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ABSTRACT 

Saturated and unsaturated chlorinated aliphatic hydrocarbons containing one to 

three carbons are commonly used as industrial solvents. These solvents are often found 

as contaminants in groundwater through improper disposal and many of them are 

carcinogenic. Remediation of groundwater containing these chlorinated compounds is 

of obvious importance. Methods such as air stripping and carbon adsorption involve the 

physical transfer of these contaminants onto activated carbon, and that does not 

diminish their to.xicity. Other methods such as U.V. irradiation in the presence of ozone, 

hydrogen peroxide, or TiOi. are not cost effective for large volume contamination 

problems such as polluted lakes, rivers and streams. 

Elemental iron has been shown to dechlorinate low molecular weight chlorinated 

aliphatic compounds but the observed end products were still partially chlorinated. We 

have established that the bimetallic system palladized iron (0.05% Pd) is preferable to 

elemental iron for the rapid and complete hydrodechlorination of 1- and 2-carbon 

chlorinated compounds with minimal loss of palladium. The major product observed 

from the hydrodechlorination of the 2-carbon chlorinated compounds was ethane. 

Methane was the major product observed from the hydrodechlorination of the I-carbon 

chlorinated compounds. 
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INTRODUCTION 

Common hazardous waste contaminants can be classified as either organic or 

inorganic. The treatment methods that are proposed and utilized arc different for organic 

and inorganic contaminants. The most hazardous halogenated aliphatic compounds that 

are released from commercial, industrial, and agricultural sources are brominated or 

chlorinated alkanes or alkenes that contain between one and three carbon atoms. 

Halogenated organic aliphatic contaminants most commonly found in groundwater are 

perchloroethylene (PCE). trichloroethylene (TCE). carbon tetrachloride, and chloroform. 

Chlorinated ethanes and ethenes are commonly used as cleaning solvents in dry-

cleaning operations and semiconductor manufacturing plants. Some brominated 

compounds such as 1.2-dibromoethane are used as pesticides (1. 2). In addition, 

brominated and chlorinated methanes are produced as a result of chlorination of water 

(3). Because of the production and widespread use of these halogenated compounds, 

their apparent hazard to human health (Table l.I) (4-6) have prompted investigations 

concerning not only their fate in the human body and subsurface waters, but also their 

separation, isolation, and possibly chemical conversion into less or non-toxic 

compounds. These organic contaminants are classified as either volatile or semi volatile. 

Typical inorganic contaminants found in groundwater at hazardous waste sites are 

antimony, arsenic, beryllium, cadmium, chromium, copper, lead, mercury, nickel, zinc. 
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Table 1.1 Production, proposed maximum contaminant levels, and toxicity ratings 
of common halogenated aliphatic compounds 

Compound Production 
(million lbs/year) 

as of 1987 

Maximum 
Contaminant 

Level 
(MCL |jg/L) 

Carcino
genicity 

Trihalomethanes - 100 -

Vinyl Chloride 7000 1 1 

1.1-
Dichloroethylene 

200 7 J 

Trans-1,2-
Dichloroethylene 

<0.001 - -

Trichloroethylene 200 5 J 

Tetrachloro-
ethylene 

550 - J) 

1.1-Dichloro-
ethane 

<0.001 - -

1.2-Dichloro-
ethane 

i 2.000 5 

1.1.1-Trichloro-
ethane 

600 200 J 

1.2-Dibromo-
ethane 

332 - -

Carcinogenicity: 1 = chemical is carcinogenic; 2 = chemical probably is carcenogenic; 

3 = chemical cannot be classified. 
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selenium, silver, thallium, nitrate ions, sulfate ions, carbonate ions, and chromate ions. 

The main treatment technologies utilized for the removal of organics are air stripping 

and carbon adsorption; chemical precipitation and filtration are used for the removal of 

inorganics (7). 

Air stripping is the process by which a compound that is dissolved in a liquid medium 

such as water is transferred to an air stream. The driving force for the transfer is related 

to the compound's vapor pressure in air relative to its solubility in water. This ratio is 

called Henry's Law Constant and is used to compute air stripping rates. The removal 

efficiency is also highly dependent on air/vvater ratios and temperature. All other factors 

remaining constant, increases in Henry's Law Constant, temperature or air/vvater ratios 

result in increases in removal efficiencies. Figure 1.1 presents a scatter plot that displays 

the relative ease of stripping, (derived from Henry's Law Constants), versus the relative 

ease of adsorption, (the Freundlich K). These two parameters are not related directly, 

but plotting them together provides some insight into the relative effectiveness of each 

process. 

Contercurrent packed towers are mostly utilized for air stripping because of their high 

mass transfer efficiency. Water to be treated is pumped to the top of the tower and 

cascades downward through packing media. The movement of the descending water is 

retarded by the media which provides a large surface area for contact between the water 

and the air. Activated carbon is used on the exhaust air for the adsorption of the organic 

contaminants. "Activation" of carbon is the selective burning process to produce a 
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microporous structure of extremely large effective surface area on which organic 

molecules can be adsorbed. Besides the effective surface area of the carbon, factors 

affecting adsorption include the nature of the organic compound. pH. temperature and 

interference from mixed solutes. Since air stripping causes oxidation and precipitation 

of reduced metals such as iron, filtration is used before the carbon bed to prevent 

clogging by oxidized metal hydroxides and other suspended solids that might be 

present. Figure 1.2 presents a typical process tlow diagram for the removal of organics 

from groundwater. 

Removal of dissolved metal cations can be accomplished by precipitating them as metal 

hydroxides or metal sulfides. 

The approaches to water remediation involving concentration, separation, or 

immobilization of the contaminants are not effective since these contaminants are still 

present in the environment. The remediation technique discussed above is a mere 

physical transfer of these toxic compounds from the contaminated water or soil to the 

activated carbon. The physical transfer of these compounds does not diminish their 

toxicity. The optimal remediation technique should involve not only the separation and 

immobilization of these contaminants from the water and the soil, but their chemical 

transformation into inert compounds as well. 

Over a decade ago. researchers in Ollis" laboratory studied TiO-,"s ability to 

photocatalytically decompose chlorinated contaminants present in the environment such 

as chlorotbrm and trichloroethylene in aqueous phase systems (8. 9). TiO-, is an ideal 
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Figure l.I Strippability versus .Adsorbability 
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substance for mass use. It is non-toxic, extremely stable, cheap, plentiful and works at 

room temperature. Its oxidation ability has been known for some time. Photons 

impinging on TiO^ dislodge electrons, creating holes and free electrons. The holes and 

the free electrons oxidize water and oxygen to form hydroxyl and superoxide radicals 

respectively. These species are ruthless bond cleavers. 

e" + ©2 + 2H2O 20H* + O" (1) 
hv ^ 

Raupp and his co-workers performed the initial research in this area and reported the 

oxidation of TCE in air in contact with irradiated TiOi at ambient pressure and 

temperature with efficient use of photons. They reported the formation of the gaseous 

products. COt and HCl (10-15). 

H„ „C1 

C=C + 20H* + O2 2CO2 +  3HC1 +  e -  (2 )  
cr ^ci 

Other researchers using a sol gel process made highly porous TiO-, pellets that were 

placed in an externally illuminated packed bed. They also reported CO-, and HCl as the 

only products observed (16-18). Jacoby and co-workers observed a number of 

compounds, in addition to CO-, and HCl. in the effluent of their photocatalytic reactor 

coated on the inner surface with TiO-,. They detected dichloroacetyl chloride, phosgene 

(COCl-,). carbon monoxide, and chlorine gas (19-23). These products have also been 
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detected by other researchers (24. 25). The quantum efficiency of the oxidation of 

chlorinated hydrocarbons catalyzed by TiOi is influenced by electronic processes (26-

30). reactor design (31), solution composition (32). the organic substrate (33). light 

intensity (34. 35), and surface interactions (36-39). The interactions between metal 

oxide surfaces with organic ligands, as well as the mechanism of this photo-oxidative 

degradation have been the focus of much attention (40-47). However. TiO-, is not 

efficient enough to tackle large volume problems such as polluted lakes, rivers, and 

industrial efiluents. 

Direct irradiation of the contaminated water can also generate hydroxy radicals. But 

in addition to these radicals, other reducing species such as solvated electrons are 

generated that lead to the formation of nitrite ions in natural water. Not only do nitrite 

ions scavenge OH radicals very effectively, and considerably worsen the conditions for 

pollutant decomposition, they are highly toxic, therefore not accepted in drinking water. 

Hydroxy radicals can also be generated by U.V. irradiation of water containing 

dissolved ozone or hydrogen peroxide. Even though the problems originating from the 

nitrite formation do not arise when the irradiation is performed in the presence of 

ozone, the efficacy of this process is limited by the low water solubility of ozone. When 

complete oxidation is achieved, the end products of TCE and PCE oxidation are COt 

and HCl. For remediation on a technical scale, oxidation of chlorinated contaminants 

in groundwater by OH radicals has not yet been carried out (48-54). 

Clearly, the reduction of the toxic chlorinated compounds into non-toxic, non-
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chlorinated compounds is the ideal remediation solution. In addition, this remediation 

solution has to be cost effective to be utilized towards large-volume problems. Metals 

have been used for quite some time in the reduction of organic compounds. Iron, for 

example, when placed in contact with water is oxidized into Fe(II) ions, and in the 

process reduces water in the presence of oxygen into hydroxide ions and hydrogen gas. 

Fe" -)• Fe'- + Ze" (3) 

I/2O2 + HjO + 2e- -> 20H- (4) 

Fe'- + H.O -> Fe(OH)* + H' (5) 

2H* + 2e- -)• H. (6) 

The electrons released from the oxidation of iron might also reduce the chlorinated 

organic compounds present in water. The first environmental application using metallic 

iron for the degradation of chlorinated organic compounds in aqueous solutions was 

reported by Sweeny and Fisher (55-57). Other researchers used iron powder for the 

degradation of 1.1.2.2-tetrachloroethane and trichloroethylene from waste water, and 

observed that the time required for 50% degradation of the chlorinated compounds 

decreased from about 4 hours to 1 hour as the temperatute was increased from 20"C to 

50"C. In addition, the degradation rates were highly dependent on the surface area of 

iron and the pH of the solution (58-60). Reynolds et al. reported 50% loss of 1.1.1-

trichloroethane. hexachloroethane. and tribromoethane in times of 1.5. 0.25. and 0.75 

hours when placed in contact with galvanized metal (61). Gilham and O'Hannesin 

confirmed the results of Reynolds et al. and suggested these degradation reactions to 
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be pseudo first order reactions. The products observed were still partially halogenated: 

reduction of carbon tetrachloride led to the formation of dichloromethane, and the 

reduction of perchloroethylene resulted in the formation of the various isomers of 

dichloroethylene and vinyl chloride (62. 63). The degradation products of some 

halogenated aliphatic compounds by zero valent iron and their half lives are listed in 

Table 1.2. These half lives range from 5.4 days (tetrachloromethane) to 55 days (1.1-

dichloroethene). The products observed were still partially halogenated. Tratneyk et al. 

proposed zero valent iron to participate in the reductive dechlorination of chlorinated 

compounds through three basic processes: a) direct reduction at the iron surface; b) 

reduction by dissolved ferrous iron ions produced by iron corrosion; and c) reduction 

by hydrogen as that is also produced during the corrosion of iron (64) (Figure 1.3). 

Chlorofluorocarbons are another class of "problem" halogenated organic 

compounds. They were developed as refrigerants some 60 years ago. Their application 

soon diversified owing to attractive properties such as non-fiammability. chemical and 

thermal stability, and generally low toxicity. They have been used as propellants in 

aerosols, as cleaning agents of metals and electronic components, and blowing agents 

in foam insulation production. In Japan. CFC's are mostly used for the cleaning of 

semiconductors; in the United States, they are mainly used in refrigerators; and in 

Europe, as propellants in aerosols. 



Table 1.2 Degradation of chlorinated hydrocarbons by zero valent iron. 
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Chlorinated Hydrocarbons Half Life 
(days) 

Halogenated 
Products 

T richloromethane 6.5 Dichloromethane 
(low concentration) 

T etrachloromethane 5.4 T richloromethane 
Dichloromethane 

Monochloroethene 14.9 None detected 

1.1-Dichloroethene 55 None detected 

Cis-1.2-Dichloroethene 37 None detected 

T rans-1.2-Dichloroethene 6.7 None detected 

Trichloroethene 7.1 Cis-1.2-Dichloroethene 

Tetrachloroethene 13.9 Trichloroethene 
Cis-1.2-Dichloroethene 

1.1.1 -T richloroethane 5.5 1.1-Dichloroethane 

1.1.2-T richloroethane 7.8 Trace of 
Monochloroethene 

1.1,1.2-Tetrachloroethane 5.2 l.l-Dichloroethene 

1.1.2.2-Tetrachloroethane 10.2 Cis-1.2-Dichloroethene 
T rans-1.2-Dichloroethene 

Hexachloroethane 6.1 Tetrachloroethene 
Trichloroethene 

Cis-1.2-Dichloroethene 
1.2-Dichloroethane 

T etrabromoethene 6.7 Tribromoethene 
1.2-Dibromoethene 

Source: EPA National E.xposure Research Laboratory 



28 

L Direct Rednctian at the Metal Surface 

RCl + H * 

RH + cr 

n. Reduction by Ferrous Ion 

RCl + H' 

RH + cr 

20H"+ H; 

in. Reduction by Hydrogen with Catalysis 

2H-,0 

V ( ^ :0H'+ HjI 

Catalyst RH + cr 

Figure 1.3 Model pathways for the dechlorination of chlorinated compounds by 
corroding iron (Tralneyk et ai.) 
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At temperatures below lOOX. CFC's are resistant to attack by conventional oxidizing 

agents. In the absence of metal catalysts, they display low rates of hydrolysis. The three 

important potentially ozone-depleting chlorofluorocarbons are trichlorofluoromethane 

(CFC-11). dichlorodifluoromethane (CFC-12).and l.!.2-trichloro-l,2.2-trinuoromethane 

(CFC-113). The estimated residence time of these CFC's in the atmosphere are 65, i 10. 

and 90 years respectively (65). The longer residence times of these CFC's will ensure 

their migration into the upper atmosphere. Once these gases reach the high energy 

radiation environment of the upper stratosphere, they are either photolyzed or 

decomposed by excited oxygen atoms. 0('D). generating highly reactive chlorine 

radicals. These chlorine radicals catalytically remove ozone by reactions (9) and (10) 

described below. 

CFCI3 + CF^Cl^ 

+ (7) 

CI F 

Cl.„ I 
:c 

F 

"CI 

OC^D) 
a* + CIO* (8) 
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CIO- + O2 (9) 

cr + ©2 (10) 

The growing global concern of the ozone depleting effect of the chlorotluorocarbons 

resulted in the development of the Vienna Convention for the Protection of the Ozone 

Layer, adopted in March 1985. and in "Montreal Protocol on Substances that Deplete 

the Ozone Layer", signed by 24 countries in September 1987. This agreement required 

a freeze in the production and use of the fully halogenated chlorofluorocarbons. CFC-11 

(trichlorofluoromethane). CFC-12 (dichlorodifluoromethane). CFC-113 (1.1.2-trichloro-

1.2.2-trifluoroethane). CFC-114 (1.2-dichloro-1.1.2.2-tetrafluoroethane). and CFC-115 

(l-chloro-1.1.2.2.2-pentafluoromethane) at 1986 levels by mid 1989; a 20% reduction 

in their use by July 1993; a further 30% reduction by July 1998. But this protocol does 

not solve the problem of disposing of the large quantities of these chemicals still in 

circulation today. 

Various techniques are being researched for the destruction of the CFC's. Tokyo 

Electric Power Company in conjunction with Nippon Steel and the National Institute 

for Resources and the Environment developed a technique that disintegrates CFC's into 

harmless salts. The CFC's are mixed with water in a disintegrator that elevates the 

temperature to 10.000"C to ionize the molecules. Sodium hydroxide and calcium 

cr + O3 

CIO* + o* 



31 

hydroxide are added to the cooled resulting plasma of electrons and ions. Sodium 

chloride and fluorite are formed as a result (66). Another group at Tokyo Institute of 

Technology has demonstrated that CFC's can be decomposed by a thermal plasma 

generated by an electric arc. The decomposition products are hydrogen chloride, 

hydrogen fluoride, carbon dioxide, carbon monoxide, and small quantities of chlorine 

gas. another ozone depleter (66). The Japanese electronics company. Toshiba, has 

utilized ultraviolet irradiation for the decomposition of CFC-11. The UV irradiation of 

trichlorofluoromethane (CFC-11) in alcohol and sodium metal resulted in the formation 

of the chloride and fluoride salts. Even though this technique involved no high 

temperature plasma. CFC's can still potentially be decomposed into harmful materials 

by high heat. Other investigators have reported the destruction of CFC's by oxidation 

in air over various catalysts including zeolites (67). metal oxides (68). alumina 

supported gold (69), sonochemical destruction (70). mineralization by a thermal process 

(71). dehalogenation by several supported and unsupported metal carbide catalysts (72). 

