legend: ( □) 550 ppmv TCE; ( ▲) 1600 ppmv TCE; ( ♦) 2900 ppmv 
TCE; lines correspond to model at TCE concentration . 
 

Figure 4.3 shows the conversion of 1,1-dichloroethy lene as a function 

of catalyst surface temperature. 1,1-DCE experiment al data indicates 

more rate dependence on target concentration than a ny other chlorinated 

ethene. In an increase of only 1000 ppmv, the 50% c onversion point is 

shifted almost 100 °C. 1,1-DCE has both H atoms loc ated on the same C 

atom, allowing for increased binding with the catal yst surface. It is 

accepted that the most stable adsorption chemistry for ethylene on 

Pt(111) is ethylidyne (CCH 3)[52], with a triple bond connecting the C 

atom and Pt. 1,1-Dichloroethylene is the only chlor oethylene molecule 

studied that could readily attain this adsorption c onformation, perhaps 
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causing the chlorine end of the molecule to sterica lly hinder 

adsorption at nearby sites.  

 

Figure 4.3: 1,1-DCE conversion as a function of catalyst surfac e 
temperature. Legend: ( □) 350 ppmv TCE; ( ▲) 650 ppmv 1,1-DCE; ( ♦) 1400 
ppmv 1,1-DCE; lines correspond to model at 1,1-DCE concentration. 
 

The model diverges from the data at the highest con centration 

(1400 ppmv) at 450 °C, while also predicting decrea ses in conversion at 

higher catalyst temperatures for the lower concentr ations of 1,1-DCE. 

This is caused by the endothermic heat of adsorptio n, which creates a 

situation where K eq decreases as temperature increases. A decreasing K eq 

predicts that 1,1-DCE will increasingly favor the g as phase (see eq. 

4.5), lowering the surface concentration and preven ting catalysis from 

occurring. Experimentally, this does not occur, and  is unlikely to 
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occur, as catalytic oxidation of 1,1-DCE is likely to begin at higher 

temperatures, suggesting the model no longer descri bes the actual 

process at temperatures greater than 450 °C. 

 

Figure 4.4: 1,2-DCE conversion as a function of catalyst surfac e 
temperature. Legend: ( □) 450 ppmv 1,2-DCE; ( ▲) 1750 ppmv 1,2-DCE; ( ♦) 
2800 ppmv 1,2-DCE; lines correspond to model at 1,2 -DCE concentration. 
 

 Figure 4.4 shows the conversion of 1,2-DCE as a fu nction of 

catalyst surface temperature. Trans-1,2-DCE was used in this work, 

although the cis isomer is often used in mixtures. 1,2-DCE shows 

similar concentration dependence to that of 1,1-DCE , indicating that 

the presence of multiple H atoms changes the adsorp tion chemistry, 

creating increasing competition between DCE molecul es. The data (see 

Table 4.2) suggest that, under these conditions, th e overall reactivity 
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of chlorinated ethenes is: 1,1-DCE ≈ 1,2-DCE > TCE > PCE. Fitted values 

for E a suggest the reactivity order is: 1,1-DCE > 1,2-DCE  ≈ PCE > TCE. 

Values for Q ads  suggest the following adsorption strength order: 1 ,1-DCE 

> PCE > 1,2-DCE > TCE. 

 

4.3.3 Chlorinated Methane Compounds 

 Figure 4.5 shows the conversion of carbon tetrachl oride (CCl 4) as 

a function of catalyst surface temperature. The imm ediate observation 

is that CCl 4 is completely converted at temperatures 100 °C low er than 

any of the chlorinated ethenes. Chloroform (CHCl 3) and dichloromethane 

(CH2Cl 2) also exhibit complete conversion at temperatures lower than 

that of the chlorinated ethenes. 
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Figure 4.5: Carbon tetrachloride conversion as a function of ca talyst 
surface temperature. Legend: ( □) 150 ppmv carbon tetrachloride; ( ▲) 450 
ppmv carbon tetrachloride; ( ♦)  2400 ppmv carbon tetrachloride; lines 
correspond to model at carbon tetrachloride concent ration. 
 
 The geometry of the chlorinated ethylene compounds  and carbon 

tetrachloride explains this difference. PCE, for ex ample, is a much 

larger molecule and has a variety of ways to approa ch and bond with the 

catalyst, increasing the importance of site geometr y and decreasing 

overall reactivity. Carbon tetrachloride is a symme trical molecule and 

adsorption will be independent of approach geometry . The model under 

predicts conversion at 150 ppmv CCl 4, although this is most likely an 

error related to the definition of conversion and a  low concentration. 
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Figure 4.6: Chloroform conversion as a function of catalyst sur face 
temperature. Legend: ( □) 200 ppmv chloroform; ( ▲) 400 ppmv chloroform; 
( ♦) 1200 ppmv chloroform; lines correspond to model a t chloroform 
concentration. 
 

 Figure 4.6 shows chloroform conversion as a functi on of catalyst 

surface temperature. Based on the trends seen in th e ethylene 

compounds, chloroform should be expected to react a t lower temperatures 

than that of carbon tetrachloride due to the presen ce of the H atom. 

This is not the case and may relate to the non-symm etry in the 

molecule. Although the hydrogen atom can offer incr eased binding with 

the catalyst, it may be sterically hindered by the chlorine atoms, 

allowing only 3 of the 4 bonded atoms in the tetrah edral molecule to 

interact with the surface. The model at 200 ppmv do es not match the 

data well, as the chloroform conversion increases s lowly with catalyst 
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surface temperature. This is likely a result of exp erimental error, as 

chloroform is highly volatile, and constant low con centrations were 

difficult to obtain. 

 

Figure 4.7: Dichloromethane conversion as a function of catalys t 
surface temperature Legend: ( □) 200 ppmv dichloromethane; ( ▲) 400 ppmv 
dichloromethane; ( ♦) 1200 ppmv dichloromethane; lines correspond to 
model at chloroform concentration. 
 

 Figure 4.7 shows the conversion of dichloromethane  as a function 

of catalyst surface temperature. Dichloromethane re quires higher 

temperatures for similar conversion than either car bon tetrachloride or 

chloroform. The data are comparable to the conversi ons of TCE and PCE, 

adding evidence to approach geometry contributing t o the overall 

conversion of the chlorinated hydrocarbons by preve nting the most 
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favorable adsorption geometry from occurring. The d ata suggest that, 

under these conditions, the overall reactivity of c hlorinated methane 

compounds is: CCl 4 > CCl 3H > CCl 2H2. The reactivity trend is also present 

in the C-Cl bond dissociation energy  

 

4.3.4 Chlorinated Ethane Compounds 

 The chlorinated ethane compounds were generally ea sier to treat 

with catalytic reduction than the chlorinated ethyl ene or methane 

compounds. Trichlorinated and higher ethanes also u nderwent catalytic 

dehydrochlorination to chlorinated ethenes, which t hen underwent 

catalytic hydrodechlorination to the final benign p roducts as 

demonstrated in section 4.3.2. The reaction rate fo r 

dehydrochlorination, based on equation 4.1, can be written as 

 

 �� � �����Q�R�         (4.16) 

       

where k 2(m
-1  s -1 ) is the intrinsic first-order rate constant for th e 

dehydrochlorination reaction. The elimination react ion requires the H 

and Cl atoms to come from opposite C atoms. The rat e described by 

Equation 4.16, following the same steps presented f or Equation 4.4, can 

be described by the following equations: 

  

 �� � ���
("��V�"��V

<�)("��V�"��V=       (4.17) 

 �� � ���%        (4.18) 

 ��X � ��X �%        (4.19) 
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where k E(mol m -3  s -1 ) is the apparent first-order rate constant for the  

dehydrochlorination (elimination) reaction. Practic ally, the major 

difference between the hydrodechlorination model an d the 

dehydrochlorination model is that the competition t erm (the denominator 

in the above equation) is squared for hydrodechlori nation. 