In this work, the hydrodehalogenation of various halogenated compounds including 

CFC's are examined. The focus of the studies discussed in the following chapters is the 

rapid and complete chemical conversion of the halogenated contaminants into inert 

compounds. 



CHAPTER TWO 

REACTION OF TCE IN CONTACT WITH ZERO VALENT METALS, 
IRON, ZINC, AND MANGANESE 

Recent reports that elemental iron dehalogenated many low molecular weight 

chlorinated hydrocarbons resulted in a Hurry of interest in the remdediation of 

groundwater by elemental iron (62-64). 

In our preliminary batch reaction studies, we used 20 ppm trichloroethylene (TCH) 

solution in water that was contacted with iron filings (20 mesh and finer. Baker and 

Adamson. New York. N.Y.). The metal was untreated with acid and weighed directly 

into the glass vial. After the solution was contacted with the metal, it was capped and 

left to react overnight. The solution was analyzed by Gas Chromatography/ Mass 

Spectrometry. The total ion chromatogram is shown in Figure 2.1. Most of the original 

TCE was left unreacted (peak at retention time of 2.53 minutes), and a small peak with 
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a retention time of 1.72 minutes was delected. The fragmentation patterns of the two 

peaks are shown in Figure 2.2. The peak with a retention time of 1.72 minutes 

displayed a molecular ion peak of 96 amu. This corresponds to the molecular weight 

of dichloroethvlene (DCE); and the peak at 61 corresponds to the resulting fragment 

after the loss of one chlorine atom (Equation II). Since the amount of the product 

formed was ver\' small, we were not able to identify which isomer of dichloroethvlene 

had formed. Trichloroethylene. (peak with a retention lime of 2.53 minutes), displayed 

a molecular ion peak at 130 amu. The fragment corresponding to the weight of 95 is 

due to the parent trichloroethylene molecule after the loss of one chlorine atom, and the 

one of mass 60 is that of the parent molecule with the loss of two chlorine atoms. 

H 

CI 

H 
c c 

H CI 
c c. 

a \ H 

H H 

C C 

H a 
c c 

\ 
(11 )  

H 

CI H CI H 

,C C. C C 

96 amu 61 amu 
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Figure 2.1 Total ion chromatogram of a 20 ppm TCE solution in contact with zero 
valent iron. 
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Figure 2.2 Fragmentaiion patterns of peaks with retention times of 1.72 minutes and 
2.53 minutes. 
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To understand the role that water exhibited in this dechlorination reaction, the same 

reaction was repeated in D^O. The analysis of the solution displayed a large reactant 

peak with a retention time of 2.55 minutes, and a very small product peak with a 

retention time of 1.72 minutes (Figure 2.3). The fragmentation pattern of this peak 

displayed a molecular ion peak of 97 (Figure 2.4). and was very similar to the 

fragmentation pattern of DCE (Figure 2.2). The two products differed by a mass of 1 

amu which suggested that the product obtained when the reaction was carried out in 

DjO is deuterated DCE (molecular weight of 97 amu). A molecular ion peak of 130 

was observed for trichloroethylene (retention time 2.55 minutes) suggesting no proton-

deuterium exchange occured between the solvent (DiO). and the chlorinated compound 

TCE. 

Placing TCE in contact with zero valent iron in the absence of water, exhibited no 

formation of product (Figure 2.5). Only the unreacted TCE was detected. Water is 

necessary for the dechlorination reaction of TCE. Protons from water, (or deuterium 

atoms from D-,0). replaced chlorine atoms as they were released into the solution as 

chloride ions. The presence of chloride ions in solution was established by the 

gravimetric analysis with AgN03. The increase in their concentration over the course 

of the reaction was monitored with a chloride selective electrode. 
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Figure 2.3 Total ion chromatogram of a 20 ppm TCE solution in D^O in contact 

with zero valent iron. 



38 

retention time 1.72 mm 

1200-

Figure 2.4 Fragmentation pattern of the peaic with a retention time of 1.72 minutes. 
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Since TCE is a volatile compound (bp^f,,, 86.7"C). and the product it formed (DCE) 

when contacted with iron, is even more volatile (--55"C), the reaction was repeated in 

a closed glass vessel with a teflon screw cap instead oF a septum to reduce losses of 

reactants or products. The solution was left in contact with iron for 1 week. The 

headspace was analyzed. In addition to the reactant peak (retention time 12.59 minutes. 

Figure 2.6). two product peaks were detected with retention times of 3.33 and 3.89 

minutes. Water was always present in these reactions, and gave rise to a tailing peak 

at a retention time of 4.74 minutes. The fragmentation patterns of the product peaks 

indicated the one with the retention time of 3.33 minutes to be ethene (28 amu). and 

the one with the retention time of 3.89 minutes to be ethane (30 amu) (Figures 2.7 & 

2.8 respectively). Since the reactions were carried out in the presence of air. 0-, (m/z 

= 32), Nt (m/z = 28). and H^O (m/z - 18) were also detected in the fragmentation 

pattern of the products. Since the NtiO-, ratio in the atmosphere is approximately 4:1. 

and the peak at m/z = 32 has an intensity of 250 counts (Figure 2.7). 54% (1000 

counts) of the peak with a m/z = 28 is due to the presence of N-,. Similarly, in Figure 

2.8. 77% (1000 counts) of the peak with m/z = 28 is due to the presence of N-,. 

As the contact time between the TCE solution and the zero valent iron was extended 

to 2 weeks, the only product that was detected was the saturated compound ethane 

(Figure 2.9). 
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Figure 2.5 Total ion chromatogram of TCE (in the absence of water) in contact with 
zero valent iron. 
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Figure 2.6 Total ion chromatogram of the TCE solution in contact with zero valent 
iron for a period of one week. 
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Figure 2.7 Fragmentation pattern of the peak with a retention time of 3.33 minutes. 
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Figure 2.9 Total ion chromatouram of the TCE solution in contact with zero valent 
iron for a period of two weeks. 
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When iron is placed in contact with water, it oxidized into Fe (II) ions releasing 

electrons. These electrons reduced water into hydrogen gas and hydroxide ions. .A 

chlorinated compound such as TCE. present in water is also reduced into the less 

chlorinated "intermediate" product, DCE. The presence of water is critical in these 

dechlorination reactions. Water molecules supply the protons that replace the chlorine 

atoms after electrons are accepted and chlorine atoms are released into the solution as 

chloride ions. As the contact time between TCE and the zero valent iron increases, the 

"intermediate" chlorinated compounds are also dechlorinated and eventually the 

products observed are the totally dechlorinated two carbon compound, ethene. 

Eventually with more contact time, the unsaturated compound ethene is totally saturated 

and forms ethane. 

Vogel et al. estimated formal reduction potentials of several chlorinated organic 

compounds in near neutral solution (pH 7.4)(73). These potentials are given in table 2.1. 

Table 2.1 Estimated formal reduction potentials of chlorinated organic compounds 

Reaction E" (volts) 

CI3C-CCI3 + hr + 2e- CI3C-CHCU + cr 0.66 

CI3C-CHCI. + fr + 2e- ^ CUHC-CHCN + CI" 0.66 

Cl.HC-CHCl, + + 2e- -> CIH.C-CHCU + CP 0.51 

ClHjC-CHCU + + 2e- ClH.C-CHjCl + CI" 0.54 
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Table 2.1 (cont) 

Reaction E" (volts) 

ClHjC-CHjCl + + 2e- -> HjC-CHjCl + Cl" 0.49 

H3C-CH2CI + H* + 2e- H3C-CH3 + Cr 0.35 

CI3C-CCI3 + 2e- CUC^CCU + 2C1- 1.14 

C13C-CHCU + 2e- C1HC=CC1. + 2Cr 1.05 

Cl2C=CCl2 + H' + 2e- ^ ClHC=CCl3 + CP 0.58 

The aG"" values for all the above dechlorinations with Fe". Zn". or Al" are negati\ c .  

therefore the dechlorination or hydrogenation reactions are thermodynamically feasible. 

The stepwise dechlorination of TCE [equations (12)-(14)I indicate the formation of 

DCE (all isomers) from the dechlorination of TCE. then the formation of vinyl chloride 

from the dechlorination of the DCE's. and fmally the formation of elhene from the 

dechlorination of vinyl chloride. Vinyl chloride, a highly volatile and toxic compound, 

was not detected in our e.xperiments. But its formation is quite feasible as indicated by 

the stepwise dechlorination reactions. Elemental iron is e.xtremely slow in dechlorinating 

trichloroethylene. and the possibility of the formation of a compound much more toxic 

that the original contaminant is not a remediation solution at all. 

The batch reactions were repeated with zinc and manganese. A TCE solution (36 

ppm) was contacted with zinc (3.6 g). and manganese (10.6 g) in a glass vial equipped 

with a hollow cap and fitted with a tetlon lined septum. The disappearance of TCE was 
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monitored using a GC with an FID detector. Even after a contact time of 140 minutes. 

75% of TCE remained unreacted in contact with zinc, and 79% remained unreacted in 

contact with manganese (Figure 2.10). The scattering in this study might be due to the 

continuous partitioning of the TCE between the solution, the headspace. and the metal 

surface in the vial. Some TCE might have been adsorbed on the metal surface, but 

because not enough time was allowed for its complete dechlorination, it might ha\e 

been released back in solution, resulting in the increase of TCE detected. No gaseous 

products such as ethane or ethene were observed. A large amount of gas formed in the 

vial containing the TCE solution and manganese. This gas was presumed to be 

hydrogen gas generated from the reduction of water. Even after 4 days of contact. 9% 

of TCE remained unreacted in contact with zinc, and 31% of TCE remained unreacted 

in contact with manganese. In the case of zinc, no precipitate was seen after 4 da\ s of 

contact and some gaseous product was detected with the FID detector. In the case of 

manganese, lots of white precipitate had formed after 4 days of contact, presumably 

Mn(0H)2, and a smaller amount of gaseous product formation was observed. 

The ideal system that is needed should be one such that when TCE contaminated 

water is placed in its contact, rapid dechlorination occurs with no "intermediate" 

chlorinated compound formation such as DCE or vinyl chloride. The end product 

should be non-chlorinated, such as ethene or ethane. 
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Figure 2.10 Dechlorination of TCE (36 ppm) in contact with Zn (•) and Mn (•) 



50 

CHAPTER THREE. 

HYDRODECHLORINATION OF CHLORINATED ALIPHATIC 
ONE-CARBON AND TWO-CARBON COMPOUDS 

IN CONTACT WITH THE BIMETALLIC SYSTEM PALLADIZED IRON 

Studies have shown that bimetallic systems greatly improve the rates of certain 

reactions (74-77). Mallatand co-workers observed 4-chlorophenol to hydrodechlorinate 

into phenol with a 69% conversion rate when reflu.\ed at 110"C for 2 hours in the 

presence of the bimetallic system Zn + Pd (78). The simplest method of preparing a 

bimetallic system is by the reductive deposition of the second metal (from its dissolved 

salt), onto the surface of the "base" metal. Table 3.1 lists some of the base metals and 

their potentials as well as some of the promoter metals. To use a bimetallic system for 

remediation purposes, several factors affect the choice of metals utilized. Release of the 

base metal or promoter metal into the aqueous system is of utmost importance. The 

metals selected for the systhesis of the bimetallic system should not release toxic metal 

ions into the water systems. Nickel is considered to be toxic, therefore cannot be used 

in the preparation of the bimetallic system. The bimetallic system should be stable so 

that it can be used for remediation over a long period of time. Another important factor 

is the hydrogen overvoltage of the base metal. If the promoter metal increases the 

hydrogen overvoltage of the base metal, then hydrogenation reactions are suppressed. 
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Finally, this bimetallic system should be cost effective for the remediation of large 

polluted areas such as lakes, rivers, and soils. 

Table 3.1 The potentials of base metals and promoter metals 

Base Metal Standard Potential 
E" (Volts) 

Magnesium 2e" + Mg*" ^ Mg -2.37 

Aluminum 3e- + Ar^ A1 -1.66 

Titanium 2e- + Ti*- Ti -1.63 

Manganese 2e' + Mn'- ^ Mn -1.180 

Zinc 2e' + Zn'- Zn -0.763 

Iron 2e' +• Fe'- ^ Fe -0.440 

Nickel 2e- + Ni'- Ni -0.250 

Promoter Metal 

Silver e' + Ag' Ag +0.800 

Palladium 2e- + Pd'- ^ Pd +0.987 

Platinum 2e- + Pt"- Pt + 1.2 

Gold 3e' + Au"" ^ Au + 1.50 

Palladium has been known to have the highest hydrohalogenation activity of the 

hydrogenation catalysts (79). It has been demonstrated that palladium is capable of 

intercolating large quantities of hydrogen into its lattice (80). 

For the synthesis of the bimetallic system palladized iron, the simplest method of 

reductive deposition of the dissolved salt of the promoter metal palladium on the base 
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metal iron was utilized. A dilute aqueous solution of potassium hexachloropalladate (5 

mg/ 10 mL HiO) was placed in contact with acid-washed iron. When the original red-

orange solution of potassium hexachloropalladate turned pale yellow, the redox reaction 

(15) had occurred and the palladization was assumed to be complete. 

2Fe''+ PdClf/- 2Fe*- + Pd" + 4C1- (15) 

Placing palladized iron in contact with water results in the evolution of a gas. Analysis 

of this gas with the aid of a gas chromatograph equipped with a TCD detector 

demonstrated it to be hydrogen (Figure 3.1). 

In order to find the minimum surface ratio of palladium;iron required to dechlorinate 

TCE completely, a series of reactions were conducted where the reactant TCE was 

placed in contact with iron deposited with varying amounts of palladium. The decrease 

in the TCE concentration and the formation of product(s) were monitored by a gas 

chromatograph equipped with an FID detector. The results are given in Table 3.2. 

Table 3.2 Reaction of 20 ppm TCE in contact with palladized 10 (.im iron. 
(varying amounts of K-,PdCl(^/-3.6 g Fe) 

g Fe 
(10 |im particles) 

g K^PdCl, Estimated 
Pd;Fe ratio 

Time required for 
complete TCE 

dechlorination 

3.6058 4.2372 31.5 3 minutes 

3.6018 2.1038 15.6 3 minutes 

3.6035 0.7021 5.23 3 minutes 

3.6010 0.3522 2.62 3 minutes 

3.6030 0.0021 0.0156 3 minutes 
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Since only a minute amount of palladium deposited on the iron is required for the 

complete dechlorination of TCE. the estimated Pd:Fe ratio of 0.0156 was used in the 

preparation of all palladized iron surfaces. Hydrodechlorination studies were carried out 

using two types of iron surfaces, 10 [a,m iron powder (Aldrich Chemical Co.). and 40 

mesh iron filings (Fisher Chemical Co.). before and after palladization. in contact with 

20 ppm TCE. In these batch experiments, the concentration of the chlorinated organic 

compound TCE in solution was followed as a function of time. Since an FID detector 

was used, any gaseous products formed could be detected. The results of these 

experiments are shown in Figure 3.2. The initial decrease and the subsequent gradual 

decrease of the TCE in solution in the presence of unpalladized iron is caused not only 

by the equilibration of the TCE between the solution and the headspace, but also by the 

adsorption of the organic reactant on the surface of the iron. This was confirmed by the 

absence of any detectable reaction products either in the headspace or in solution in the 

first 30 minutes of contact vvith unpalladized iron surfaces. When the reaction was 

followed for much longer, "intermediate" reaction products 1.1-DCE and 1.2-DCE (cis 

and trans) were detected in solution, in addition to a minute amount of ethene. When 

TCE solution was placed in contact with palladized iron, (both Fisher and Aldrich iron), 

the dechlorination went to completion in less than 5 minutes. The only product 

identified was ethane. Any other products that were present at concentrations < 1 ppm 

could not be detected. No TCE was detected in headspace or in solution. 
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In addition to detecting ethane as the major hydrodechlorination product of TCE, 

quantification studies were carried out to investigate the possibility of some loss of the 

chlorinated reactant through adsorption only. These results are summarized in Table 3.3. 