We have observed this elimination reaction for all tested 

chlorinated ethane compounds with 3 or more chlorin es. The products of 

the hydrodechlorination reaction are provided in Ta ble 4.3. 

 

Table 4.3: Starting compounds and dehydrochlorination reaction  
products. 
 

 If dehydrochlorination is the only conversion mech anism for the 

chlorinated ethane compounds, the product ethenes w ould appear in a 

one-to-one ratio with the removal of the starting c ompound in the 

catalytic system. This was not the case, indicating  the catalytic 

hydrodechlorination, and possibly catalytic oxidati on at the higher 

temperatures, also converted the chlorinated ethane  compounds. These 

results will be shown during the discussion of each  of the chlorinated 

ethane compounds. To our knowledge, the dehydrochlo rination reaction 

has never been reported in a gas phase noble metal catalytic system 

involving these targets. 

 Figure 4.8 shows the conversion of 1,1-DCA as a fu nction of 

catalyst surface temperature.  This reaction is lik ely a 

Reactant Product

1,1,1-Trichloroethane 1,1-Dichloroethylene

1,1,2-Trichloroethane 1,2-Dichloroethylene

1,1,1,2-Tetrachloroethane Trichloroethylene

1,1,2,2-Tetrachloroethane Trichloroethylene

Pentachloroethane Tetrachlorethylene
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hydrodechlorination reaction, as dehydrochlorinatio n has not been 

reported on chlorinated ethanes with less than 3 Cl  atoms[46]. The 

model presented in Figure 5.8 is the hydrodechlorin ation model, and the 

lines represent this model. This is the standard si tuation for modeled 

conversion data for the rest of this section. The u se of the 

dehydrochlorination model will be explicitly stated . 1,1-DCA reacts at 

a lower temperature than any of compounds except 1, 1,1-TCA, which 

underwent near complete conversion to 1,1-DCE at ne ar ambient 

temperatures upon exposure to the catalyst. 1,1-DCE  also reacted at a 

low temperature compared to the other chlorinated e thylene compounds, 

which is an indication that the presence of a Cl-fr ee C in the molecule 

leads to comparatively easier conversion. 
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Figure 4.8: 1,1-DCA conversion as a function of catalyst surfac e 
temperature. Legend: ( □) 250 ppmv 1,1-DCA; ( ▲) 900 ppmv 1,1-DCA; ( ♦) 
1800 ppmv 1,1-DCA; lines correspond to model at 1,1 -DCA concentration. 
 

 Figure 4.9 shows the conversion of 1,2-DCA as a fu nction of 

catalyst surface temperature. This compound reacts at higher catalyst 

temperatures and shows slightly greater concentrati on dependence than 

1,1-DCA. Similar to 1,1-dichlorethane, this is also  likely a 

hydrodechlorination reaction, as no chlorinated int ermediates were 

observed. 
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Figure 4.9: 1,2-DCA conversion as a function of catalyst surfac e 
temperature. Legend: ( □) 250 ppmv 1,2-DCA; ( ▲) 750 ppmv 1,2-DCA; ( ♦) 
1800 ppmv 1,2-DCA; lines correspond to model at 1,2 -DCA concentration. 
 

 As mentioned above, 1,1,1-TCA underwent near immed iate conversion 

to 1,1-DCE on exposure to the catalyst at room temp erature. Since the 

dehydrochlorination elimination reaction results in  a 1-to-1 conversion 

of reactant to product, the 1,1-DCE outlet concentr ation can be 

compared to the model with the parameters determine d in section 4.3.2. 

Figure 4.10 shows the product, 1,1-DCE, concentrati on as a 

function of catalyst temperature, as well as the pr edicted 

concentration if every mole of 1,1,1-TCA forms a mo le of 1,1-DCE. 
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Figure 4.10: 1,1-DCE outlet concentration as a function of catalyst 
surface temperature. 1,1,1-TCA inlet concentration of 1300 ppmv. 
Legend: ( ♦) 1,1-DCE; The solid line corresponds to the modele d 1,1-DCE 
outlet concentration while the dotted line indicate s 1,1,1-TCA inlet 
concentration. 
 

 The experimental data for the outlet of 1,1-DCE is  highly 

informative. No 1,1-DCE was fed into the reactor, s o 1,1,1-TCA 

undergoes rapid transformation to the product compo und. The 1,1-DCE 

concentration never gets as high as expected, which  could be due to 

incomplete transformation, a Cl dissociation reacti on overshadowed by 

the elimination reaction or experimental error. Con version of 1,1-DCE 

begins at the expected temperature and the model pr edicts the expected 

1,1-DCE outlet concentration. There is a slight dif ference between the 

model and the experimental data, although this can be accounted for by 
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slight differences in actual residence time within the catalyst, due to 

formation of the 1,1-DCE in the initial elimination  reaction. The 

elimination reaction was also observed to occur wit hout the presence of 

O2 or propane for 1,1,1-TCA. The other chlorinated et hanes were not 

tested in this manner. 

 
Figure 4.11: 1,1,2-TCA conversion as a function of catalyst surf ace 
temperature. Legend: ( □)150 ppmv 1,1,2-TCA; ( ▲) 400 ppmv 1,1,2-TCA; ( ♦) 
700 ppmv 1,1,2-TCA; lines correspond to model at 1, 1,2-TCA 
concentration. 
 

 Figure 4.11 shows the conversion of 1,1,2-TCA as a  function of 

catalyst surface temperature. This compound’s conve rsion exhibits very 

little concentration dependence in the range explor ed, indicating a 

fast reaction on the surface of the catalyst. This compound undergoes 

dehydrochlorination, as can be seen in Figure 4.12.  The model presented 
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for 1,1,2-TCA in Figure 4.12 is for dehydrochlorina tion, with the 

parameter values in Table 4.4. 

 

Table 4.4: Fitted parameter values for the 3 chlorinated ethan es fit 
with the dehydrochlorination model in Equation 4.17 . These parameters 
were used for the model presented for the chlorinat ed ethanes in 
Figures 4.12, 4.14 and 4.16. 

 

Although the model changed, forcing the parameters to change, the 

actual fit to the data changed only slightly. At th is point, it is 

unclear which mechanism is the dominant mechanism f or the chlorinated 

ethanes presented in Table 4.4, as both produce rea sonable fits. The 

model has been fit to the conversion data presented  for 

hydrodechlorination, although this data is not pres ented, as it adds 

little to the discussion. 

Compound k'
E Ea K0 Qads

s -1 
kJ/mol cm3 mol -1

kJ/mol

1,1,2-Trichloroethane 2.80×10 1 
90.0 2.92×10 3

-42.4

1,1,2,2-Tetrachloroethane 2.95×10 -3 
54.4 2.12×10 4

-46.1

Pentachloroethane 1.07×10 -2
57.9 2.32×10 5

-31.9
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Figure 4.12: 1,1,2-TCA and 1,2-DCE concentration as a function o f 
catalyst surface temperature. 1,1,2-TCAinlet concen tration of 400 ppmv. 
Legend: ( ♦) 1,1,2-trichlorethane; ( ▲) 1,2-DCE; The solid line 
corresponds to the modeled 1,2-DCE outlet concentra tion while the 
dotted line indicates the modeled 1,1,2-TCA outlet concentration. 
 

 Figure 4.12 shows the outlet concentrations of 1,1 ,2-TCA and 1,2-

DCE as a function of catalyst surface temperature. The elimination of 

HCl does not occur in 1,1,2-trichlorethane as rapid ly as in 1,1,1-

trichlorethane and the product formed is 1,2-DCE, r ather than 1,1-DCE. 

The solid line is the modeled outlet concentration of 1,2-DCE if 1,1,2-

TCA were to undergo dehydrochlorination as the only  removal mechanism. 

The reaction rate can be described by the following  equation: 

 

 �� � ����Q�R� � ���Q�R� CTU       (4.16) 
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Competition between the two chlorinated species is not considered in 

this analysis. The chlorinated ethylene is formed a t the negative rate 

of removal of the chlorinated ethane, and is remove d at the ethylene 

removal rate described in section 4.3.1. Parameter values are the 

values found in Table 4.2. The 1,2-DCE concentratio n begins to rise as 

1,1,2-TCA undergoes dehydrochlorination, but not as  rapidly as expected 

based on complete dehydrochlorination of 1,1,2-TCA.  Since the model is 

predicated on there being 1 mole of 1,2-DCE formed for every mole of 

1,1,2-TCA converted, over prediction of the 1,2-DCE  concentration is an 

indication that the 1,1,2-TCA does not undergo comp lete 

dehydrochlorination but also experiences hydrodechl orination. The 

difference between the actual concentration and the  predicted 

concentration is unlikely to be due to the model no t taking into 

account site competition between the two species. I f site competition 

between the two species was a major contributor, th e model would under 

predict the outlet concentration, as competition wo uld decrease 

conversion of the ethene compound.  
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Figure 4.13: 1,1,2,2-TeCA conversion as a function of catalyst s urface 
temperature. Legend: ( □) 500 ppmv 1,1,2,2-TeCA ( ▲) 700 ppmv 1,1,2,2-
TeCA; ( ♦) 1200 ppmv 1,1,2,2-TeCA; lines correspond to model  at 1,1,2,2-
TeCA concentration. 
 

Figure 4.13 shows the conversion of 1,1,2,2-TeCA as  a function of 

catalyst surface temperature. Much like 1,1,2-TCA, very little 

concentration dependence is seen in the conversion of this compound. A 

postulate for this situation is that hydrodechlorin ation and 

dehydrochlorination occur at difference sites on th e catalyst surface, 

and since both reactions occur for 1,1,2,2-TeCA (se e Figure 4.14) and 

1,1,2-TCA, that site competition is reduced. 



90 
 

 

Figure 4.14: 1,1,2,2-TeCA and TCE concentration as a function of  
catalyst surface temperature. 1,1,2,2-TeCA inlet co ncentration of 1200 
ppmv. Legend: ( ♦)1,1,2,2-tetrachlorethane; ( ▲) TCE; The solid line 
corresponds to the modeled TCE outlet concentration  while the dotted 
line indicates the modeled 1,1,2,2-TeCA outlet conc entration. 
 

Figure 4.14 shows the outlet concentration of 1,1,2 ,2-TeCA and 

TCE as a function of catalyst surface temperature. The trend is the 

same as with 1,1,2-TCA, but the product is now TCE.  The modeled outlet 

concentration for TCE indicates that the 1,1,2,2 Te CA removal mechanism 

is a combination of dehydrochlorination and hydrode chlorination.  

Data will not be presented for 1,1,1,2-TeCA, due to  limited 

availability of the chemical, but initial results i ndicate that this 

compound also undergoes a dehydrochlorination elimi nation reaction to 

TCE. 
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Figure 4.15: Pentachloroethane conversion as a function of catal yst 
surface temperature. Legend: ( □) 100 ppmv pentachloroethane ( ▲) 200 
ppmv pentachloroethane; ( ♦) 450 ppmv pentachloroethane; lines 
correspond to model at pentachloroethane concentrat ion. 
 

 Figure 4.15 shows the conversion of pentachloroeth ane as a 

function of catalyst surface temperature. Unlike th e other chlorinated 

ethanes, pentachloroethane shows a strong dependenc e on catalyst 

surface temperature. In fact, it has a stronger dep endence than any of 

the chlorinated compounds tested, with the 100 °C s eparating the 50% 

conversion mark at 100 ppmv from the same point at 450 ppmv. 

Pentachloroethane is the least volatile of the chlo rinated ethanes. 
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Figure 4.16: Pentachloroethane and PCE concentration as a functi on of 
catalyst surface temperature. Pentachloroethane inl et concentration of 
450 ppmv. Legend: ( ♦) Pentachloroethane; ( ▲) PCE. The solid line 
corresponds to the modeled PCE outlet concentration  while the dotted 
line indicates the modeled 1,1,2,2-TeCA outlet conc entration. 
 

Figure 4.16 shows the outlet concentrations of pent achloroethane 

and PCE as a function of catalyst surface temperatu re. 

Pentachloroethane is dehydrochlorinated more rapidl y than 1,1,2,2-TeCA 

and forms PCE. The modeled PCE outlet concentration  tracks relatively 

closely with the experimental data, indicating that  the elimination 

reaction is more dominant for pentachloroethane tha n the other 

chlorinated ethanes. 
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4.3.5 Effect of C-Cl Bond Dissociation Energy on Ki netics 

 Previous research in an aqueous electrolytic syste m has suggested 

that the activation energy for the C-Cl dissociatio n reaction can be 

related to the C-Cl bond dissociation energy throug h an analysis based 

on transition state theory leading to a linear free  energy relationship 

(LFER) [53]. This analysis states that the rate con stant can be related 

to ∆G‡, the Gibbs energy of activation for the rate limit ing step of the 

overall reaction pathway, through the following equ ation: 

 

 � � [	0
F\‡
�� 5

        (4.20) 

 

where k is the rate constant for the rate-controlli ng step and A is a 

reaction dependent pre-exponential factor. For a se ries of related 

compounds that react via the same mechanism, the ch ange in ∆G‡ can be 

described by: 

 

 ^_`‡ � a^_`°        (4.21) 

 

where ∆G° is the standard Gibbs free energy of an arbitrar y reference 

reaction and θ is a constant based on LEFR based on the series of  

related compounds. Integrating equation 4.21 leads to the following 

relationship: 

 

 _`‡ � a_`° ' �        (4.22) 
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where C is an integration constant. Using the stand ard definition for 

∆G°: 

  

 _`° � _c° � d_e°       (4.23) 

 

and combining with equations 4.21 and 4.22 gives th e following 

relationship: 

 

 � � [f	,
gF"°E�
�� /        (4.24) 

 

∆H° is the standard change in enthalpy for the react ion and can be 

related to the enthalpy of formation for the produc ts and reactants in 

reaction 4.3: 

 

      _c° � _ch°<i ·= ' _ch°<�k ·= � _ch°<i�k=     (4.25) 

 

which is also the definition for E BDE, the bond dissociation energy for 

the C-Cl bond: 

 

 lmn� � _ch°<i ·= ' _ch°<�k ·= � _ch°<i�k=     (4.26) 

 _c° � lmn�        (4.27) 

 � � [f	,
g�op�E�
�� /       (4.25) 

 

 A comparison of equation 4.25 with 4.7 shows that Ea can be 

related to E BDE through a linear relationship: 
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 lq � almn� � �        (4.27) 

 

 A plot of the fitted activation energies in Table 4.2 against the 

bond dissociation energies listed in Table 4.1 shou ld yield a straight 

line. Figure 4.17 shows linear fits of E a vs. E BDE.  