With the exception of trans 1.2-DCE and 1.1-DCE. the extent of conversion of the 

chlorinated 2-carbon compounds to ethane, and the chlorinated 1-carbon compound to 

methane was better than 90%. The difficulty in these analyses arises not only from the 

high volatility of the chlorinated reactant but also from the ease with which loss of the 

generated gaseous product might occur. Overall, these results suggested that the 

observed decrease in reactant concentration is not due to its mere physical adsorption 

onto the bimetallic system, but to its chemical conversion into the gaseous product. 

Table 3.3 The extent of conversion of perchloroethylene. TCE. various DCE's into 
ethane, and CH,CU into methane when placed in contact with palladized 
iron. 

Chlorinated Compound )imole of solvent used Extent of Conversion 

Perchloroethylene 1.80 95% 

Trichloroethylene 2.29 113% 

Cis-1,2-Dichloroethylene 2.11 93% 

Trans-1,2-
Dichloroethylene 

2.80 52% 

1.1 -Dichloroethylene 2.08 46% 

Methylene Chloride 
(contact time 12 hrs +) 

2.40 99% 



To understand the role palladium plays in the hydrodechlorination reaction, the 

study was repeated using a bimetallic mixture consisting of Fe*^ and Pd" metals in a 

Pd:Fe ratio of 2:4 in contact with 20 ppm TCE. No dechlorination was observed (Figure 

3.3). No ethane was detected in the headspace. This suggested the need for the promoter 

metal palladium to be in contact with iron for the hydrodechlorination reaction to 

proceed rapidly and with completion to the non-halogenated product ethane. Since these 

batch reaction vessels were shaken to assure mixing, placing Pd" in the same reaction 

vessel as Fe" does not assure contact between the two metals. Identical results were 

observed when the mixture of the two zero valent metals Pd" + Fe". and the 

monometallic Fe" systems were placed in contact with TCE. 

The hydrodechlorination reaction of TCE in contact with palladized iron was further 

investigated for the formation of any minor products in addition to the previously 

observed major product ethane. When a saturated aqueous solution of TCE was placed 

in contact with palladized iron three products were formed: ethane (major product), 

butane, and hexane (Figure 3.4). The formation of these minor products were also 

observed when dichloroethylenes were placed in contact with palladized iron. Figure 

3.5 displays the progression of the hydrodechlorination reaction of 2.56 ppt Cis-1,2-

DCE in contact with palladized iron. Six different samples of the dichloroethylene 

solution were prepared and placed in contact with palladized iron surfaces in glass 

vessels equipped with teflon screw caps. The glass vessels were placed on the rotator, 

and the headspace of each vessel analyzed once at the specified period of time with the 



aid of a gas chromatograpli. Teflon lined septa were avoided to minimize loss of 

gaseous products. The unsaturated product ethane was the major product detected for 

the first 15 minutes of reaction. The minor products detected were 1 -butene, 2-butene, 

and 2-hexene. A small amount of vinyl chloride was also detected for the first 10 

minutes of reaction. As the contact time increased to 15 minutes, vinyl chloride was no 

longer detected, and it was presumed to have hydrodechlorinated to ethane. This 

suggested vinyl chloride to undergo hydrodechlorination in the presence of palladized 

iron, but because it is highly carcinogenic, it was not solely investigated in a 

hydrodechlorination study . As the contact time between the Cis-1.2-DCE solution and 

the palladized iron surface increased, the unsaturated major and minor products were 

no longer detected and all of the detected products were saturated. After 60 minutes of 

contact the three products observed were ethane, butane, and hexane. Dechlorination 

proceeded faster than saturation of the double bond. 

The generation of 4-carbon and 6-carbon compounds from a 2-carbon reactant such 

as TCE and DCE. hinted to the possibility of their formation via a radical reaction. 

Several attempts were made to confirm this hypothesis by the use of the spin trapping 

agents 5.5-dimethyl-l-pyrroline N-oxide and Tempo (2.2.6.6-tetramethyl-l-

piperidinyloxy free radical). Micromolar to millimolar concentrations of the trapping 

agents were added to the TCE solution which was then placed in contact with the iron 

and the palladized iron surfaces. The ESR spectra were recorded. No evidence for the 

presence of organic radicals was found. 
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Figure 3.3 Deciilorinalion of an aqueous solution of 20 ppm TCE in contact with the 
bimetallic mixture of the two zero valent metals Pd" ^ Fe" 
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reaction vessel containing a saturated solution of TCE in contact with 
palladized iron. 
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in contact with palladized iron 



One of the common soil remediation strategies currently employed for the removal of 

volatile chlorinated organic solvents is soil vapor extraction. Methanol extraction is used 

for the removal of semi-volatiles. This currently utilized remediation technique 

prompted the reexamination of the hydrodechlorination reaction of TCE in 10%. 20%, 

50%, and 100% methanol/water solutions. Methanol did not inhibit or hinder the 

hydrodechlorination of TCE in the 10%, 20%, and 50% methanol/water solutions. The 

hydrodechlorination of TCE in these solutions proceeded to completion in less than five 

minutes. TCE in 100% methanol did not undergo hydrodechlorination. No ethane vvas 

found in the headspace. This observation reconfirms our initial conclusion that water 

is necessary for the hydrodechlorination reactions to occur. 

When iron or palladized iron is placed in contact with water, a series of oxidation and 

reduction reactions occur [Equations (3) to (6)]. Dissolved molecular oxygen is reduced 

to hydroxide ions causing the passivation of the iron surface. To investigate the effect 

the absence of molecular oxygen exerts on this reaction, a highly concentrated solution 

of TCE (437 ppm) vvas prepared with argon purged water. The disappearance of TCE 

and the appearance of the product were monitored with a gas chromatograph equipped 

with an FID detector. The product ethane was detected after a five minute contact 

between the solution and the bimetallic surface. Complete dechlorination was observed 

after 28 minutes of contact (Figure 3.6). It was concluded then that the 

hydrodechlorination reactions are capable of proceeding both in the presence and 

absence of molecular oxygen. 
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Figure 3.6 Hydrodechlorination of an aqueous solution of 437 ppm TCE prepared 
in argon purged water in contact with the palladized iron surface 



64 

The chlorinated compounds investigated so far were the unsaturated two-carbon 

compounds. Some of the two-carbon saturated chlorinated compounds such as 

trichloroethane are used as industrial solvents and through improper disposal have also 

contaminated groundwater. The hydrodechlorination of the two-carbon saturated 

chlorinated compounds in contact with the bimetallic system palladized iron was 

studied. Hexachloroethane. pentachloroethane. 1,1.1.2- and l.I.2.2-tetrachloroethane, 

and 1.1.1-trichloroethane were completely hydrodechlorinated in contact with the 

bimetallic system in approximately 5 minutes. The aqueous solution of 1.1.2-

trichloroethane required 51 minutes for complete hydrodechlorination. The calculated 

pseudo-first order rate constant was 0.1184 min"'. 

The decrease in the hydrodechlorination rate as the number of chlorine atoms per 

carbon atom decreased was also observed with the chloromethanes. The rate of the 

dechlorination of CCl^ and CHC1-, (<5 minutes) was much faster than that of CH-iCl-,. 

The calculated pseudo first-order rate constant for the hydrodechlorination of CHtCK 

was 0.00291 min"'. and the half life was 238 minutes. The dechlorination of CHiCU in 

contact with palladized iron is presented in Figure 3.7. Regardless of their rate of 

hydrodechlorination. all of the investigated chloromethanes when contacted with 

palladized iron formed the non-chlorinated product methane. Figures 3.8 and 3.9 display 

the total ion chromatogram of CHiCl-, when contacted with palladized iron, and the 

fragmentation pattern of the major product peak respectively. 
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Figure 3.7 Dechlorination of dichloromelhane in contact with the bimetallic svstem 
palladized iron 
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Figure 3.8 Total ion chromatogram of CHiCU in contact with palladized iron. 
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Since no attempt was made to exclude air. ion peatcs due to the presence of Nt (ml/. 

28). and HjO (m/z 18) were detected in the fragmentation pattern of CH4. The peak 

with m/z = 17 resulted From the 0-H fragment formed after the loss of a hydrogen atom 

from a water molecule. 

As the number of chlorine atoms decreased from 4 and 3 atoms in carbon tetrachloride 

and chloroform to 2 chlorine atoms in methylene chloride, the rate of the 

hydrodechlorination reaction decreased. The decrease in the reaction rate may be 

rationalized by assuming that intermediate species with Pd-Cl bonds participate in the 

dechlorination of the chlorinated compounds. The probability of forming such an 

intermediate is greatest for CCI4 and the tetrachloroethanes and least for CHiCK and 

1.1.2 trichloroethane (Figure 3.10) 

Table 3.4 summarizes the hydrodechlorination rates of the investigated 1-carbon and the 

2-carbon saturated and unsaturated chlorinated compounds. The rate of the rapid 

hydrodechlorination of the chlorinated compounds is governed by a number of factors; 

the surface area of the palladium, the surface area of the iron, and the palladium;iron 

ratio on the surface of the iron, the extent of mixing, the concentration of the 

chlorinated compound, and the pH of the solution. No attempts was made to quantify 

the effect of each of these factors on the reaction rate, (except for the PdrFe ratio), 

primarily because the reactions are rapid and essentially complete in a few minutes. The 

reductive dechlorination of the chlorinated compounds probably occurs on the metal 
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surface, and in our system the palladium surface in preference to the iron surface, 

because of the strong palladium-chlorine bonds that can be formed (81). The electrons 

released as a result of the oxidation of elemental iron [equation (3)]. and the 

hydrogen gas produced [equations (5) and (6)] participate in the rapid reductixe 

hydrodechlorination ofTCE in a complex sequence of reactions that govern the reaction 

rate. 
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Table 3.4 Degradation of chlorinated compounds in contact with the bimetallic 
system palladized iron 

Halogenated Reactant Reaction Time Major Product 

One-Carbon Chlorinated 
Compounds 

Dichloromethane half life; 238 min. Methane 

T richloromethane -5 min. Methane 

Tetrachloromethane ~5 min. Methane 

Two-Carbon 
Chlorinated Unsaturated 

Compounds 

1.1 Dichloroethene -5 min. Ethane 

Cis-1.2-Dichloroethene -5 min. Ethane 

T rans-1.2-Dichloroethene ~5 min. Ethane 

Trichloroethene -5 min. Ethane 

T etrachloroethene -5 min. Ethane 

Two-Carbon 
Chlorinated Saturated 

Compounds 

1,1.1 -T richloroethane -5 min. Ethane 

1.1.2-T richloroethane - 5 \  min. Ethane 

1,1.2.2-Tetrachloroethane -5 min. Ethane 

1.1.1.2-Tetrachloroethane -5 min. Ethane 

Pentachloroethane --5min. Ethane 

Hexachloroethane -5 min. Ethane 
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CHAPTER FOUR. 

PROPOSED MECHANISM 

During tiie course of the study of the hydrodechiorination of the various chlorinated 

organic compounds in contact with elemental iron and palladized iron surfaces, water 

was observed to be a critical reactant. In the absence of water, hydrodechiorination 

reactions ceased. In addition, elemental iron is known to undergo oxidation when placed 

in contact with water. Hydroxide ions and hydrogen gas are generated from the series 

of redox reactions that take place during the corrosion of iron (Equations (3)-(6)). 

Palladized iron behaves similarly to elemental iron and undergoes corrosion when 

placed in contact with water. Hydrogen gas evolution with the palladized iron surface 

is more prominent. Proton Induced X-ray emission studies of the palladized iron 

surfaces discussed in chapter 6 indicated minimal loss of palladium after contact with 

TCE. Analysis of the contact solutions with the aid of atomic absorption spectroscopy 

Since virtually minimal loss of palladium was observed in the hydrodechiorination 

reactions, it was presumed to behave as a catalyst and increase the rate of oxidation of 

the base metal which subsequently increases the rate of hydrogen gas evolution. In 

addition to its catalytic property, palladium has been known to intercalate large amount 

of hydrogen gas in its lattice. Micro-PIXE analysis of the palladized iron surface 

revealed palladium to deposit on the surface of iron in small islands (chapter 6). The 
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observed increased rate of tlie hydrodechlorination reactions with palladized iron 

surfaces might be due to the generous amount of hydrogen available to the chlorinated 

compounds. But the abundance of hydrogen did not enhance the rate of 

hydrodechlorination of methylene chloride. Methylene chloride was observed to have 

the lowest rate of hydrodechlorination among the various chlorinated methanes, ethanes 

and ethenes studied (t|/2 = 238 minutes). Increased amounts of palladium (0.73 mg to 

140.5 mg of Pd/ 3.6 g Fe) deposited on the surface of the iron did not increase 

appreciably the hydrodechlorination rates. Among the bimetallic surfaces investigated 

with different Pd:Fe ratios, the one with a ratio of 68.6 mg Pd:3.6 g Fe displayed the 

highest amount of methane production. 

To further investigate the reducing role of hydrogen gas in the hydrodehclorination 

reactions, an aqueous solution of 87 ppm TCE was placed in contact with palladium 

gauze following an electrochemical intercalation of hydrogen into its lattice. Ethane 

production was observed after a 10 minute contact. But after almost 32 hours of contact 

the hydrodechlorination reaction was not complete, 6% of TCE remained unreacted. 

The rate of the hydrodechlorination reactions are governed by a comple.x sequence of 

reactions. The above studies indicated hydrogen to be an important reductant. But its 

concentration does not solely control the rate of the hydrodechlorination reactions. 

The formation of 4-carbon and 6-carbon hydrocarbons from a 2-carbon chlorinated 

compound suggested their formation via a radical mechanism. 
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Figure 4.1 Degradation of an aqueous solution of 87 ppm TCE in contact 
with palladium gauze (lattice intercalated with hydrogen gas 
electrochemically). 
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Attempts to isolate a radical failed with both of the trapping agents utilized 5.5-dimethyl 

pyrroline N-oxide and 2,2.6.6-tetramethyl-l-piperidinyloxy free radical (Tempo). The 

rate of the hydrodechlorination of TCE was not affected by the presence of the trapping 

agent, even at very high concentrations (20:1. TCEitrapping agent). The 

hydrodehalogenation of TCE proceeded independently of the hydrogenation of the 

trapping agent. This is illustrated in the reaction below. 

/ 

( 

O 

2,2,6,6,-tetramethyl 
1-piperidinyloxy 
free radical Pd/Fe 

OH 

(1) 

H 

(2) 

(16) 

Cl„ ,,H 
.C=C. 

cK "CI 

TCE 

H H 
H„ I i „H 

.C—C. 

Ethane 

Failure to detect radicals in solution suggested the hydrodehalogenation reactions to be 

surface reactions where the adsorption of the chlorinated organic compound on the 



bimetallic surface is most likely the rate determining factor. The chlorinated two-carbon 

unsaturated compounds did not display a slower rate with a decrease in the number of 

chlorine atoms. This suggested their adsorption on the bimetallic surface to take place 

via a different method than that for the one-carbon chloromethanes. and the two-carbon 

saturated chloroethanes. Adsorption of saturated hydrocarbons involves mainly weak 

dispersion forces. But the presence of pi bonding systems may lead to stronger 

molecular adsorption. Another evidence for the molecular adsorption on the bimetallic 

surface is obtained from the hydrogenated products of the trapping agent. In addition 

to 2.2.6.6-tretramethyl-l-hydro.xypiperidine (1). the other dectected product was the 

compound formed after the loss of oxygen into one of the top iron oxide layers and the 

subsequent hydrogenation (2). Tempo vvas most probably bonded to the surface of the 

palladized iron via the oxygen atom. Its hydrogenation led to the formation of 

compound (1). Hydrogenation of the nitrogen atom led to the formation of compound 

(2) .  

Figure 4.2 represents the proposed mechanism of the hydrohalogenation reaction. In the 

course of the oxidation of iron. Fe*" ions along with OH" ions and CI" ions are released 

into the solution. When two adsorbed molecules are in close proximity (when the 

solution of the chlorinated solvent is highly concentrated), bonding is established 

between the molecules generating the 4-carbon and the 6-carbon products from the 2-

carbon reactant before leaving ihe surface of the palladized iron. 
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Figure 4.2 Proposed mechanism for the hydrodechlorination of chlorinated 
organic compounds in contact with palladized iron. 
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CHAPTER FIVE. 

X-RAY PHOTOELECTRON STUDIES OF THE 
PALLADIUM-IRON BIMETALLIC SYSTEM 

The surface of the elemental iron was analyzed using X-ray photoelectron 

spectroscopy, before and after the deposition of palladium. X-ray photoelectron 

spectroscopy employs X-rays as the ionizing source to dislodge core, non-valence 

electrons. A photoelectron spectrum is therefore a plot of the number of photoelectrons 

incident upon a detector as a function of the kinetic energy of the photoelectron. 

Electrons from different levels give rise to photoelectrons with different kinetic 

energies. Peaks corresponding to the photoionization of electrons from different levels 

in the sample are recorded. A typical XPS spectrum is shown in Figure 5.1. The surface 

of elemental iron displayed peaks due to the presence of iron (2p|p and 2p-;/t), oxygen 

{0|J. and carbon (C|J. Decomposition of the Fe 2p and O Is X-ray photoelectron 

spectra obtained from various types of iron samples has been performed by previous 

investigators who have deduced that an iron surface exposed to humid air is covered 

by a multilayer hydroxylated oxide film (82). It is reasonable to conclude, therefore, 

that the surface of the iron used in our work is also covered by a hydroxylated oxide 

film. Washing the surface with an acid only removes the top layers of oxide. Carbon 

is present as a contaminant in the vacuum chamber due to the vacuum lines. Analysis 

of the iron surface after palladium deposition revealed the palladium 3d peaks in 

addition to the original iron, oxygen, and carbon peaks (Figure 5.2). In order to remove 
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the hydroxylated layers from the surface, an iron foil was sputtered with argon ions. 

The spectra before and after sputtering are presented in Figure 5.3 (a) and (b) 

respectively. The iron 2p spectrum shown in Figure 5.3 (a) strongly resembles Fe 2p 

spectra that have been reported previously (82). The clean iron surface displayed neither 

O Is nor C Is peaks. The binding energies of the Fe 2p electrons of the clean surfacc 

are Fe 2p|p = 720.3 eV. and Fe 2p-p = 707.1 eV. The binding energies observed for 

the iron surface that was not etched with argon ions were higher. 740 eV for the Fe 

2p,/2 electrons, and 726 eV for the Fe electrons. 

E.xposure of the clean surface to a solution of K-,PdClf, (0.010 g Pd/100 mL ultrapure 

water) for varying lengths of time resulted in the deposition of Pd on the Fe surface as 

a result of the redox reaction: 

2Fe'^ + PdClft"- 2Fe'- + Pd" + 6Cr (15) 

The longer the time of contact between the iron surface and the palladizing solution, 

the greater the palladium deposit on the iron surface (Table 5.1. Experiments 1 through 

4). This has been observed in previous experiments in which 10 |a.m particles of iron 

with a very large surface area have been palladized with a solution of K-,PdCl(,. which 

is deep orange in color (83). Deposition of palladium on the iron surface via the redox 

reaction (equation 15) can be followed by observing a rapid decrease in the intensity 

of the orange color of K^PdCl,, solution. After the redox reaction has ceased, the 

deposition of Pd" on the iron surface is complete and the solution becomes pale yellow. 
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Figure 5.1 Full scan X-ray photoelectron spectrum of elemental iron exposed lo air. 
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Figure 5.2 Full scan X-ray phoioeleclron spectrum of elemental iron washed with 
hydrochloric acid, then palladized with potassium hexachloropalladate. 
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Figure 5.3 X-ray photoelectron spectra of the iron surface before (a) and after (b) 
etching with argon ions. 
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Table 5.1 Atomic ratios calculated from the corrected areas (see experimental 
section) in the X-ray photoelectron spectra of the hydroxylated iron oxide 
surface. 

Experiment No. Treatment of hydroxylated iron 
oxide surface 

0:Fe Pd:Fe 

I 1 sec. exposure to an aqueous 
solution containing 

0.01 g Pd/100 mL Hp 

0.08 0.07 

2 5 sec. additional exposure of 
surface to the same solution, 

after Exp. No. 1 

0.05 0.09 

J 10 sec. additional exposure of 
surface to the same solution 

after Exp. No. 2 

0.1 0.3 

4 30 sec. additional e.xposure of 
surface to the same solution 

after Exp. No. 3 

0.1 0.4 

5 1 sec. exposure of etched surface 
to 0.005 g Pd/100 mL H.O 

0.08 0.02 

6 5 min. exposure of iron surface 
to 0.05 g Pd/100 mL H2O 

0.06 0.6 

7 Exposure of surface in experiment 
No. 6 to a saturated solution 

of aqueous TCE until 
the reaction ceased. 

0.06 0.02 

8 Surface in E.xp. No. 7 after two 
acid washes in 3 M HCl 

0.03 0.06 

The presence of Pd" on the iron surface, after exposure of the iron surface to the 

palladizing solution for about 30 sec., is confirmed by the binding energies of the Pd 

3d peaks in the photoelectron spectrum show in Figure 5.4(a) (Pd 3d3,2 = 340.3 eV and 
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Pd5/2 = 335.0 eV). 

If however, the iron surface is exposed to a very low concentration (0.005 g Pd/100 ml. 

of water) of the palladizing solution for about 1 second or less, the presence of a higher 

oxidation state of palladium, in addition to Pd". is clearly seen in the X-ray 

photoelectron spectrum of the iron surface shown in Figure 5.4(b). 

This suggested that a hydroxylated film is formed on the iron surface as soon as it is 

contacted with an aqueous solution and that the protons on the -OH groups readily 

exchanged with the palladium ions present in solution. A similar cation exchange 

phenomenon has been observed previously where the protons on the -OH groups on an 

iron surface exchange with K* ions in solution (82). The Pd-O-Fe bonds that are formed 

on the iron surface are however unstable, and the palladium ions undergo further 

reduction to Pd" by electrons provided by the oxidation of iron that is present in the 

relatively porous hydroxylated iron oxide film. The spectra shown in Figures 5.4(b) and 

(c) which confirms the eventual formation of Pd". the dominant form of palladium on 

the iron surface, was obtained when the iron surface with the Pd-O-Fe bonds was 

allowed to stand overnight in the sample chamber maintained at ultra-high vacuum. 

It is postulated from these results that Pd(lV) in the palladizing solution is first reduced 

to Pd"^" ions by the redox reaction: 

PdClf,-- + Fe" ->• Fe^- ^ Pd^- + 6Cr (17) 
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The Pd"- ions then exchange with protons from the hydroxylated iron oxide surface and 

are reduced further as shown in equations (18) and (19); 

2FeOH + Pd'- ^ 2Fe-0-Pd + 2H* (18) 

2H^ + 2Fe-0-Pd + Fe" -> Fe'" + 2FeOH + Pd" (19) 

Even though for simplicity purposes the hydroxylated layer is represented as FeOH. it 

has a highly complex structure which probably consists of many types of structures with 

-OH groups, and numerous layers of oxides consisting of Fe-,03 and Fe30,,. Although 

in Equation (19) Fe" is shown as the reducing agent, it is entirely possible that iron in 

some low oxidation state on the iron surface provides the electrons for this reduction 

reaction. Equations (17) through (19) are merely representations of overall reactions that 

occur when palladium is deposited by a redox reaction on the surface of the 

hydroxylated iron oxide surface. 

There are no significant changes in the Fe 2p spectrum that was recorded in the course 

of the palladium deposition. The line shapes and peak maxima remain essentially 

unchanged from those shown in Figure 5.3 (a). It may be concluded that the structure 

of the hydroxylated iron oxide surface remains the same and that the depth of the 

hydroxylated iron oxide film is also unchanged because the Fe 2p|;2 and the Fe 2p-;;2 

peaks of the elemental iron surface that lie beneath the hydroxylated oxide Film are 

clearly seen in all the Fe 2p spectra that remained unchanged during and after the 

deposition of palladium atoms on the iron surface. 
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Figure 5.4 (a) Binding energies of the Pd Sdjp and the Pd Sd^o peaks in the X-ra\ 
photoelectron spectrum of elemental Pd deposited on the iron surface. 

(b) Pd 3d peaks of elemental Pd and Pd*" species after deposition of a 
very low surface concentration of palladium. 

(c) Pd 3d peaks after the iron surface with the Pd-O-Fe bonds was 
allowed to stand overnight in an utlra high vacuum. 
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After the palladium ions are finally reduced to elemental palladium, those atoms of 

palladium are located on the hydroxylated iron oxide or iron surface in such a manner 

that they do not affect the electronic environment of either the iron or the oxygen on 

the iron surface. The Fe 2p, as well as the O 2s spectra are unaffected by the presence 

of palladium atoms, and after complete reduction of Pd(IV) to Pd", the Pd 3d spectra 

are also unaffected by the presence of oxygen or iron on the surface. It may he 

concluded, therefore, that the palladium atoms are located in the matrix of randomly 

distributed iron and oxygen atoms in the iron oxide matrix with minimum electronic 

interaction between the palladium, the iron, and the oxygen atoms. 

In the course of the studies with palladized iron, a powerful and rapid 

hydrodechlorinating agent of halogenated organic compounds, it was observed that the 

rate of hydrodechlorination decreased with continued use of the palladized iron 

particles. This was attributed to an increase in thickness of the hydroxylated oxide film 

which makes the palladium atoms less accessible to the reactant molecules in the 

aqueous solution. We have also found that rinsing the surface of the iron particles with 

a solution of dilute HCl restores the original activity of the palladized iron surface. We 

have probed the iron surface with the XPS technique to seek an explanation for our 

experimental observations. 

The Pd 3d and the Fe 2p spectra of the iron surface after it is exposed to the palladizing 

solution (0.05 g Pd/100 mL HjO) for 5 minutes is shown in Figures 5.6 and 5.7(a) 

respectively. 
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Figure 5.5 The Fe 2p photoelectron spectrum of an iron surface covered with a thin 
hydroxylated iron oxide film. 
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Figure 5.6 The Pd 3d phoroelectron spectrum of a heavy deposit of elemental 
palladium on a hydroxylated iron oxide surface. 
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(a) The Fe 2p photoelectron spectrum of the hydroxylated iron oxide film. 

(b) The Fe 2p photoelectron spectrum of the hydroxylated iron oxide tllm 
after its thickness was allowed to increase in moist air for 3 weeks. 
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The binding energies and the shape of the Pd 3d peaks indicate that the palladium is 

present on the iron surface is mostly in the elemental state, Pd*^. with minimal amount 

as Pd" atoms and Pd^" ions. It is also evident that these Pd atoms are present in the 

surface film within a depth of about 40 A. which is within the limit that can be probed 

by the XPS technique. The Fe 2p spectrum (Figure 5.7(a)) indicates that the surface of 

the elemental iron is almost completely covered by the hydroxylated oxide film and the 

presence of elemental iron below this film is barely visible as as shoulder at 706.8 eV. 

Exposure of this palladized iron film to air for about three weeks resulted in an 

additional growth of the surface film which almost completely obscured the elemental 

iron (Figure 5.7(b)). The Pd 3d spectrum, however, remained unchanged, thereby 

indicating that the Pd atoms were accessible to the molecules in solution. 

A freshly prepared palladized iron foil was exposed to an aqueous solution saturated 

with trichloroethylene until the product from the hydrodechlorination reaction (i.e. 

ethane) could no longer be detected. The full scan photoelectron spectrum of the Pd/Fe 

surface exposed to the aqueous solution saturated with TCE is shown in Figure 5.8 (a). 

The significant decrease in the calculated Pd/Fe ratio from 0.6 to 0.02 (Table 5.1). 

clearly indicates that there is an overall decrease in elemental palladium that is 

accessible to the aqueous solution of TCE. The Fe 2p peak is obscured by the presence 

of the hydroxylated oxide film that has increased in thickness as a result of the 

prolonged exposure to the aqueous solution of TCE (Figure 5.8(b)). It may also be 
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concluded that the elemental palladium is buried in the thick hydroxylated oxide film. 

A full scan of the photoelectron spectrum of the same sample washed twice with 3 M 

HCl is shown in Figure 5.8(b). It is evident that the intensities of the Pd 3d peaks have 

increased by a factor of three, (from 0.02 to 0.06 in Table 5.1). and that the underlying 

iron surface has also been exposed by a reduction in the thickness of the hydroxylated 

film. This is confirmed by a reduction in the 0:Fe ratio by a factor of two from 0.06 

to 0.03 (Table 5.1). The reactivity of the Pd/Fe surface is almost completely restored 

by the two-step acid wash; this can probably be attributed to the formation of surface 

pores to the underlying elemental iron and palladium. No loss of palladium from the 

Pd/Fe surface was observed in any of the above experiments. The attenuation of the Pd 

3d electrons by the hydroxylated oxide layer that has formed on the Pd/Fe surface is 

responsible for the decrease in the Pd 3d peak area in Figure 5.8(a) in comparison with 

the Pd 3d peak area in Figure 5.8(b). 
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Figure 5.8 (a) Full scan photoelectron spectrum of the Pd/Fe surface. 

(b) Full scan photoelectron spectrum of the Pd/Fe surface exposed to an 
aqueous solution of saturated TCE. 

(c) Full scan photoelectron spectrum of the Pd/Fe surface in (b) washed 
twice with 3M HCl. 
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CHAPTER SIX. 

PROTON INDUCED X-RAY EMISSION SPECTROSCOPY STUDIES 
OF IRON AND PALLADIZED IRON SURFACES 

Proton induced X-ray emission (PIXE) spectroscopy is a non-destructive technique, 

highly sensitive and suitable for multi-elemental analysis, mainly for higher atomic 

number elements (Z > 10). It is an analytical technique that employs a high energy (-2 

MeV) proton beam as an excitation source and can yield information about the 

elemental composition of the iron surface to a depth of 30-50 }am. FIXE analysis has 

a relative sensitivity range of 0.1 to 1 ppm (84). This technique can be used in the 

analysis of liquid and solid samples. PIXE has been used in the study of antiques and 

art objects (85). in trace elemental analysis in biological samples, and in plants (85-91). 

The PIXE technique has an additional advantage; when the high energy proton beam 

is finely focused it can yield information about the elemental composition of 

microstructrures (2 fim x 2 |j,m) on the iron surface (92). 

PIXE was used to investigate the changes in the surfaces of six different types of iron 

before and after their palladization with potassium hexachloropalladate. hydrochloric 

acid washes, and TCE treatment. Proton induced X-ray emission studies of the bare iron 

surfaces displayed negligible amounts of other metals besides iron such as copper. 
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arsenic, and molybdenum, except for the 100 mesh iron powder (Mallinckrodt). and the 

40 mesh iron filings (Fisher). The amount of each metal was calculated relative to iron 

(Table 6.1). A typical PIXE spectrum is shown in Figure 6.1. The surfaces displayed 

no great change in elemental composition after a 1 M hydrochloric acid wash. This 

implies that all the trace elements are homogeneously distributed throughout all six 

types or iron matrices. 

Chlorinated compounds such as TCE are reduced into ethane, (with enough time 

alloted). in the presence of iron, by the electrons donated from the oxidation of the iron 

and the hydrogen gas formed from the reduction of water. 

H ,a 
c=c 

a z' \ 
6e- + 5Hi 

a 

H H 
Fe H„ I I H 

• 2 C—C + 6cr (20) 

With prolonged exposure of the iron surface to water and air. the oxide and hydroxide 

layers continuously formed and increased in thickeness. This might have explained the 

slowing of the dechlorination of TCE with prolonged exposure of the iron surface to 

the TCE solution. For TCE dechlorination to occur, the chlorinated molecule has to 

adsorb on the surface of the iron, where electrons and hydrogen gas are accepted 

resulting in its reduction then desorption and release into the solution or headspace. 
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Figure 6.1 Proton induced X-ray emission spectrum of Fisher 40 mesh iron filings 
after palladization. 
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Table 6.1 PIXE analyses of the six different samples of iron particles. 