Figure 4.17: Activation energy against C-Cl bond dissociation en ergy. 
If LEFR is applicable, a linear relationship betwee n the two values 
should exist. Legend: ( ▲) chlorinated methanes; ( ♦) chlorinated 
ethanes. Lines indicate a linear fit for each set o f related compounds. 
R2 values: methanes – 0.878; ethanes – 0.772.  
 
 The linear relationship between E a and E BDE is readily apparent for 

the chlorinated alkane compounds. No correlation (R 2 = 0.048) appeared 

to exist for the chlorinated ethenes and the data w ere not included 

presented in Figure 4.17. A strong linear correlati on for chlorinated 

alkanes, and no correlation for chlorinated alkenes , was shown by Liu 
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et al.[53], with the exception that the chlorinated alka ne compounds 

were treated as one group rather than separated int o methanes and 

ethanes. The relationship holds but the fits are no t strong enough to 

suggest adapting the linear relationship into the m odel developed in 

section 4.3.1, due to the strong sensitivity of con version to the 

activation energy. There are several sources of err or that could 

strengthen the fits, if corrected. Error is introdu ced in E a during the 

initial parameter fitting process due to error in t he experimental data 

and the possibility of the fitted activation energy  parameters being 

the best fit at a local minima rather than a global  minima. The values 

used in this work for E BDE are also open to debate. There is a wide range 

of reported values for the C-Cl bond dissociation e nergy[51] for 

several reasons. It can be difficult to determine w hich Cl is 

abstracted in non-symmetrical molecules. The values  used in this work 

are the most widely accepted values[51]. 

 

4.4 Conclusions 

 The catalytic reduction of chlorinated alkanes and  alkenes was 

studied over a three-way catalyst in the presence o f O 2 (20%) and 

propane (2%). The chlorinated hydrocarbons were con verted to benign 

products through either hydrodechlorination or dehy drochlorination, 

depending on the compound. The chlorinated methanes  and ethenes 

underwent hydrodechlorination, where a Cl dissociat ed from the parent 

compound on the catalyst surface while the chlorina ted ethanes 

underwent a mixture of dehydrochlorination and hydr odechlorination. 

1,1,1-TCA underwent dehydrochlorination almost imme diately upon 

exposure to the three way catalyst. A four-paramete r, apparent first-
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order Langmuir-Hinshelwood kinetic model was develo ped that captured 

the effect of the target inlet concentration and ca talyst surface 

temperature under the experimental conditions. The adsorption of the 

target compounds to the catalyst surface was exothe rmic, while the 

overall reaction is exothermic.  A linear relations hip, based on 

transition state theory and LFER, between the C-Cl bond dissociation 

energy, E BDE, and the fitted activation energy, E a, was shown to exist 

for the chlorinated methanes and ethanes but not th e ethenes. However, 

this relationship was not strong enough to recommen d implementation 

into the developed model, possibly due to having tw o different 

mechanisms for Cl removal for chlorinated ethanes. 
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CHAPTER 5 

DESTRUCTIVE ADSORPTION 

 

The role of the cerium oxide present in a three-way  catalyst on the 

direct oxidation of perchloroethylene (PCE) has bee n explored. 

Experiments have shown that in the absence of an ex ternal oxidizing 

agent, PCE can be converted over an alumina support ed Pt/Rh catalyst.  

We hypothesize that the chlorine atoms in the adsor bed PCE interact 

with oxygen in oxidized cerium, CeO 2, reducing the cerium and replacing 

the oxygen atoms to create CeCl 3. This process begins at a catalyst 

surface temperature of 300 °C and reaches 100% conversion at 400 °C. 

Conversion is sustained until all oxygen in the cat alyst is consumed. 

 

5.1 Introduction 

Our group has explored the use of alumina-supported  Pt/Rh 

catalyst to convert chlorinated hydrocarbons, prima rily 

perchloroethylene (PCE), into benign products by ex posing the PCE to a 

mixed redox environment (H 2 or propane and O 2). We have shown that, at 

stoichiometric ratios, both H 2 and propane can effectively remove PCE 

from a gas stream containing oxygen when exposed to  the Pt/Rh 

catalyst[6, 8] A pilot-scale test indicated that th is process can be 

effective for soil remediation when used with soil- vapor extraction[7].  

 An automotive TWC consists of an inert support, a wash coat and 

the noble metals used for catalysis. The cordierite  support often has a 

honeycomb structure, and is covered in a wash coat containing alumina, 

cerium, zirconium and other trace constituents. The  wash coat is used 

to deposit the noble metal (Pt, Rh, or Pd) in a dis perse fashion. 
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Cerium oxide is used in order to create a more stab le wash coat with a 

larger dispersion of noble metals[54, 55]. Cerium a lso works to 

increase both the thermal resistance[56] and the ox ygen storage 

capacity[57] of the TWC. In recent years, cerium zi rconium oxides 

(Ce xZr 1- xO2) have been replacing cerium oxide, due to greater oxygen 

storage capacity and thermal properties[58]. Oxygen  mobility has also 

proven to be increased in cerium zirconium oxides[5 9].  If the TWC is 

exposed to an oxidizing environment, the cerium oxi de exists as CeO 2, 

while the reduced form is Ce 2O3. 

 Bedrane et al.[35] have noted that the oxygen storage capacity o f 

cerium oxides depends on both the metals present an d the surface 

temperature. In general, higher temperatures produc e higher capacities. 

Oxygen storage capacity proved to be greater with p latinum present than 

rhodium. Studies were not done with both metals pre sent, but all metals 

were shown to increase oxygen storage capacity over  non-metallic 

baselines. They also recorded differences in temper ature effects 

between cerium oxides and cerium zirconium oxides, with the oxygen 

storage capacity of cerium zirconium oxides showing  more temperature 

dependence. It was also noted that storage capacity  plateaus existed 

above 450 °C. Attempts to model and quantify this phenomena ha ve been 

reported[60]. 

 Destructive adsorption of chlorinated hydrocarbons  (CH 2Cl 2, CHCl 3, 

CCl 4) was explored by Koper et al.[61]. It was demonstrated that CCl 4 

reacts with high surface area CaO to form CaCl 2 and CO 2. Weckhuysen et 

al.[20] extended this work to the reaction of CCl 4 and alkaline earth 

metal oxides as a group, observing the presence of an oxygenated 

intermediate, COCl 2. Lanthanum and cerium oxides proved effective at 
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removing CCl 4, with cerium oxides showing complete conversion to  CeCl 3 

at temperatures above 450 °C[19]. They proposed that the overall 

stoichiometric reaction for CCl 4 could be written as: 

 

 2 CeO 2 + 2 CCl 4 → 2 CeCl 3 + 2 CO 2 + Cl 2   (5.1) 

 

Further studies have focused primarily on supported  and unsupported 

lanthanum oxides. Van der Avert et al.[62] reported that the presence 

of steam promotes the conversion of CCl 4 on lanthanum and alkaline earth 

metal oxides, and could be used to prevent destruct ion of the oxides 

and create a catalysic effect[21]. The mechanistic implications and 

relative activity of intermediates of lanthanum oxi des have also been 

explored[63, 64]. 

 This work studies destructive adsorption of PCE on  a TWC. The 

cerium zirconium oxide present in the TWC acts to r emove chlorines from 

PCE to create a chlorinated surface and carbon diox ide. The reaction 

occurs at temperatures above 450 °C and eventually consumes the available 

oxygen. This process can be slowed, and the surface  can be recovered by 

adding water vapor to the influent gas stream. Dest ructive adsorption 

occurs only in the absence of an external reductant  or oxidant. 