I. 10 fim Fe (Aldrich) %Cu %As %Mo %Pd 

(a) Bare untreated Fe surface - - - -

(b) Surface (a) washed with 1 M HCl - - - -

(c) Surface palladized 
with K.PdCl^ (0.05% Pd) 

0.02 - 0.005 0.07 

(d) Surface (c) treated with 70 ppm TCE 0.02 - - 0.1 

(e) Surface (d) washed with 1 M HCl 0.004 - - 0.06 

II. 325 mesh Fe (Aldrich) 

(a) Bare untreated Fe surface 0.03 - 0.007 -

(b) Surface (a) washed with 1 M HCl 0.03 - - -

(c) Surface palladized 
with KjPdClg (0.05% Pd) 

0.04 - 0.04 0.1 

(d) Surface (c) treated with 70 ppm TCE 0.06 - 0.02 0.1 

(e) Surface (d) washed with 1 M HCl 0.04 - 0.02 0.09 

III. 100 mesh Fe (Mallinckrodt) 

(a) Bare untreated Fe surface 0.1 0.007 O.Ol -

(b) Surface (a) washed with 1 M HCl 0.2 0.02 0.06 -

(c) Surface (b) palladized 
with KjPdCle ( 0.05%) 

0.2 0.02 0.07 0.2 

(d) Surface (c) treated with 70 ppm TCE 0.3 0.02 0.08 0.2 

(e) Surface (d) washed with 1 M HCl 0.2 0.01 0.05 0.2 



Table 6.1 (cont) 

IV. 40 mesh Fe fllings(Fisher) %Cu %As %Mo %Pd 

(a) Bare untreated Fe surface 0.1 0.005 0.03 -

(b) Surface (a) washed with 1 M HCl 0.2 0.009 0.07 -

(c) Surface palladized 
with KjPdCl^ (0.05% Pd) 

0.4 0.01 0.1 0.6 

(d) Surface (c) treated with 70 ppm TCE 0.4 0.02 0.1 0.4 

(e) Surface (d) washed with 1 M HCl 0.3 0.01 0.08 0.2 

V. 40-70 mesh spherical Fe (Alfa Aesar) 

(a) Bare untreated Fe surface 0.08 0.008 0.05 -

(b) Surface (a) washed with 1 M HCl 0.05 0.005 0.04 -

(c) Surface palladized 
with KjPdCl^ (0.05% Pd) 

0.09 0.004 0.05 0.9 

(d) Surface (c) treated with 70 ppm TCE 0.07 0.005 0.05 1 

(e) Surface (d) washed with 1 M HCl 0.08 0.007 0.04 0.5 

VI. Fe Chips (0.8-2-0 mm)(Aldrich) 

(a) Bare untreated Fe surface - - 0.001 -

(b) Surface (a) washed with 1 M HCl 0.007 - - -

(c) Surface (b) palladized 
with K.PdClg ( 0.05%) 

0.002 - - 2.6 

(d) Surface (c) treated with 70 ppm TCE 0.08 - - 1.8 

(e) Surface (d) washed with 1 M HCl 0.004 - - 1.5 



When the surface of the iron passivated. and the oxide and hydroxide layers have 

increased in thickeness. the oxidation of elemental iron into Fe (II) ions and the 

production of hydrogen did not occur as readily. But the TCE molecules still adsorbed 

on the surface. Therefore the amount of TCE detected in solution decreased with no 

detection of the product ethane (Figure 6.2a). Aldrich iron powder 10 |.im and 325 

mesh, Aldrich iron chips, and Alfa Aesar spherical iron powder 40-70 mesh untreated 

with hydrochloric acid and unpalladized. were observed to produce no ethane after six 

hours of contact with the TCE solution. Fisher iron tilings 40 mesh untreated with 

hydrochloric acid and unpalladized displayed some very small amount of ethane 

production after six hours. 

Mallinckrodt iron powder 100 mesh untreated with HCl and unpalladized displayed the 

greatest ethane production among the six different iron particles studied (Figure 6.3). 

This might be attributed to the presence of copper on the surface of the iron. 

Mallinckrodt iron diplayed the greatest CuiFe ratio. But even after six hours of contact. 

72% of the TCE remained unreacted. The results of our PIXE surface analyses of the 

six types of iron particles confirm at least qualitatively, our previous contention that a 

second metal deposited on the iron surface increases the rate of hydrodechlorination of 

TCE and related chlorinated organic compounds. The second metal serves two purposes, 

it lowers the overpotential of hydrogen evolution at the iron surface and it adsorbs or 

intercalates hydrogen gas in the metal lattice; of the many metals that have both 

properties, we have found that palladium is the most effective. 
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Figure 6.2 (a) Bare Aldrich 10 |im iron powder untreated, in contact with 73 ppm 
ICE (•). 
(b) Aldrich 10 jim iron powder washed with IM HCl in contact with 73 
ppm TCE (•). 
(c) Palladized Aldrich 10 iron powder in contact with 73 ppm TCE 

( A ) .  
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Palladium metal not only lowers the overpotential of hydrogen gas evolution at the iron 

surface, but also intercalates in its lattice many atmospheres of hydrogen gas. The 

species Pd.H-, is therefore, a powerful reducing agent and greatly enhances the reducing 

action of elemental iron. Unfortunately, one of the consequences of elemental iron 

acting as a reducing agent, i.e. the corrosion of iron with the release of hydrogen gas 

and the formation of hydroxide ions, is the formation of hydroxylated oxide layer on 

the surface of the iron. The gradual growth of this oxide layer slows the rate of the 

hydrodechlorination reaction until, finally, the reaction ceases. An acid wash, however, 

removes the hydroxylated layer and restores the reactivity of the iron surface. 

Some of the iron surfaces when washed with HCI. were observed to partially 

dechlorinate TCE into ethane. Alldrich 325 mesh iron powder. Fisher 40 mesh iron, and 

Mallinckrodt 100 mesh iron powder when washed with 1 M HCI were observed to form 

ethane after a 1 hour contact with 73 ppm TCE. Aldrich 10 (im iron powder when 

washed with 1 M HCI and contacted with 73 ppm TCE was observed to form ethane 

after 4 hours of contact. Fisher 40-70 mesh spherical iron surface, and Aldrich iron 

chips displayed no ethane production even after six hours of contact with 73 ppm TCE. 

All of the palladized iron surfaces. (0.05% Pd). were observed to dechlorinate 73 ppm 

TCE much faster than the acid washed monometallic iron surfaces. Our FIXE analyses 

however, indicated the %Pd on the iron particles to vary between 2.6% and 0.07% Pd. 

calculated on the assumption that the surface concentration of Fe is 100%. The 

considerable variation in the surface Pd concentration has an important consequence. 
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It emphasizes the difficulty in preparing iron particles that have a predetermined 

uniform deposit of palladium, even on a laboratory scale when small amounts (-3.6 g) 

of iron particles are mixed with an aqueous solution of K-,PdClf,. 

Micro-PIXE analysis of palladized 10 ^m iron powder displayed palladium to be 

aggregated on the surface of the iron in small islands (Figure 6.4). The non-uniformity 

of the Pd deposit on iron was confirmed by employing a focused high energy proton 

beam to probe the iron surface. In this micro-PIXE technique, the proton beam was 

focused by means of a quadrupole magnet to an area of about 2 |.im .\ 2 {.im and this 

focused beam was rastered over the surface of the iron foil by varying the voltages on 

the pole pieces of the quadrupole magnet. Experimental details of the construction and 

use of this proton microprobe have been described previously. 

No TCE was detected after 5-7 minutes of contact between the Aldrich 10 fim iron 

(Figure 6.2c) and 325 mesh surfaces and a 73 ppm TCE solution. As the particle size 

of the iron used increased, the time required for complete dechlorination increased. But 

all of the iron surfaces when palladized. were able to completely dechlorinate TCE in 

less than 60 minutes. 

Palladium has been known to intercolate hydrogen into its lattice (80). Hydrogen gas 

produced from the reduction of water is trapped and concentrated into the palladium 

islands. The presence of highly concentrated hydrogen regions on the surface of the iron 

most likely resulted in the rapid dechlorination of TCE. 
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Figure 6.3 Mallinckrodt iron powder 100 mesh untreated with HCl and 
unpalladized in contact with 73 ppm TCE (a) Ethane (•)(product). 
(b) TCE (•)(reactant). 
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Figure 6.4 Micro-PIXE spectrum of palladized 1.2 iim iron foil. 



Bare iron had minimum hydrogen storing capabilities. The hydrogen gas produced in 

the presence of bare iron did not spend an appreciable amount of time on the iron 

surface. The presence of concentrated regions of hydrogen gas on the iron surface is 

critical for the rapid dechlorination of TCE since the adsorption of the organic 

chlorinated compounds on the surface is necessary for their reduction. Bare iron 

surfaces untreated with hydrochloric acid and unpalladized were observed to display no 

capability in completely dechlorinating TCE in the six hour period during which these 

reactions were studied. Since these surfaces were highly oxidized, generation of 

electrons by the oxidation of iron and the production of hydrogen gas from the 

reduction of water occured only to a very small extent. TCE adsorption was observed 

to occur on these surfaces since the amount detected in solution decreased over a period 

of time. But since electrons and hydrogen gas were not as readily available (surfaces 

were highly oxidized), no product ethane was detected, with the exception of Fisher 40 

mesh fdings and Mallinckrodt 100 mesh powder that displayed some ethane production 

after six hours of contact. When surfaces were washed with 1 M HCl. some oxide and 

hydroxide layers were removed, the oxidation of iron and the production of hydrogen 

occured more readily resulting in greater availability of electrons and hydrogen gas. 

Some dechlorination was observed with the hydrochloric acid washed surfaces, with the 

exception of Alfa Aesar 40-70 mesh spherical iron powder and Aldrich iron chips. 

Palladized iron surfaces contacted with 73 ppm TCE displayed minimal loss of 

palladium with the exception of Fisher 40 mesh iron filings (0.2% loss), and Aldrich 
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iron chips (0.8% loss. Figure 6.5). Results of the analyses of the iron surfaces after 

palladization, TCE treatment, and 1 M HCl washes are presented in Figure 6.5. 

Palladized iron surfaces displayed different Pd:Fe ratios for different iron particle sizes, 

even though the aqueous solution of potassium he.xachloropalladate used in the 

palladization of the iron surfaces had the same concentration. The larger the particle 

size, the smaller the relative amount of iron detected by PIXE. the greater the Pd:Fe 

ratio. These results may be attributed to the inability of the proton beam to completely 

penetrate the surface palladium. The proton beam is capable of penetrating the surface 

to a maximum depth of 50 [im. Iron 10 |im powder, iron 325 mesh, and iron 100 mesh 

Filings did not display a significant change in the % Pd detected on the surface of the 

palladized iron after TCE treatment and hydrochloric acid wash. Iron 40 mesh filings 

and iron chips displayed the greatest decrease in % Pd detected on the surface after 

TCE treatment (0.2% and 0.8% respectively). Spherical iron powder 40-70 mesh 

displayed the greatest % Pd decrease (0.5%) after hydrochloric acid treatment. 

Prolonged contact of palladized iron surfaces with an aqueous solution of TCE 

resulted in the formation of oxide and hydroxide layers. As these layers accumulated 

and thickened on the bimetallic surface, the palladium islands were buried. The 

intercolated hydrogen became less available to the chlorinated molecule TCE. resulting 

in the increase in the time required for complete dechlorination from 3-4 minutes to 37 

minutes over a period of 23 days. 
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Figure 6.5 Percent palladium detected (relative to iron) on the surfaces after 
palladization. TCE treatment, and hydrochloric acid washes. 
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Figure 6.6 Lifetime study of palladized Aldrich 10 )im iron powder over a period 
of 27 days. 
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During this period the total volume of TCE contacting the palladized iron surface was 

80 mL in 10 mL batches. Washing the surface with hydrochloric acid decreased the 

time required for complete dechlorination of TCE to the original period of 3-4 minutes 

(Figure 6.6). 

Highly oxidized surfaces of palladized Aldrich 10 [am iron and Fisher 40 mesh iron 

(0.05% Pd) were contacted with 73 ppm TCE. The dechlorination rate of TCE in 

contact with these surfaces were compared before and after 1 M oxalic acid wash 

(Figure 6.7). Palladized 40 mesh iron, even after the oxalic acid wash, did not display 

an improvement in the dechlorination rate of TCE. After 92 minutes of contact between 

the TCE solution and the acid washed palladized Fisher iron surface. 74% of the 

original TCE was detected in solution. A very small amount of the product ethane was 

detected. After 139 minutes of contact between the oxidized unwashed palladized Fisher 

iron and the TCE solution. 64% of the original TCE remained in solution. The 

unwashed and oxidized Aldrich 10 (.im palladized iron surface dechlorinated TCE in 

141 minutes. The oxalic acid washed surface completely dechlorinated TCE in 8 

minutes. Ethane was detected as the product in both cases. The use of a dilute solution 

of a complexing acid such as oxalic acid is preferable to the use of HCl for restoring 

the activity of the Pd/Fe surface. Hydrochloric acid is a harsh acid that not only 

dissolves the oxide and hydroxide layers, but also the zero valent iron present 

underneath those layers. A complexing acid such as oxalic acid removes mostly the 

oxide layers in which the iron is present in the +11 and +111 oxidation states. 
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Figure 6.7 Highly oxidized paliadized Aldrich 10 |am iron in contact with 73 ppm 
ICE. before (b)(0) and after (a)(«) I M oxalic acid wash. 
Highly oxidized paliadized Fisher iron 40 mesh filings betore (d)(n) and 

after (c)(B) 1 M oxalic acid wash. 
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Fisher 40 mesh iron filings when washed with water resulted in the release of black fine 

particles. These particles were not attracted to a magnet and displayed the presence of 

iron when analyzed by PIXE. Even after numerous water washes, these fine particles 

were still released. Contacting the surface with hydrochloric acid or an aqueous solution 

of potassium hexachloropalladate led to the same result. Therefore any aqueous solution 

contacting the Fisher iron resulted in the release of the black fine particles. No other 

iron surface studied exhibited the same behavior. 

Palladized Fisher 40 mesh iron filings used at a test site in Portsmouth to dechlorinate 

TCE were analyzed by PIXE. These surfaces were subjected to three different acid 

washes, hydrochloric, oxalic and citric acids having concentrations of 0.01 M. 0.1 M. 

and 1 M. and their surfaces were reexamined by PIXE. At acid concentrations of 0.01 

M and 0.1 M. the %Pd (relative to iron) detected was similar for all three acids. At an 

acid concentration of 1 M. the %Pd detected on the surfaces decreased sharply for citric 

acid and hydrochloric acids (Figure 6.8). The black fine particles generated from all of 

these acid washes were also examined by PIXE. The black fine particles generated from 

the oxalic acid washes displayed a constant %Pd at the three different acid 

concentrations. The %Pd detected in the black particles after hydrochloric acid washes 

increased steadily from 1.12% to 7.28% as the acid concentration increased from 0.01 

M to I M. The %Pd detected in the black particles after citric acid washes also 

increased from 1.68% to 8.23% as the acid concentration was increased (Figure 6.9). 
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Figure 6.8 Percent palladium detected on the surfaces of TCE treated palladized 
Fisher 40 mesh iron filings that have been acid washed with hydrochloric 
(A), oxalic (•). and citric (•) acids. 
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Figure 6.9 Percent palladium detected in the black fine panicles released from the 
acid washes of the palladized Fisher 40 mesh iron filings from 
hydrochloric (A), oxalic (•). and citric (•) acids. 
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Because of the inability of PIXE to detect elements with an atomic number less than 

10. the Portsmouth sample of TCE treated palladized Fisher 40 mesh iron filings was 

analyzed by SEM. In addition to iron and oxygen that were detected on the surface, a 

significant amount of sulfur was detected along with small amounts of carbon, 

aluminum, and silicon (Figure 6.10). Aluminum and silicon were present as impurities 

since the sample chamber was made of aluminum and the small platform onto which 

the sample was mounted was made of silicon. When the same surface was analyzed by 

XPS. sulfur was detected on the surface in an oxidation state of (IV). such as in SO-."' 

(binding energy 167.3 eV). The peak with a binding energy of 163.3 eV was that of 

sulfur bonded to carbon. Sulfur in an oxidation state of (II) such as in S'" was not 

detected (Figure 6.11). Palladium was not detected on these surfaces by XPS and SEM. 

To investigate the nature of the decrease in the %Pd detected on the bimetallic surfaces 

after contacting them with increased concentrations of hydrochloric and citric acids, 

pure palladium gauze squares were contacted with hydrochloric acid having 

concentrations ranging from 0.25 M to 6 M. Their weights were recorded before and 

after acid contact. No significant change (greater than 0.0003 g) was observed (Figure 

6.12). The hydrochloric acid wash solutions were analyzed by atomic absorption for the 

presence of palladium. No palladium was detected in the hydrochloric acid wash 

solutions of concentrations 0.2 M. 0.5 M. and 1 M. Small amounts were detected in the 

wash solutions of the hydrochloric acid with concentrations of 3 M and 6 M in the 

amounts of 0.6 ppb and 1.2 ppb respectively. 
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Figure 6.10 SEM spectrum of TCE treated palladized Fisher 40 mesh iron filings 
form the Portsmouth test site. 
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Figure 6.11 XPS spectrum of TCE treated palladized Fisher 40 mesh iron filings from 
the Portsmouth test site. 
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Figure 6.12 Change in weight recorded in the palladium gauze before (•) and after 
(O) hydrochloric acid contact. 
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CHAPTER SEVEN. 

HYDRODEHALOGENATION OF BROMINATED, CHLORINATED, AND 
FLUORINATED METHANES IN CONTACT WITH PALLADIZED IRON 

Chlorottuorocarbons are another class of halogenated "problem" compounds due to 

their ability to migrate into the upper atmosphere, and photochemically produce highly 

reactive chlorine radicals that destroy the ozone layer. Freezing the production and use 

of the fully halogenated chlorofluorocarbons such as CFC-11 (trichlorotluoromethane). 

CFC-12(dichlorodifluoromethane). andCFC-113(1.1.2-trichloro-2.2.2-trifluroroethane). 

does not solve the problem of disposing of the large quantities of these chemicals still 

in circulation today. 

Since palladized iron has been successfully used for the rapid dechlorination of organic 

environmental contaminants such as TCE and PCE. defluorination and debromination 

studies were also conducted using the same palladized iron bimetallic system. 

A 500 ppm aqueous solution of CFC-11 (trichlorofluoromethane) was prepared and 

analyzed by the GC/MS technique. The total ion chromatogram of the solution revealed 

one peak with a retention time of 1.38 minutes. The fragmentation pattern of this peak 

was compared to the fragmentation pattern of some standard compounds and was 

identified as trichlorofluoromethane with a 93% probability. The total ion chromatogram 

of the trichlorofluoromethane solution after contacting palladized iron for a period of 

30 minutes revealed no peaks. The total ion chromatogram of the headspace of the 

reaction vessel showed seven peaks (Figure 7.1). 
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Figure 7.1 Total ion chromatogram of the headspace of the reaction vessel 
containing 500 ppm CFC-11 (trichlorofluoromethane) in contact 
with palladized iron. 
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These peaks were identified by comparing their fragmentation patterns to that of known 

compounds. The first peak with a retention time of 0.99 minutes was an air peak. The 

two major products of this reaction were identified as methane and ethane with 

retention times of 1.72 minutes and 4.32 minutes respectively. The minor product with 

a retention time of 7.15 was identified as propane. Since this reaction as well as all of 

the dehalogenation reactions occur in an aqueous medium, a water peak is always 

detected in the headspace analyses with a retention time of 4.80 minutes. An 

intermediate product identified as dichlorotluoromethane (CHC1-,F) eluted at 9.78 

minutes. The isolation of this intermediate product suggested that the C-Cl bond is 

broken and hydrogenated before the C-F bond. The bond energies of the C-F and C-Cl 

are 439 KJ/mol and 330 KJ/mole respectively. Partially halogenated intermediate 

compounds are detected only at very high concentrations of the original halogenated 

reactant. As the contact time between the solution containing the halogenated and the 

partially halogenated intermediate compound and the palladized iron surface increased, 

complete dehalogenation occured. 

The carbon-bromine bond has a bond energy of 276 KJ/mole and is weaker than a C-Cl 

bond. The hydrodehalogenation reaction of CCliBri in contact with palladized iron in 

a batch study proceeded also quite rapidly. After a three minute contact between the 

solution and the bimetallic system, no reactant was detected in solution, and the major 

product detected was methane. 

The study of the dehalogenation reaction of hydrochlorofluorocarbons was difficult 



because of the limited solubility of these compounds in water. 

Hydrochlorofluorocarbons are gases at room temperature. Freon 22 

(chlorodifluoromethane) bubbled through water and introduced into a short column 

packed with palladized iron displayed no dehalogenation. Attempts of dissolving Freon 

22 into methanol also failed. In order to determine if the dehalogenation reaction 

occured in contact with the bimetallic system when a partially halogenated compound 

was in the vapor phase, a trihalohydromethane chloroform, was saturated with water 

then introduced in the vapor phase into a palladized iron packed column. 

Dehalogenation was complete by the time the vapors reached the top of the column (7.5 

inches in length and 1.13 inches in internal diameter), at a flow rate of 15 mL/minute. 

Care was taken to assure that the column remained wet for the entire duration of the 

experiment. It was concluded then, that a partial solubility of the halogenated compound 

in water is necessary for its dehalogenation. If the halogenated compound has no 

affinity for water, it will remain in the vapor phase and fail to adsorb on the surface of 

the (wet) bimetallic system where the dehalogenation reactions occur. 

To further investigate the hydrodehalogenation of the halogenated methane bearing all 

three halogens (bromine, chlorine, and fluorine). CClBriF was placed in contact with 

palladized iron. Due to its limited solubility in water, it was dissolved in a 

methanol/water mixture then contacted with the bimetallic surface in a batch reaction. 

The solution before and after contact with the bimetallic surfce was analyzed by the gas 

chromatograph equipped with an electron capture detector. The reaction was complete 



after a 3 minute contact time witii the palladized iron surface (Figure 7.2). These studies 

suggested that the presence of any combination of the different halogens on a methane 

does not affect the rate of the hydrodehalogenation reactions. At very high 

concentrations (>500 ppm). the surface of the bimetallic system becomes saturated with 

the halogenated reactant. and partially dehalogenated intermediate species are detected. 

The bimetallic system palladized iron is capable of dechlorinating. debrominating and 

defluorinating halogenated compounds. A partial solubility of the halogenated 

compound in water though, is necessary. 



2.63 

CI 

.C-F 
Br^ 

2.51 

1.82 

JL^ 1 

1.S2 after 3 min. contact with 

Jl Pd/Fe 

Retention Time (minutes) 

23 

Figure 7.2 Gas chromatogram of the methanol/water solution of 
dibromochlorofluoromethane before and after contact with 
palladized iron. 
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CHAPTER EIGHT. 

HYDRODECHLORINATION OF TCE IN THE PRESENCE OF SULFATE 
AND BICARBONATE IONS IN CONTACT 

WITH THE BIMETALLIC SYSTEM PALLADIZED IRON 

In our previous investigations of the hydrodehalogenation of the haiogenated 

compounds, laboratory prepared solutions devoid of any inorganic ions were used. 

These solutions usually contained a single chlorinated organic compound. Groundwater 

has been known to contain inorganic ions such as CI". 804"^ HCO,'. and several metal 

ions such as Na". Mg"^ and Ca'^ Some investigators reported a decrease in the rate of 

dehalogenation of 1.2-dibromo-3-chloropropane a pesticide, by iron powder in the 

presence of NO," and NO," ions. Sulfate ions however, were observed not to 

significantly affect the dehalogenation rate (93). Other investigators observed all sulfur 

containing compounds such as Na^SO^. Na^S, FeS, and HEPES to have significantly 

accelerated the degradation of carbon tetrachloride in the presence of iron (94). Studies 

conducted by Gilham et al. on the reduction of aqueous CO^ by zero valent iron 

revealed the formation of the 1-C hydrocarbon methane, up to the 5-C hydrocarbon 

pentene. This reaction was e.xtremely slow; after a contact time of 142 days between 

the simulated groundwater containing HCO3' and zero valent iron. 0.079% of the 

original HCO3" was converted to hydrocarbons (95). 

Trichloroethylene solution in water (73 ppm) contacting a freshly prepared surface of 

palladized iron. (325 mesh. 0.05% Pd). hydrodechlorinated completely in < 5 minutes 
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(as determined by the limit of detection, approximately I ppm. of the GC/FID used). 

The major product observed was ethane. The same solution of TCE in water contacting 

a freshly prepared surface of palladized spherical iron (40-70 mesh. 0.05% Pd). 

completely dechlorinated in approximately 30 minutes, resulting in the formation of 

ethane as the major product. The differences observed in the time required i'or complete 

dechlorination were attributed to differences in surface areas and porosities of iron 

surfaces. 

As the palladized iron surface was left in contact with water, oxide and hydroxide 

layers formed, resulting in an increase in the time required for the complete 

hydrodechlorination of TCE. Previous studies of these oxidized surfaces using X-ray 

photoelectron spectroscopy (XPS) showed the Fe Ip,. and Fe Ip,^ peaks to be obscured 

by the thick hydroxylated iron oxide Film. The palladium 3d,, and Bd^, peak areas 

decreased as well (96). To investigate any effect inorganic ions such as SOj"' and 

HCOj" might have exhibited on the hydrodechlorination of TCE in contact with the 

bimetallic system, palladized iron surfaces were prepared and left in contact with 

solutions containing 250 ppm Na,S04 and enough 0.1 M NaHCOj to adjust the pH to 

6.5. In addition, a control experiment was conducted where another 100 g batch of the 

palladized spherical 40-70 mesh iron was left contacting distilled water. After several 

days of contact. 4 g samples of each batch was contacted with trichloroethylene solution 

in water, and the time required for complete hydrodechlorination recorded. Table 8.1 

summarizes the results of contacting these surfaces with 73 ppm TCE solutions. 
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Table 8.1 

Time in minutes required for the complete 
dechlorination of 73 ppm TCE 

Day 3 Day 4 Day 5 Day 7 

Palladized Spherical iron 
(40-70 mesh. 0.05% Pd) 
Surface is left in contact with 
Na.SO, and NaHCO, 

/ 47 71 58 

Palladized Spherical iron 
(40-70 mesh. 0.05% Pd) 
Surface is left in contact 
with distilled water 

60 / 
/ 38 / 

Palladized iron Powder 
(325 mesh. 0.05% Pd) 
Surface is left in contact with 
Na.SO^ and NaHCO, 

49 / / 

Since the 4 g samples used in the hydrodechlorination of TCE were approximate, (the 

surfaces were wet therefore they were not weighed), the time required for the reactions 

to go to completion varied from 15 to 20 minutes for the same sample studied. An 

approximate 4 g sample of palladized spherical iron left contacting a solution of Na^SOj 

and NaHCO-, for 4 days required 47 minutes for the complete hydrodechlorination of 

73 ppm TCE; after 5 days of contact with a solution of Na;;S04 and NaHCO-,. it 

required 71 minutes; and after 7 days, it required 58 minutes. These times were 

comparable to the ones observed for the complete hydrodechlorination of 73 ppm TCE 

solution containing 250 ppm Na2S04 and enough 0.1 M NaHCO, to adjust the pH to 

6.5 in contact with palladized spherical iron. This bimetallic surface was placed in 

contact with an aqueous solution of sulfate and bicarbonate ions (Table 8.2. day 9-15). 
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Table 8.2 

Time in minutes required for the complete dechlorination of 
73 ppm TCE. pH adjusted to 6.5 with NaHCOj 

Palladized 
Spherical Iron 

(40-70 mesh. 
0.05% Pd) Surface 

left in contact 
with Na-tSOj and 

NaHCOj 

Palladized 
Spherical Iron 

(40-70 mesh. 
0.05% Pd) Surface 

left in contact 
with distilled H^O 

Palladized Iron 
Powder 
(325 mesh. 
0.05% Pd)Surface 

left in contact 
with Na-,S04 and 
NaHCOj" 

Day 6 / 39 27 

Day 9 63 / / 

Day 10 / 48 20 

Day 12 / 45 21 

Day 13 60 / / 

Day 15 57 / / 

The presence of the SO/" and HCO3' ions in the TCE solution did not alter the time 

required for the reaction to go to completion. Even when palladized spherical iron, 40-

70 mesh, was left in contact of the two ions for a period of 15 days, a 4.0 g sample of 

the bimetallic surface still required 57 minutes to completely hydrodechlorinate 73 ppm 

TCE. The time required for complete hydrodechlorination of 73 ppm TCE remained the 

same after a period of 7 days of contact or 15 days of contact between the palladized 

spherical iron surface and the sulfate and bicarbonate solution. The hydrodechorination 

reaction profile of TCE after the bimetallic surface was left contacting an aqueous 

solution of SO/- and HCOj" ions for 15 days is shown in Figure 8.1. 
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(b) 

Figure 8.1 Hydrodechlorination profile of 73 ppm TCE containing SO4 " and 
HCO3", in contact with palladized 40-70 mesh spherical iron surface. 
Bimetallic surface was left in contact with sulfate and bicarbonate ions 
for 15 days before the hydrodechlorination reaction was carried out. 
(a) H3O, (b) 73 ppm TCE solution containing and HCO/ ions, (c) 
after 11 minutes of contact (d) 29 minutes of contact (e) 40 
minutes of contact (f) 51 minutes of contact (g) 57 minutes of contact 
(reaction is complete) 
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After only 11 minutes of contact between the TCE solution containing SOj " and HCO ," 

and the palladized spherical iron, the product peak ethane was detected (earlier ckiting 

peak), and the TCE peak decreased to 64% of the original amount (Figure 8.1(c)). After 

51 minutes of contact, the TCE peak decreased to 0.81% of the original amount (Figure 

8.1(0): and after 57 minutes, the hydrodechlorination reaction went to completion 

(Figure 8.1(g)). 

Spherical palladized iron left in contact with distilled water (control experiment) 

dechlorinated 73 ppm TCE in 38 minutes (day 5). TCE solution containing SO4" and 

HCO5" ions was completely hydrodechlorinated when contacted with the same surface 

in 45 minutes (day 12). After a 5 minute contact, the product peak ethane was detected. 

After 34 minutes of contact. 3.18% of the original TCE remained in solution. .After 45 

minutes of contact, the reaction went to completion. 

Palladized iron 325 mesh powder left in contact with a solution of 504"" and HCO." ions 

hydrodechlorinated 73 ppm TCE in 33 minutes (day 5). TCE solution (73 ppm) 

containing SOj " and HCO." ions was completely hydrodechlorinated in 21 minutes 

when contacted with the same bimetallic surface (day 12). The product peak ethane was 

formed after a 10 minute of contact between the solution and the bimetallic system. 

After 16 minutes of contact, the TCE peak decreased to 0.81% of the original amount. 

After 21 minutes of contact, the reaction went to completion. 

The difference between the average amount of time required for palladized spherical 

iron (placed in contact with distilled water) and a freshly prepared batch of palladized 
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spherical iron to hydrodechlorinate 73 ppm TCE was 16 minutes. Palladized spherical 

iron, placed in contact with the sulfate and bicarbonate solution, required 29 more 

minutes than the freshly prepared palladized iron to hydrodechlorinate 73 ppm TCF 

(total average time 59 minutes). The difference in the hydrodechlorination time required 

between palladized spherical iron placed in contact with water as compared to the 

bimetallic surface placed in contact with the sulfate and bicarbonate solution was 13 

minutes. The time difference of 13 minutes is not considered to be that significant, 

therefore the decrease in the hydrodechlorination rate is mostly attributed to the 

formation of oxides and hydro.xides when palladized iron is contacted with water or the 

aqueous solution of sulfate and bicarbonate. The bimetallic system palladized iron is a 

highly reducing system. Any organic compounds or inorganic ions adsorbed on the 

surface might have a greater tendency of undergoing a chemical reduction than just 

remaining adsorbed on the bimetallic surface. 