 

5.2 Experimental 

 

5.2.1 Catalyst 

Catalyst monoliths (2.54 cm OD × 2.54 cm length cylinder) were cut 

from a commercially available 820 cm 3 catalyst honeycomb block. The 

Pt/Rh ratio was 3:1 wt/wt, deposited on a support c omprised of 



 

cordierite (90%) and a wash coat (10%) containing a lumina, cerium 

zirconium oxide, and other trace constituents. The honeycomb monolith 

contained 0.185 mg total 

cells/cm 2. The presence of the noble metals will have an eff ect on the 

oxygen storage capacity (OSC) of the cerium zirconi um oxide. Each cell 

had a cross section 1 mm 

were 12.87 cm 3 and 9.36 cm

determined by immersion of a blank catalyst monolit h in heptane. The 

commercially available (Applied Ceramics, Inc., Dor aville, Georgia) 

unamended alumina support exhibited no activity in the pres

and N 2 only. 

 

Figure 5.1:  SEM image of three
centered on cerium zirconium oxide, which is part o f the wash coat. 
Point 2 is centered on alumina, which occurs in bot h the wash coat and 
the support. 

A scanning electron microscope image of the catalyt ic surface can be 

seen in Figure 5.1. Elemental analysis was obtained  using an energy 

cordierite (90%) and a wash coat (10%) containing a lumina, cerium 

zirconium oxide, and other trace constituents. The honeycomb monolith 

contained 0.185 mg total noble metal/cm 3 with a cell density of 62 

. The presence of the noble metals will have an eff ect on the 

oxygen storage capacity (OSC) of the cerium zirconi um oxide. Each cell 

had a cross section 1 mm × 1 mm. The catalyst solid and void volumes 

and 9.36 cm 3, respectively.  The void volume was 

determined by immersion of a blank catalyst monolit h in heptane. The 

commercially available (Applied Ceramics, Inc., Dor aville, Georgia) 

unamended alumina support exhibited no activity in the pres

 

 

SEM image of three - way catalyst surface. Point 1 is 
centered on cerium zirconium oxide, which is part o f the wash coat. 
Point 2 is centered on alumina, which occurs in bot h the wash coat and 

 

A scanning electron microscope image of the catalyt ic surface can be 

seen in Figure 5.1. Elemental analysis was obtained  using an energy 
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cordierite (90%) and a wash coat (10%) containing a lumina, cerium 

zirconium oxide, and other trace constituents. The honeycomb monolith 

with a cell density of 62 

. The presence of the noble metals will have an eff ect on the 

oxygen storage capacity (OSC) of the cerium zirconi um oxide. Each cell 

1 mm. The catalyst solid and void volumes 

, respectively.  The void volume was 

determined by immersion of a blank catalyst monolit h in heptane. The 

commercially available (Applied Ceramics, Inc., Dor aville, Georgia) 

unamended alumina support exhibited no activity in the pres ence of PCE 

way catalyst surface. Point 1 is 
centered on cerium zirconium oxide, which is part o f the wash coat. 
Point 2 is centered on alumina, which occurs in bot h the wash coat and 

A scanning electron microscope image of the catalyt ic surface can be 

seen in Figure 5.1. Elemental analysis was obtained  using an energy 



 

dispersive spectroscopy (EDS) detector. EDS was per formed with an 

accelerating voltage of 15.0 kV.  The EDS 

Figure 5.1 can be seen in Figures 5.2a and 5.2b. 

Figure 5.2 : a. EDS spectra
both cerium and zirconium indicate the light portio n of the SEM image 
depicts cerium zirconium oxide. b. EDS 
5.1. Presence of high counts of aluminum and little  of other elements 
indicate dark portion of the SEM image depict

 

The analysis indicates that the dark areas in Figur e 5.1 are alumina 

and the light areas are the cerium zirconium oxide wash coat. Platinum 

and rhodium particles are present on both the ceriu m zirconium oxide 

and the alumina. The figure shows t

b 

a 

dispersive spectroscopy (EDS) detector. EDS was per formed with an 

accelerating voltage of 15.0 kV.  The EDS spectra fo r points 1 and 2 in 

Figure 5.1 can be seen in Figures 5.2a and 5.2b.  

spectra  of point 1 from Figure 5.1 . Large counts for
both cerium and zirconium indicate the light portio n of the SEM image 
depicts cerium zirconium oxide. b. EDS spectra of point 2 from Figure 
5.1. Presence of high counts of aluminum and little  of other elements 
indicate dark portion of the SEM image depict s alumina. 

The analysis indicates that the dark areas in Figur e 5.1 are alumina 

and the light areas are the cerium zirconium oxide wash coat. Platinum 

and rhodium particles are present on both the ceriu m zirconium oxide 

and the alumina. The figure shows t hat the wash coat is uniformly 
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dispersive spectroscopy (EDS) detector. EDS was per formed with an 

r points 1 and 2 in 

 

. Large counts for  
both cerium and zirconium indicate the light portio n of the SEM image 

of point 2 from Figure 
5.1. Presence of high counts of aluminum and little  of other elements 

The analysis indicates that the dark areas in Figur e 5.1 are alumina 

and the light areas are the cerium zirconium oxide wash coat. Platinum 

and rhodium particles are present on both the ceriu m zirconium oxide 

hat the wash coat is uniformly 
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distributed over the cordierite surface, with a wid e particle size 

distribution, including particles reaching a few mi crons in size. 

 

5.2.2 Reactor System 

Experiments were carried out in a tubular reactor.  The reactor 

was a 50 cm (long) by 2.54 cm (inner diameter) quar tz tube (ACE 

Glassware), containing the 2.54 cm × 2.54 cm cylindrical catalyst 

monolith.  The tubular reactor was housed in a sing le-zone tube furnace 

(Thermolyne 21100), aligned at a 45 ° angle, and equipped with 

temperature control.  The length of the furnace was  38 cm. The 

honeycomb was located inside the reactor tube, appr oximately 20 cm from 

the upstream end of the furnace.  This allowed the gas to reach the 

furnace temperature before entering the honeycomb s tructure.  

Temperature was measured in two places using thermo couples: a K-type 

thermocouple (Omega Engineering) was placed at the center of the inlet 

face of the honeycomb (the thermocouple was directl y in contact with 

the solid surface of the honeycomb) and a Type Plat inel II thermocouple 

was located at the furnace inner wall above the hon eycomb (set point 

for temperature control).  An independent measureme nt verified that the 

gas temperature at the entrance of the honeycomb bl ock was 

approximately equal to the furnace temperature at t he operating 

conditions employed in this work. 

Before experimentation, the catalyst was pretreated  with a gas 

stream consisting of 5% O 2 and 95% N 2 overnight (12-16 hours) at 500 °C. 

This was done in order to fully oxidize the surface  to Ce xZr 1- xO2. 

Experiments were typically performed until conversi on of PCE approached 

zero, an indication that the oxygen available in th e catalyst was fully 
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consumed. Oxygen (99.9%, Air Liquide) and nitrogen (99.99%, The 

University of Arizona Cryogenics & Gas Facility) we re used as obtained.  

Flows were regulated using needle valves (Swagelok)  and mass control 

sensors (Omega Engineering, Inc.). Liquid PCE (Aldr ich, 99.9+%) was 

placed in a modified flask located in an insulated water bath (20 °C).  