When both palladized iron surfaces, (spherical 40-70 mesh, and 325 mesh powder), 

placed in contact with the sulfate and bicarbonate solution black fine particles were 

generated that were not attracted to a magnet. These fine particles were analyzed by 

PIXE. Due to the aluminum filter used in the analyses, sulfur was not detected in any 

of the samples. .All of the samples contained iron and palladium. The black fine 

particles generated from palladized spherical iron placed in contact with a solution of 

sulfate and bicarbonate contained 11.5 % Pd (relative to the amount of Fe present). The 

black fine particles generated from palladized spherical iron placed in contact with 
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distilled water contained 7.4% Pd (relative to the amount of Fe present). Highly 

oxidized iron surfaces have been shown in previous studies to inhibit palladium from 

strongly adhering to the surface (96). Palladium deposited on this surface has a greater 

tendency to desorb off of the iron surface, since it has not been fully reduced to Pd" but 

rather to an intermediate state of Pd"^ Palladized iron in contact with water displayed 

an increase in pH indicating the formation of OH" ions. Hydroxide ions present in 

solution might be exchanging with palladium atoms resulting in their desorption. These 

reactions are summarized below: 

PdCl,-' + Fe" -> Fe" + Pd" + 601" (21) 

2Fe-0-H + Pd"- -> 2Fe-0-Pd + 2H- (22) 

Fe-O-Pd + OH" -> Fe-O-OH + Pd " (23) 

2Pd"- + O, + 2e- -)• PdO.,„ (24) 

PdO,,,, + H,0 + 2e-PdO,„ + 20H- (25) 

PdO,,, + 2H" + 2e- -> Pd,„ + H.O (26) 

Sulfate ions competed with the hydroxide ions in solution for the binding with iron. A 

greater number of these ions in solution resulted in greater palladium desorption. 

The black fine particles generated when palladized spherical iron was placed in contact 

with the sulfate and bicarbonate solution were also analyzed by XPS (Figure 8.2). Iron, 

oxygen, palladium and sulfur were detected. The relative amount of palladium and 
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sulfur detected was very small. The shape and the binding energies of the Fe 2p peaks 

indicated iron to be mostly present as Fe^Oj. The analyses indicated Pd to be present 

in its zero valent state. The most likely oxidation state of sulfur was determined to be 

-t-6 such as in 804"^ The presence of S " was determined to be highly unlikely from the 

shapes of the peaks and their binding eneregies. From these analyses it was concluded 

that sulfate ions were not reduced to sulfide ions in a period of 15 days when contacted 

with palladized iron. Sulfate ions might have exchanged with hydroxide ions on the 

surface of the palladized iron, as well as formed FeSO^ with Fe " ions present in the 

aqueous solution as the redox product of palladized iron in contact with water. The 

presence of the sulfate ions in solution did not hinder the hydrodechlorination reaction 

of TCE. 

An aqueous solution of 250 ppm NaHCOj placed in contact with freshly prepared 

palladized iron was analyzed by GC/FID. No products were observed even after 24 

hours of contact. Bicarbonate ions in contact with palladized iron were not reduced into 

hydrocarbons detectable by GC. No methane was detected in the headspace. 
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Figure 8.2 X-Ray photoelectron spectrum of tlie black fine particles generated by 
placing palladized spherical 40-70 mesh iron in contact with an aqueous 
solution containing sulfate and bicarbonate ions for 15 days. 
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The reduction of NO3" to ammonia in contact with zero valent iron occured with 

nearly complete conversion at room temperature and pressure. Nitrate is present as a 

contaminant in groundwater from agricultural runoff, industrial processes, and 

unexploded ordnance. The health risks associated with nitrate in drinking water are well 

documented. The U.S. accepted level of nitrate in drinking water is 44 mg/L. The 

nitrate solution was buffered at pH 5.0 - 6.0 with an acetic acid/sodium acetate buffer 

before contacting it with acid washed zero valent iron. In unbuffered solutions, there 

was no decrease in nitrate concentration, and no production of ammonia. When zero 

valent iron is contacted with an aqueous solution, the pH of the solution rises to 

approximately 8.8 most probably due to the accumulation of iron corrosion products. 

Buffering the solution pH prior to the addition of iron delays the onset of surface 

passivation. The formation of ammonia was confirmed by the production of the blue 

compound indophenol by its reaction with phenol and hypochlorite catalyzed by sodium 

nitroprusside (97). The presence of ammonia was also qualitatively confirmed by 

GC/MS analysis of the headspace of the buffered nitrate solution in contact with zero 

valent iron. No other products such as NO^. N^O. or N3H4 were detected. No attempts 

were made to exclude N^ and present in the atmosphere from the reaction vessel. 

The GC column employed in this investigation was unable to separate NH, from O, and 

H,0, resulting in all species to co-elute with a retention time of 1.5 minutes. Since the 

masses of NH3 (17 amu), H;,0 (18 amu), and atomic oxygen (16 amu) are very close, 

a search was done based on the molecular ion peak of each individual species, and the 
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results are printed on the chromatogram in Figure 8.3. The peak with a retention time 

of 1 minute (the shaded peak) was primarily due to atomic oxygen. Its fragmentation 

pattern displays one peak with a mass of 16 amu. The peak with a retention time of 

1.05 minutes (the dotted peak) was primarily due to water. The fragmentation pattern 

of this peak displays ion peaks of masses 18 and 17. The middle peak, the one 

displaying a shoulder overlapping the dotted peak is that due to NH-. This peak has a 

molecular ion peak of 17 and fragments with masses of 16 and 15 (Figure 8.4). There 

is an overlap between this peak and that due to water (the dotted peak) since they both 

share fragments of masses 16 and 17 amu. But NH, is the only species that has a 

fragment of mass 15 amu due to the species N-H. The black peak (Figure 8.3) with a 

retention time of 1.04 minutes is exclusively due to NHj. 
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Figure 8.3 Total ion chromatogram of the headspace analysis of a buffered nitrate 
solution in contact with zero valent iron. 
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Figure 8.4 Fragmentation pattern of the black peak (Figure 8.3) with a retention time 
of 1.04 minutes. 
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Nitro-organic compounds were also observed to undergo reduction when placed in 

contact with palladized iron. The two compounds investigated were nitrocyclohexenc 

and 4-nilrophenol. Even though a concentrated solution of both nitro-organic 

compounds were used, the only products detected were the reduced amino-compounds. 

aminocyclohexane. and 4-aminophenol. 

As previously observed when unsaturated chlorinated 2-carbon compounds were placed 

in contact with palladized iron, the product obtained was the saturated fully reduced 

compound ethane; the same was observed with nitrocylohexene. The end product was 

the saturated fully reduced aminocyclohexane. These hydrogenation conditions though 

were not suitable for the reduction of the aromatic ring. Only the nitro substituent on 

the phenol was reduced into an amine. 
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Figure 8.5 Total ion chromatograms of reduced product aminocyclohexane and a 564 
ppm aqueous solution of nitrocycohexene after contacting palladized iron 
surface. 
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CHAPTER NINE. 

COLUMN STUDIES 

The hydrodechlorination studies that were conducted so far were batch reactions. 

Column studies were carried out to investigate the hydrodechlorination of TCE vapors 

saturated with water in contact with palladized iron chips. The apparatus used in our 

column studies is shown in Figure 11.1. A mixture of TCE and water vapor was 

introduced at the bottom of the column by bubbling compressed air through a saturated 

aqueous solution of TCE at flow rates varying from 0.5 mL/min to 15 mL/min. One 

microliter samples of vapor were withdrawn from each port twice a day and analyzed 

with the aid of a gas chromatograph. TCE vapors were passed continuously through the 

column for a period of days, and samples were withdrawn and analyzed from each port. 

Initially, an FID detector was used that clearly displayed not only the disappearance of 

the TCE. (peak with a retention time of 2.30 minutes), but also the appearance of the 

product ethane at a retention time of 1.45 minutes (Figure 9.1). The minor product 

butane with a retention time of 1.55 minutes was also detected. A small "intermediate" 

product at a retention time of 1.90 minutes appeared at ports #1. #2. and #3. but was 

not detected at ports #4 and #5. This "intermediate" product was concluded to be 

dichloroethylene. since in earlier experiments under similar gas chromatogram 

conditions, its elution time was 1.90 minutes. "Intermediate" partially halogenated 

products are only detected at very high initial reactant concentration. 
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Gas chromatograms of the vapors sampled from the different 
ports on the column packed with palladized iron chips using an 
FID detector. 
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As the contact time of the vapors with the palladized iron surface increased, the 

"intermediate" compound completely dechlorinated. During the later stages of the 

experiment, an ECD detector was used with which only the chlorinated compound TCE 

was detectable, therefore its disappearance was continually monitored (Figure 9.2). The 

results are given in Table 9.1. 

Table 9.1 Percent TCE detected at the different ports of the column 

% TCE detected relative to the initial amount 

GC/FID Port #l Port #2 Port #3 Port #4 Port #5 

Day 1 2% not 
detected 

not 
detected 

not 
detected 

not 
detected 

GC/ECD 

Day 2 35% 0.11% not 
detected 

not 
detected 

not 
detected 

Day 3 
morning 

53% 1.75% not 
detected 

not 
detected 

not 
detected 

evening 22.5% 4.33% 0.328% not 
detected 

not 
detected 

Day 4 
morning 

38% 7.51% not 
detected 

3% 3% 

evening 17.7% 1.63% not 
detected 

not 
detected 

not 
detected 

Day 5 
morning 

51.3% 9.44% 3.44% not 
detected 

2% 

evening 23.5% 1.77% not 
detected 

not 
detected 

not 
detected 

Day 6 46.5% 14.7% 3.65% not 
detected 

2.5% 
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Figure 9.2 Gas chromatograms of the vapors sampled from the different 
ports on the column packed with palladized iron chips using an 
ECD detector. 
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The total surface area of the palladized iron chips packed in the column was calculated 

to be approximately 1 m"; since port #3 is situated 7.25 inches from the bottom of the 

column (Figure 11.1). TCE vapors were completely hydrodechlorinated after contacting 

0.76 m" of the palladized iron chips. One of the main problems encountered was 

channeling of the TCE vapors. Therefore, the surface area of palladized iron that was 

able to hydrodechlorinate TCE was < 0.76 m". since the TCE vapors came into contact 

with a small portion of the palladized iron surface in the column. The channeling might 

explain the detection of TCE at port U5 for example, while none was detected at port 

#4 (Table 9.1) 

The calculated concentration of the influent TCE was 30.000 ppm w/w (111.111 ppm 

v/v). This was an approximate calculation since the concentration was so high that the 

value did not lie within the linear range of the calibration curve. This influent 

concentration decreased steadily to 18.000 ppm (w/w) by the middle of day 2. and to 

4000 ppm (w/w) by day 4. Some oxides had formed approximately 3 inches from the 

bottom of the column on the third day of the experiment. Still, complete 

hydrodechlorination was achieved by the time the TCE vapors reached port #3 of the 

column (Figure 9.3). On the fourth day of the experiment, the column was dry. Since 

water is essential for the hydrodehalogenation reactions, it was imperative that the 

surface of the palladized iron chips be exposed to water. Twenty five milliliters of water 

was added from port #5 with the aid of a syringe and the experiment was allowed to 

continue. The column was completely inactive on the 8''' day. 
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Figure 9.3 Hydrodechlorination of TCE in contact with palladized iron chips 
packed in a column on the first three days of the experiment. 
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Figure 9.4 Hydrodechlorination of TCE on the next 4 days in contact with 
palladized iron chips packed in a column. 
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The influent concentration of TCE was approximately 500 ppm (w/w). and it remained 

constant throughout the column (Figure 9.4). The column was then acid washed using 

3 M HCl to remove the visible red-brown oxide surface coating of the palladized iron 

chips. A fresh sample of saturated TCE in water was prepared. The concentration was 

calculated to be approximately 32,000 ppm (w/w). The acid washed palladized iron 

chips completely dechlorinated TCE by the time the vapors reached port #4 (Figure 

9.5). On subsequent days, the influent concentration of TCE continued to decrease, and 

the pattern shown in Figure 9.3 is repeated. 

A column packed with palladized iron with a surface area of approximately 1 m" 

was capable of dechlorinating large concentrations of TCE vapor in the presence of 

water vapor. As the palladized iron surface passivated with the formation of oxides, 

hyrochloric acid was used to regenerate the surface. Surface activity was restored after 

acid regeneration. 
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Figure 9.5 Regeneration of the surface of palladized iron chips with a hydrochloric 
acid wash. 
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CHAPTER TEN 

DECHLORINATION OF CHLORINATED ORGANIC COMPOUNDS 
IN CONTACT WITH OTHER BIMETALLIC SYSTEMS 

The hydrodechlorination of TCE and CHiCU was also investigated in contact with 

other bimetallic systems besides the palladized iron system, such as platinized and 

nickelized iron. Their hydrodechlorination was monitored with a gas chromatograph 

equipped with an FID detector. In the case of the nickelized iron contacting aqueous 

solutions of TCE and CHiCU. a lot of scattering of the data points was observed 

(Figures 10.1 and 10.2 respectively). This is not typical of the nickelized iron bimetallic 

system. This type of scattering has also been observed with the palladized iron 

bimetallic system contacting an aqueous solution of CHtCIt. In the case of most of the 

other halogenated aliphatic compounds, the hydrodechlorination was so rapid (usually 

< 5 minutes), that no more than two analyses could be made. i.e. analysis of the 

solution containing the chlorinated aliphatic compound before and after contacting the 

bimetallic system. Scattering of the data points might be due to several factors. 

Trichloroethylene and methylene chloride are only slightly soluble in water. When their 

aqueous solutions are contacted with the bimetallic system, an immediate decrease in 

their concentration is observed due to their adsorption on the bimetallic surface. 

Excessive shaking of the reaction vials will result in desorbing a great amount of the 

chlorinated aliphatics into the solution, therefore a larger amount is detected. 
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Figure 10.1 Hydrodechlorination of 20 ppm TCE in contact with nickeiized 
iron. 
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Figure 10.2 Hydrodechlorinalion of 20 ppm CH2CI2 in contact with nickelized 
iron. 
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In addition, it was difficult to achieve zero headspace in the vials used in these 

reactions, therefore the chlorinated organic compound was partitioned between the solid 

bimetallic surface, the liquid and the vapor phases. 

But despite the scattering of the data points, a decrease in the concentration of both 

TCE and CH2CI2 was observed. The rate of the decrease in their concentration was not 

as rapid as that observed with the palladized iron system. Since an FID detector was 

used, the product methane was detected in the case of CHiCl,. and ethane in the case 

of TCE. The identity of these products was confirmed with GC/MS. Figure 10.3 

displays a the total ion chromatogram of the headspace of the reaction of 20 ppm TCF. 

in contact with nickelized iron. Three product peaks were observed. The major product 

was ethane (retention time of 3.69 minutes). Two minor products were detected, 

propane (retention time of 6.24 minutes), and butane (retention time of 8.40 minutes). 

The same minor products were also detected when any chlorinated aliphatic organic 

compound was contacted with the palladized iron bimetallic system. In the case when 

palladized iron was used, the concentration of the organic chlorinated compounds had 

to be increased to 100 times the average amount of 20 ppm (>1000 ppm) for any minor 

products to be detected. But in the case of nickelized iron, with only a 20 ppm TCE 

solution, a large amount of propane and butane had formed. Nickel does not have the 

same hydrogen intercalating abilities as palladium. The adsorbed chlorinated organic 

compounds have a greater probability of bonding with carbon atoms on the neighboring 

adsorbed chlorinated molecule since they spend more time on the surface to achieve 
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hydrogenation. In the case of the palladized iron bimetallic surface, more hydrogen was 

available for the adsorbed chlorinated organic molecules. Therefore these molecules did 

not spend an appreciable amount of time adsorbed on the surface, which led to the 

formation of a smaller amount of the secondary products propane and butane. 

Platinized iron was the other bimetallic system that was investigated. An aqueous 

solution of trichloroethylene in contact with this bimetallic system also displayed 

dechlorination, but the rate of the reaction once again was not as rapid as that observed 

with the palladized iron system. After 469 minutes of contact. 33.5% of the TCE 

remained unreacted: after a 24 hour contact, no TCE was detected in solution. The 

product ethane was detected after a 20 minute contact between the TCE solution and 

the platinized iron bimetallic system. Neither platinum nor nickel have the same 

hydrogen intercalating property as palladium. 

The deposition of copper on iron and tin on iron was not successful. When an aqueous 

solution of copper chloride was contacted with acid washed iron, a precipitate formed. 

This precipitate was presumed to be copper hydroxide, therefore no deposition was 

achieved. Acid washed iron surface treated with SnCl-, and contacted with an aqueous 

solution of TCE exhibited no dechlorinating capabilities. Tin was presumed not to have 

been deposited on the iron surface. Contacting acid washed surfaces of iron with 

aqueous solutions of metal chlorides may not be the most efficient method of depositing 

the promoter metal on the base metal iron. 
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Previous PIXE studies of different iron surfaces demonstrated those which displayed 

the presence of another metal to have a higher TCE hydrodechlorination rate than those 

with no metal contamination. The second metal lowers the overpotential of hydrogen 

evolution at the iron surface. The overpotential is a kinetic phenomenon needed to 

overcome the activation barrier for a given reaction. Some of the overpotential values 

for hydrogen gas evolution are given in table 10.1. 