Nitrogen was passed over the surface of the PCE, en training the vapor 

phase, which was then mixed with O 2 and N 2 at experiment-dependent 

ratios.  The total flow rate was 0.5 L/min at room temperature, and 

concentrations of PCE were <600 ppmv.  Residence ti mes in the reactor 

ranged from 0.6 s (catalyst at room temperature) to  less than 0.2 s 

(catalyst at 400 °C and above).  

 

5.2.3 Analytical 

A HP 5890 gas chromatograph equipped with a flame i onization 

detector (FID) was used to analyze the influent and  effluent streams. 

Gas samples were injected into the GC using Hamilto n gas-tight 

syringes. A 0.53-mm wide-bore capillary column (J&W  DB-624, 30 m × 0.53 

mm × 3.0 mm) was used to measure hydrocarbons and chlor inated 

hydrocarbons. The temperatures of the injector and the detector were 

typically 200 °C and 250 °C, respectively. 

 

5.2.4 Experiments 

The catalyst temperature was adjusted to 100 °C under N 2 only 

conditions to begin a typical experiment. At that p oint, PCE was added 

into the system, and the temperature was gradually ramped up across the 

temperature range of the experiment. Inlet and outl et concentrations of 
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PCE were measured every 20 to 25 °C. The inlet concentration was 

constant throughout all experiments reported. After  every experiment, 

unless otherwise noted, the catalyst was cleaned fo r 12-16 hours under 

5% O2 in N 2 (1 L/min) at 500 °C. 

 

5.3 Results and Discussion 

 

5.3.1 Destructive Adsorption of PCE – Temperature D ependence 

The destructive adsorption phenomenon was initially  observed 

while attempting to ensure that the reactor system was leak-free, by 

measuring the inlet and outlet concentrations of PC E in N 2 over the 

range of typical operating temperatures (150 °C – 500 °C). Figure 5.3 

shows the results of this experiment, as well as tw o others where there 

is either no catalyst monolith or only the unamende d alumina support. 

PCE conversion is defined as: 

 

 I<%= �  ����,LMD����,NOP
����,LM

� 100      (5.2) 

 

where X is the conversion of PCE and C in  and C out  are the inlet and 

outlet concentrations of PCE, respectively.   
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Figure 5.3: PCE conversion as a function of catalyst surface 
temperature. Influent PCE concentration was 500 ppm v. Gas flow rate 
(N 2+PCE) of 0.5 Lpm at 25 °C. PCE removal occurs only when the three-way 
catalyst is present in the reactor. Legend: ( ♦) No catalyst present; 
( □) Unamended alumina support; ( ▲) Three-way catalyst. 

 

When the TWC is not present in the reactor, no PCE loss is observed. In 

the presence of the TWC, PCE conversion begins at a  catalyst surface 

temperature of 300 °C and reaches 100% conversion by 400 °C. Weckhuysen et 

al.[19] reported CCl 4 conversion began at 450 °C on high purity CeO 2. The 

CeO2 was pre-treated with oxygen at 600 °C overnight an d exposed to 

pulses of CCl 4 while undergoing in situ Raman spectroscopy. These 

experiments indicated that cerium was reduced from Ce(IV) to Ce(III). 
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Figure 5.4: PCE concentration  and catalyst surface temperature   as a 
function of experimental run time. Influent PCE con centration was 700 
ppmv. Gas flow rate of 0.5 Lpm at 25 °C. Conversion of PCE gradually 
decreases to zero over the initial 75 minutes. The furnace is turned 
off and the PCE source is removed at this point (in dicated by solid 
vertical line) and no desorption of PCE is observed . At 130 minutes, 
the furnace is turned back on (indicated by dashed vertical line) and 
PCE desorption again is not observed. Legend: ( ♦) PCE inlet 
concentration; ( □) PCE outlet concentration; ( ▲) Catalyst surface 
temperature. 

 

Figure 5.4 indicates that PCE does not simply desor b at lower 

temperatures at a later time. In N 2 only conditions, the experiment was 

run until PCE conversion reached zero. At this time , both the inlet PCE 

source was removed and the furnace was shut off. PC E desorption was not 

observed, nor was it present when the surface tempe rature was again 

increased in the absence of a PCE source. This evid ence, coupled with 
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the lack of any detectable partially chlorinated by product, indicates 

that the PCE is indeed destroyed. In the absence of  an oxygen source, 

the only oxygen present is in the oxidized form of the cerium oxide, 

CeO2.  

 Similar to the stoichiometric reaction proposed fo r CCl 4 in 

Section 5.1, we propose that the overall (unbalance d) reaction for the 

destructive adsorption of PCE is: 

 

 CeO2 + C 2Cl 4 → CeCl 3 + CO 2 + Cl 2    (5.3) 

 

There is also likely to be the presence of the inte rmediate 

described by Weckhuysen et al.[19], CeOCl. A chlorinated metal 

intermediate has also been noted in the use of alka line earth metal 

oxides and lanthanum oxides[20, 62]. A post destruc tive adsorption (a 

similar experiment was performed to that described in Figure 5.4) SEM 

image is shown in Figure 5.5.  
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Figure 5.5 : SEM image of three-way catalyst surface after a d estructive 
adsorption experiment. Point 1 is centered on ceriu m zirconium oxide, 
which is part of the wash coat. Point 2 is centered  on alumina, which 
occurs in both the wash coat and the support. There  is no readily 
visible difference between this image and the image  shown in Figure 
5.1. 

 

The presence of chlorinated surface species is indi cated through 

EDS performed on the sample shown in Figure 5.5. Th e SEM image related 

to the EDS spectra in Figure 5.5 is seen in Figure 5.6. Point 1 in 

Figure 5.5, EDS scan shown in Figure 5.6a, shows an  increase in 

chlorine count in the cerium zirconium oxide from F igure 5.2a, in which 

chlorine did not appear. Figure 5.6b, representing Point 2 in Figure 

5.5, with only a slight chlorine count indicates th at the majority of 

chlorine is present in the cerium zirconium oxide. 

2 

1 



 

Figures 5.6:  a. EDS 
both cerium and zirconium indicate the light portio n of the SEM image 
depict cerium zirconium oxide. As compared to Figur e 5.2a, a large 
increase in chlori ne count indicates the presence of a chlorinated 
species in the cerium zirconium oxide.  b. EDS 
Figure 5.5. Presence of high counts of aluminum and  little of other 
elements indicate dark portion of the SEM image dep icts alumina. The
lack of a large chlorine count indicates that chlor ine is present 
primarily in the cerium zirconium oxide.

 

5.3.2 Destructive Adsorption in the Presence of Oth er Reactants

All experiments discussed to this point consisted o f a

gas stream of only PCE and N

water vapor and O 2

experiments of Van der Avert 

water both promotes the conversion of CCl

b 

a 

a. EDS spectra of point 1 from Figure 5.5. Large counts of 
both cerium and zirconium indicate the light portio n of the SEM image 
depict cerium zirconium oxide. As compared to Figur e 5.2a, a large 

ne count indicates the presence of a chlorinated 
species in the cerium zirconium oxide.  b. EDS spectra of point 2 from 
Figure 5.5. Presence of high counts of aluminum and  little of other 
elements indicate dark portion of the SEM image dep icts alumina. The
lack of a large chlorine count indicates that chlor ine is present 

in the cerium zirconium oxide.  

5.3.2 Destructive Adsorption in the Presence of Oth er Reactants

All experiments discussed to this point consisted o f a

PCE and N 2. Other possible reactants of interest are 

2. Water is of particular interest, due to the 

experiments of Van der Avert et al.[62], where it was demonstrated that 

the conversion of CCl 4 and regenerates  
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Figure 5.7: PCE conversion as a function of catalyst surface 
temperature. Influent PCE concentration was 700 ppm v. Gas flow rate of 
0.5 Lpm at 25 °C. Destructive adsorption occurs in the presence of  H 2O, 
which does not have a promotion effect on the react ion. The presence of 
oxygen prevents destructive adsorption and instead creates catalytic 
oxidation. Legend: ( ♦) PCE only; ( □) PCE and 0.5% H 2O; ( ▲) PCE and 4.5% 
O2 

 

Figure 5.7 shows the removal of PCE in the absence of other 

reactants, in the presence of water vapor and in th e presence of 

oxygen. Water does not have an obvious positive eff ect on the 

conversion of PCE under these experimental conditio ns, but there is 

also no obvious negative effect. Oxygen, on the oth er hand, appears to 

inhibit destructive adsorption. It should be noted that the 

concentration of O 2 (4.5%) was much higher than the concentration of H 2O 
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(0.5%) due to experimental restrictions. The temper ature dependent 

curve presented in Figure 5.7 is highly similar to the data presented 

by Orbay et al. [6] for oxidation of PCE on the same catalyst mat erial.  

This has previously been taken as an indication tha t oxygen competes 

with PCE for surface sites on the TWC. The results indicate that 

destructive adsorption occurs only in the absence o f gas phase oxygen 

and cannot be considered simply as a direct oxidati on of PCE. 

 Another indicator of mechanistic differences betwe en catalytic 

oxidation of PCE and destructive adsorption is the absence of chlorine 

concentrated on the cerium zirconium oxide after lo ng exposure times. 

One of the leading causes of catalyst deactivation during catalytic 

oxidation is chlorine poisoning.  EDS performed on a catalyst that has 

undergone long term studies of catalytic deactivati on indicates that 

chlorine is dispersed throughout the wash coat, pre sent on both the 

alumina and cerium zirconium oxide. As noted in Fig ure 5.6, when the 

PCE removal process is destructive adsorption, chlo rine occurs only on 

the cerium zirconium oxide. 

 

5.3.3 Regeneration of Cerium Oxide 

The destructive adsorption process results in the r eduction of 

the cerium, as well as the replacement of lattice o xygen atoms with 

chlorine atoms.  If the reaction proposed in equati on 3 were correct, 

this process would quickly consume the available ce rium oxide. Previous 

work on lanthanum oxide has shown that the addition  of water vapor to 

the gas stream results in a promotion effect and al lows the destructive 

adsorption process to continue indefinitely[62]. Th is occurs because 

the water is able to re-oxidize the lanthanum oxide . Figure 5.8 shows 
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the effect of water on PCE conversion as a function  of time. Similar to 

previous experiments without water, PCE conversion gradually decreased, 

although conversion leveled off at 10% instead of d egenerating to 0%. 

As demonstrated with the temperature dependent expe riments shown in 

Figure 5.7, water appears to play only a small role  in destructive 

adsorption of PCE on cerium oxide. 

 

 

Figure 5.8: PCE conversion as a function of experimental run ti me. 
Influent PCE concentration was 500 ppmv. Catalyst s urface temperature 
was 475 °C. Gas flow rate of 0.5 Lpm at 25 °C. H 2O concentration of 0.5%. 
Conversion of PCE gradually decreases to 10% over 7 5 minutes. The 
presence of H 2O in the influent gas stream has no appreciable eff ect on 
the conversion of PCE.  
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  Although water demonstrated no ability to maintai n the process, 

the TWC did show an ability to return to its previo us performance 

levels. 

 

Figure 5.9: PCE concentration as a function of experimental run  time. 
Influent PCE concentration was 500 ppmv. Gas flow r ate of 0.5 Lpm at 25 
°C. Catalyst surface temperature is 475 °C. Conversion of PCE gradually 
decreases to 10% over the initial 75 minutes and ho lds at 10% for an 
additional 2 hours. The PCE source is removed at th is point (indicated 
by solid vertical line) and the catalyst is maintai ned at a constant 
temperature. At 390 minutes, the PCE source is agai n added (indicated 
by dashed vertical line) and PCE conversion is init ially high but again 
gradually drops to 10%. Legend: ( ♦) PCE inlet; ( □) PCE outlet 

 

As seen in Figure 5.9, the TWC performed as expecte d and PCE 

conversion dropped to ~15% within the first hour, a nd this performance 

was maintained over the next two hours. At this poi nt, the PCE source 
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was removed and the TWC was maintained at constant temperature of 475 °C 

for 3 hours. The PCE source was again added to the gas stream and PCE 

conversion, similar to what is seen at startup, ret urned. This would 

not be expected if the cerium oxide were irreversib ly chlorinated. We 

attribute this phenomenon to the increased oxygen m obility created by 

the presence of zirconium. This regeneration occurs  over the short 

term, and it should be expected that long term use of the TWC in this 

manner would affect catalyst performance. This is i ndeed the case, as 

catalyst that has been extensively used for destruc tive adsorption 

shows a decreased capacity to perform catalytic red uction or catalytic 

oxidation of PCE. 

 An attempt was made to completely consume all avai lable oxygen 

through the destructive adsorption of PCE on the TW C. The results for 

the first 300 minutes of the 5700 minute experiment  can be seen in 

Figure 5.10.  As seen in previous results, conversi on is initially high 

but drops to 10% within the first 100 minutes. Conv ersion was 

maintained between 5% and 10% for the next 5600 min utes before the 

experiment was ended. Experimental error is typical ly within plus or 

minus 5% conversion, so it is likely that there was  still removal of 

PCE after 5600 minutes. This indicates that there i s likely bulk 

diffusive transport of oxygen and chlorine within t he cerium, making it 

difficult to fully exhaust the supply of oxygen wit hin the TWC. 

Calculated estimates indicate that there is enough oxygen available in 

the CeO 2 lattice to consume the amount of PCE lost, althoug h due to our 

lack of knowledge of the actual amount of cerium ox ide present in the 

catalyst, these numbers are not included. 
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Figure 5.10: PCE conversion as a function of experimental run ti me. 
Influent PCE concentration was 500 ppmv. Catalyst s urface temperature 
was 475 °C. Gas flow rate of 0.5 Lpm at 25 °C. Conversion of PCE 
decreases to 10% over the first 100 minutes. The ex periment lasted 5700 
minutes, with conversion remaining between 5% and 1 0% after 300 
minutes. Legend: ( ♦) PCE conversion 

 

5.4 Conclusions 

The cerium zirconium oxide present on the TWC is us ed to store 

oxygen in typical applications and has now been sho wn to play a role in 

the destructive adsorption of PCE. At temperatures above 400 °C, PCE is 

converted to carbon dioxide and cerium is reduced. The initially high 

conversion (>95%) is only momentary, as conversion drops to 10% within 

the first hour. EDS performed on the catalyst indic ates the increased 

presence of chlorine on the cerium zirconium oxide.  
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 Water, in the form of steam, has little or no effe ct on 

destructive adsorption process. The presence of oxy gen in the reactor 

gas stream prevents the occurrence of destructive a dsorption, instead 

creating catalytic oxidation. Destructive adsorptio n using a TWC has 

little practical importance, as any use of a TWC wi ll likely include 

the presence of O 2. This is the first time, to our knowledge, that 

destructive adsorption of a chlorinated C2 alkene h as been noted, and 

applications may exist on pure cerium oxide. 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

 The catalytic reductive dechlorination of perchlor oethylene in 

the presence of oxygen was explored on a three-way catalyst containing 

Pt, Rh and cerium zirconium oxide. The reaction sys tem containing H 2, O 2 

and PCE was analyzed for products, kinetics and mec hanism. No 

chlorinated by-products were ever detected, with th e primary products 

being ethylene, ethane, methane, CO 2 and HCl, dependent on catalyst 

surface temperature and condition. CO 2 was the primary product at 

temperatures greater than 400 °C, due to the oxidat ion of the reduced 

products, rather than the direct catalytic oxidatio n of PCE. Possible 

homogenous and surface reactions were considered, c oncluding that the 

primary removal mechanism follows Eley-Rideal kinet ics: 

 

 C 2Cl 4(s) + H 2 → C 2Cl 3H(s) + HCl     (6.1) 

 

A possible secondary reaction between adsorbed hydr ogen and adsorbed 

oxygen resulting in the formation of water was conc luded to be 

important at higher temperatures, but only a minor contributor at 

temperatures below 400 °C, where the majority of th e experimental work 

was performed. This reactions importance was also l essened by reaction 

6.1, where gas phase H 2 is a reactant, rather than adsorbed H. A 

reaction rate was proposed based on reaction 6.1: 

  

 �� � ���
(����������"�

�)($��$�
� �* )("��"�

� �* )(�������
     (6.2) 



119  
 

Although competition between PCE, H 2 and O 2 was apparent in the 

data, the O 2 and H 2 competition terms were dropped as their impact was  

minimal on the experimental results under the condi tions studied. The 

reactor was modeled as a plug flow reactor and the final result for the 

rate of PCE conversion was: 

 

 
G����

GH � � 6 (��������"�
�)(�������

       (6.3) 

 

Solving for C PCE resulted in a model for the outlet concentration o f PCE 

based on residence time, catalyst surface temperatu re and inlet PCE 

concentration. Modeled concentration matched up wel l with experimental 

results at 3% H 2 and 1.5% O 2 and matched experimental results at 2 PCE 

inlet concentrations for H 2/O 2 ratios of 2/1. 

 The model captured trends in the data well, but co uld not model 

results that extended beyond the conditions under w hich the model was 

developed. The model over predicted PCE conversion in experiments 

containing higher levels of oxygen (6%) and under p redicted conversion 

at lower oxygen levels (0.75%). This is a result of  the exclusion of 

the O 2 competition term from the model shown in equation 4.3. 

 A similar modeling effort in the presence of propa ne, rather than 

H2, was undertaken for a wide range of chlorinated hy drocarbons. 

Conversions were taken as a function of catalyst su rface temperature 

and target inlet concentration for 4 chloroethylene s, 3 chloromethanes, 

and 6 chloroethanes. The primary mechanism for remo val of the compounds 

was hydrodechlorination, which can be described by the following 

reaction: 
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 R-Cl(s) + (s) → R(s) + Cl(s)     (6.4) 

 

Chlorinated ethane compounds with 3 or more chlorin es also showed 

an ability to undergo catalytic dehydrochlorination , an elimination 

reaction described by: 

 

 H-R-Cl(s) + (s) → R ’ (s) + HCl(s)    (6.5) 

  

This mechanism proved to be secondary in all compou nds except 

1,1,1-trichlorethane, which underwent rapid convers ion on exposure to 

the three-way catalyst at near-ambient temperatures . Reactivity of the 

chlorinated ethylene compounds did not show any rel ation to the number 

of chlorines or the C-Cl bond dissociation energy. The activation 

energy for the chlorinated alkanes showed a linear relationship to the 

C-Cl bond energy, as expected based in transition s tate theory and the 

linear free energy relationship. 

 Destructive adsorption of PCE on the three-way cat alyst was 

studied. This process involves the cerium oxide pre sent in the wash 

coat of the catalyst. In an influent gas stream con taining only N 2 and 

PCE, 100% of the PCE was converted to CO 2 when exposed to the catalyst 

at surface temperatures greater than 375 °C. The hi gh level of 

conversion (>90%) was shown to be temporary, with c onversion dropping 

to 10% within the first 30 minutes. PCE conversion was not reported in 

a catalyst-free reactor or on an unamended alumina support. Physical 

adsorption to the catalyst surface was ruled out as  no desorption of 

PCE was observed after treatment to minimal convers ion. O 2 was shown to 

prevent the destructive adsorption process, indicat ing competition on 
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the surface between O 2 and PCE, while H 2O did not promote the process by 

preventing conversion from decreasing, as reported by other authors. 

 These observations lead to the conclusion that the  destructive 

adsorption reaction (see reaction 6.6) is occurring . 

 

 CeO2 + C 2Cl 4 → CeCl 3 + CO 2 + Cl 2    (6.6)  

 

An energy dispersive spectrum of the catalyst surfa ce indicates 

and increased presence of chlorine in the cerium ox ide component of the 

three way catalyst. This process is not a solution for the remediation 

of PCE, as a three-way catalyst will typically be u sed in the presence 

of O 2, which prevent destructive adsorption from occurri ng. 

 

6.1 Further Research Topics 

• Obtain experimental results for H 2 and O 2 conversion in the presence 

of PCE to better model the effect of H 2 and O 2 on PCE conversion. It 

was difficult to assess the true impact of these co mponents without 

actual results. 

• Explore the impact of the individual metals (Pt and  Rh) on PCE 

conversion. 

• Explore the impact of having multiple chlorinated h ydrocarbons in 

the system simultaneously. Does competition between  the two species 

impact the conversion of just one species, or multi ple species? 

Results from experiments where chloroethylenes were  formed from 

chloroethanes suggest little impact. 

• Check other compounds for evidence of destructive a dsorption on 

cerium. 
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• Obtain a sample of pure cerium oxide and use in sit u Raman 

spectroscopy and X-ray photoelectron spectroscopy[1 9, 20] to 

identify intermediates in the destructive adsorptio n of PCE. 

• Restart ab initio/density functional theory calculation on the 

interaction of PCE, H 2 and O 2 with Pt using a periodic code. Extend 

work to Rh and eventually a realistic three-way cat alyst surface 

(Pt, Rh, Ce, Zr, Al). The primary issue that preven ted the use of 

computational methods to model the interaction of P CE and a Pt 

surface was that the Gaussian programs were not per iodic. Periodic 

computational methods are the standard method for m odeling 

adsorption and codes are available for this functio n, such as DMol 3.  
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APPENDIX A 

CATALYTIC DECHLORINATION OF GAS-PHASE PERCHLOROETHYLENE UNDER MIXED 

REDOX CONDITIONS 

Ozer Orbay, Song Gao, Brian Barbaris, Erik Rupp, A.  Eduardo Sáez, 

Robert G. Arnold, Eric A. Betterton[6] 
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APPENDIX B 

MIXED REDOX CATALYTIC DESTRUCTION OF CHLORINATED SOLVENTS IN SOIL AND 

GROUNDWATER 

Song Gao, Erik Rupp, Suzanne Bell, Martin Willinger , Brian Barbaris, 

Theresa Foley, A. Eduardo Sáez, Robert G. Arnold, E ric A. Betterton[7, 

8] 
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APPENDIX C 

THERMOCATALYTIC DESTRUCTION OF GAS-PHASE PERCHLOROETHYLENE USING 

PROPANE AS A HYDROGEN SOURCE 

Marty Willinger, Erik Rupp, Brian Barbaris, Song Ga o, A. Eduardo Sáez, 

Robert G. Arnold, Eric A. Betterton[8] 
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