Table 10.1 Overpotential (V) for gas evolution at 25"C 
(current density = 10 A m"") 

Electrode Overpotential (V) 

Pt 0.0154 

Pd 0.0134 

Fe 0.4036 

Cu 0.479 

Ni 0.563 

Sn 0.8561 

Source: International Critical Tables. 6, 339(1929). 

Palladium exhibits the lowest overpotential of hydrogen evolution. In addition, it is 

capable of intercalating hydrogen gas into its lattice making it readily available to the 

adsorbed chlorinated organic compounds for their rapid and complete hydro

dechlorination. 
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Figure 10.3 Total ion chromatogram of an aqueous solution of 20 ppm TCE 

in contact with nickelized iron. 
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CHAPTER ELEVEN 

EXPERIMENTAL SECTION 

Reagents 

Elemental iron powder. 10 jim (99.9%). 325 mesh (97%). iron chips (99.98%). 

palladium powder 1.0-1.5 micron, potassium nitrate (99%), sodium nitrate (99%). 

sodium hypochlorite (5% aqueous solution), sodium acetate (99%). potassium 

hexachloroplatinate (IV) (99.99%). nickel (II) chloride hexahydrate, 1.1.1- and 1.1.2-

trichloroethane. 1.1.2.2- and 1.1.1.2-trichloroethane. pentachloroethane. 

hexachloroethane. CFCI3 ( 99.5%), CBr-,ClF (90%). CHCI3 (Reagent Grade. 99.9%). 

CBrjCN (95%), and CHCIF, (Freon-22) (99.9%) were obtained from Aldrich Chemical 

Co. Inc., Milwaukee. WI. Elemental iron 40-70 mesh spherical powder (99%). 

potassium hexachloropalladate. and palladium gauze were obtained From Alfa Aesar, 

Johnson Matthey, Ward Hill MA. Elemental iron 100 mesh powder, o.xalic acid 

(H2C2O4. 2H2O). cupric chloride, and stannous chloride were obtained from 

Mallinckrodt Chemical Works, St. Louis MO. Iron 40 mesh filings, trichloroethylene 

and anhydrous citric acid were obtained from Fisher Scientific Co. Inc., Fair Lawn, N.J. 

Anhydrous sodium sulfate and sodium bicarbonate were obtained from Matheson 

Coleman and Bell. Norwood, OH. TCE was obtained from Fisher Scientific Co. Inc.. 

Fair Lawn, N.J. . They were used as received. 
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Preparation of Palladized Iron 

The iron sample was washed with five to six 25 mL portions of 6 M HCl solution 

followed by five to six 25 mL portions of distilled water. Five to 10 milligrams of 

potassium hexachloropalladate (KiPdCl^) were dissolved in 25-30 mL of distilled water. 

The red orange solution of potassium hexachloropalladate solution when added with 

stirring to the acid-washed iron, turned pale yellow indicating the redox reaction (15) 

to be complete (page 51). The palladized iron was washed 3-4 times with distilled water 

and used without drying in the dechlorination experiments. 

Preparation of nicitelized and platinized iron surfaces 

An aqueous solution of NiCI-,. 6HiO was prepared by dissolving 2.0301 g of the 

nickel chloride in 100 mL of deionized water. The resulting solution was green in color. 

This solution was poured in a tlask containing 6.0311 g of acid washed 10 [am iron. 

The flask was swirled for about 30 minutes. The solution was then poured off the iron, 

even though it remained green, and washed 3-4 times with distilled water. The 

nickelized iron was then transferred to a 15 mL vial and contacted with the appropriate 

aqueous solution of the chlorinated organic compound (TCE and CH-,C1-,) and 

monitored for the disappearance of the reactant. 

An aqueous solution of potassium hexachloroplatinate was prepared by dissolving 3.3 

mg of KiPtCIf, in 25 mL of distilled water. The resulting solution was yellow. Acid 

washed 3.6267 g of 10 |im Fe was contacted with the potassium hexachloroplatinate 
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solution and swirled gently for 10 minutes until the solution turned clear. It was then 

decanted off of the iron. The platinized iron was washed 3 to 4 times with 15 ml. 

portions of distilled water before contacting the TCE solution. 

Batch Dechlorination Reactions 

Twelve mL glass vials equipped with a Teflon lined septum fitted into a cap vvere 

used for the batch dechlorination reactions. The palladized iron (approximately 3.6 g). 

was placed in contact with 10 mL of a solution of the halogenated organic compound 

(20 ppm - 2000 ppm in water) in the glass vial. The vials vvere either shaken 

continuously, or placed on a rotator for the duration of the experiment. Samples of 

solution were withdrawn with a glass syringe for GC analysis. 

Batch Dechlorination Reactions in contact with Different Iron and Palladized Iron 
Surfaces 

For the batch reactions involving the use of untreated and unwashed iron, (straight 

from the reagent bottle), six glass vials were set up with hollow caps fitted with tetlon 

lined septa. Approximately 3.6 g of the different iron surfaces studied were weighed 

directly into each vial. A solution of 73 ppm TCE in water was placed in contact with 

the surfaces (approximately 12-13 mL). leaving no headspace. The vials were placed 

on the rotator. After a specific contact time between the solution and the surface, 

(usually one hour), the solution in each vial was analyzed once to avoid loss of reactant 
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or gaseous product, using gas chromatography with a flame ionization detector. 

For the dechlorination reactions of TCE in contact with acid washed iron, approximately 

3.6 g of the various iron surfaces studied were weighed into glass beakers. Ten 

milliliters of 1 M HCl was placed in contact with each surface for five minutes. The 

hydrochloric acid was then decanted off each surface followed by 30-40 mL distilled 

water wash carried out in 10 mL batches. The acid washed surfaces were transferred 

into six 15 mL glass vials equipped with hollow caps and lined with teflon coated septa. 

Excess water was pipetted off of the surfaces. The surfaces were contacted with 12 -

13 mL of 73 ppm TCE. leaving no headspace. and the vials placed on the rotator. The 

solution from each vial was analyzed once using the gas chromatograph with a flame 

ionization detector. 

An approximate weight of 3.6 g of palladized iron (0.05% Pd) was placed in a glass 

vial equipped with a teflon lined septum fitted into a hollow cap. Excess water was 

pipetted off of the surfaces before contacting the bimetallic surface with 73 ppm TCE. 

The vials were placed on the rotator, and the solutions analyzed periodically by the gas 

chromatogram with the flame ionization detector. 

Carbon Balance Studies of the Various Chlorinated Aliphatic Compounds in 
Contact with Palladized iron 

The palladized iron sample was prepared as described above and transferred wet 

with the aid of a pasteur pipet to a glass vessel with a body length of 5.5 inches, a 
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teflon screw cap. and a side arm of length 2.5 inches. After contacting the palladized 

iron surface with the solution of the appropriate chlorinated compound, it was placed 

on the rotator overnight, then analyzed by GC/MS. 

Headspace Extraction 

The sample in the glass vessel was connected by the glass side arm to the extraction 

system consisting of a 75 mL stainless steel cylinder, a pressure transducer, and 

cormecting tubing (Figure ll.l). The system was then evacuated. The valve to the 

vacuum pump was then shut off. then the teflon screw cap on the glass vessel opened 

slightly to allow the headspace of the reaction to evacuate into the stainless steel 

cylinder. The teflon cap was screwed back on the glass vessel, the pressure was 

recorded then the valve on the stainless steel cylinder turned off 

Sample Injection 

The glass vessel containing the sample was then removed, the extraction s\stem 

connected to the gas sampling valve (GSV). The sample loop, the transducer, and the 

connecting tubing were evacuated. The vacuum valve was shut off. the valve on the 

stainless steel cylinder was opened, and the pressure was recorded. The GSV was 

rotated to introduce the sample into the GC/MS system (Figure 11.1). Ethane standard 

was injected at varying pressures to bracket the peak area of the sample. 
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Figure 1 l.I Sample collection and analysis system for carbon balance studies. 
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PIXE Sample Preparation and Analysis 

The iron samples were fixed on a mylar film with a double-sided tape. The mylar 

film was stretched across a 32 mm diameter open-ended XRF sample cup. Another 

piece of film was placed on top to create a sandwich. 

The samples were mounted on a custom sample holder placed in the chamber where the 

PIXE analyses were performed. Protons of energy 2 MeV proceeded down a beam line 

evacuated to 10"^ torr and collimated to a 4 mm square. The beam was passed through 

a 7.5 |im Kapton window and bombarded the samples perpendicularly generating X-

rays. These X-rays were detected by a Si(Li) detector placed at 135" angle relative to 

the incoming beam. A detector filter consisting of 425 |j.m aluminum was used to 

attenuate the intense Fe X-rays. The PIXE spectra were evaluated with the GUPIX 

program which modeled the experimental spectrum by a non-linear least squares 

iteration of peak intensity and position parameters and calculated the characteristic X-

ray peak intensities. The relative concentration of each element was then determined. 

X-Ray Photoelectron Spectra 

The XPS measurements were performed by using a Vacuum generators ESCALAB 

MKII photoelectron spectrometer (Eas Grinsted. U.K.) with an AlKa, (1486.6 eV) X-

ray source and a hemispherical 150 mm mean radius electron analyzer with a take-off 

angle of 90". The energy resolution E,/, (full width at half maximum) of the XPS peaks 

was less than 1.0 eV for the Ag jd^p peak with the AlKa, source that was operated 
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with a power of 300 W. The binding energies of the photoelectrons were determined 

by assuming that the carbon Is electrons had a binding energy of 284.6 eV. The data 

were recorded digitally, and alL peak scans vvere signal averaged until an acceptable 

signal to noise ratio was obtained. During the data acquisition, the pressure in the 

sample chamber did not exceed 5 x 10'"' Torr. 

The relative atomic ratios of palladium, oxygen, and carbon on the Pd/Fe surface were 

calculated from the 3d. O 2s. and C Is peak areas after a standard background 

subtraction procedure was applied and integration of the baseline-corrected peak areas 

was performed. The peak areas were corrected for cross section, excitation, and inelastic 

mean free path by employing well established algorithms (82). All reported ratios are 

relative to the O 2s peak area because this peak was free of any overlap with other XPS 

peaks. The more commonly used and more intense reference peak is the O Is. but it 

overlaps the Pd 3p peak and therefore, it cannot be used to calculate elemental ratios. 

The reported atomic ratios are not absolute values because they are influenced by the 

approximations that are used in these calculations. The ratios, however, are useful in 

identifying trends in the experimental results. For e.xample in Table 5.1. the Pd:Fe ratio 

increased as expected, when the iron surface was exposed to potassium 

hexachloropalladate solution for progressively longer time periods (Experiments I 

through 4). whereas the 0:Fe ratio remains approximately constant. 
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Sample Preparation for XPS Analysis 

A 1 cm X 1 cm pure iron foil. 0.245 mm thick, obtained from Aesar (Ward Hill. 

MA) was spot-welded to a stainless steel stub, and the surface of the foil was etched 

with 8 KeV of argon ions from an argon ion gun. The argon ion beam was incident on 

the iron surface at an angle of -15" to the surface normal. 

The iron foil was exposed to a solution of potassium he.xachloropalladate in water and 

to the wash solutions by moving the sample into the load lock chamber. The chamber 

was brought up to a pressure of 1 atm with ultra high purity argon. The potassiimi 

hexachloropalladate solution was added to the sample surface with the aid ot" a 

micropipet and was allowed to react for a predetermined length of time. The iron 

surface was then rinsed with ultrapure water that was added from a second micropipet. 

The sample was pumped down in the load lock chamber and then repositioned in the 

sample chamber, and the surface analysis was performed as described above. 

Electrochemical Hydrogen Loading of Palladium Gauze 

A rectangular sample of palladium gauze weighing 0.6838 g was used as the 

cathode in a cell with a carbon electrode as the anode. Both electrodes were placed in 

a beaker containing 0.5 M H^SO^. A constant current of 100 mA was applied for 100 

minutes during which palladium gauze changed from a silvery to a dull dark grey 

appearance which indicated hydrogen intercalation. Oxygen was observed to evolve at 

the carbon electrode. The gauze was rinsed with distilled water before using it in the 
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hydrodechlorination study of TCE. 

Preparation and Analysis of Trichlorofluoromethane Solution in Contact with 
Pd/Fe. 

To prepare a solution of trichlorofluoromethane in water, a 4 jiiL sample of CFC1-; 

was measured with the aid of a glass syringe and injected into a glass vial containing 

12 mL of cooled deionized water to decrease its evaporation of (boiling point of 

23.7"C). The vial was placed on a shaker for 15 minutes to ensure the formation of a 

homogeneous solution. The solution (10 mL) was then placed in contact with 3.6 g 

palladized iron in another 12 mL glass vial equipped with a hollow cap lined with a 

teflon septum for withdrawal of the reaction product and subsequent analysis. After the 

500 ppm aqueous solution of CFC1-- was placed in contact with palladized iron, the 

solution and the headspace were analyzed with a 5890 Hewlett Packard Gas 

Chromatograph/Mass Spectrometer. The gas chromatograph was equipped with a 

Hewlett Packard HP-5 column. 25 m in length and an internal diameter of 0.2 mm. For 

solution analyses, the injection port temperature was set at 250"C. the GC/MS interface 

was set at 300" C. and the oven temperature at 40"C. The solution was analyzed before 

and after its contact with palladized iron. One |j,L samples were injected directly into 

the injection port in a split injection mode with a split ratio of 70:1. For headspace 

analyses the injection port temperature was set at 250"C. the detector interface 

temperature was set at 300"C. The oven temperature was ramped from an initial 



temperature of 40"C to a final temperature of 230"C at a rate of 20"C/minute. A gas 

injection valve with a 1 mL sample volume was used to inject headspace samples onto 

a 6 foot stainless steel column packed with 80/100 mesh Porapack Q (Alltech). The 

mass spectrometer was programmed to scan the m/z range of 10-400 amu. Helium was 

used as the carrier gas with a column head pressure set at 18 psi. 

Preparation and Analysis of Dibromodichloromethane Solution in Contact with 
Pd/Fe 

Due to the limited solubility of dibromodichloromethane in water, a 6 fiL sample 

of CCliBri vvas measured with a glass syringe and injected into 10 mL of methanol in 

a 100 mL volumetric fiask. The methanol solution was diluted with water to the 100 

mL mark. The methanol/water solution of CCliBr, (10 mL) was placed in contact with 

freshly prepared palladized iron (3.6 g. 0.05% Pd) in a 12 mL glass vial equipped with 

a hollow cap and a septum. The vial was placed on a rotator and 1 |.iL samples were 

withdrawn every 3 minutes and analyzed by a 5880A Hewlett Packard gas 

chromatograph equipped with an Econo Cap capillary column (Alltech SE 30m 1.0 |im) 

and an FID detector. The temperatures were set as follows: oven temperature: 40"C. 

injection port temperature: 250"C. detector temperature: 300"C. Helium was used as a 

carrier gas at a flow rate of 1.35 mL/min. Analysis of the methanol/water solution of 

CCliBri on the GC/FID before contacting palladized iron resulted in two peaks. The 

first was a large peak at a retention time of 0.29 minutes due to methanol, and the 
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second with a retention time of 3.92 minutes due to CCliBr-,. 

Preparation and Analysis of Dibromochlorofluoromethane Solution in Contact with 
Pd/Fe. 

Due to the limited solubility of dibromochlorofluoromethane in water, a 5 )aL 

sample of CBrjCIF was measured with a syringe and dissolved in 10 mL of methanol 

in a 100 mL volumetric tlask. The methanol solution vvas diluted with deionized water 

to the 100 mL mark. The methanol water solution of CBr-.ClF (10 mL) was placed in 

contact with freshly prepared palladized iron (3.6 g) in a 12 mL glass vial equipped 

with a hollow cap and a septum. The vial was placed on the rotator. One (.iL samples 

of solution were withdrawn with a syringe every three minutes and analyzed by a 5890 

Hewlett Packard gas chromatograph (equipped with a J & W Scientific column. 30 m 

X 0.250 mm. 0.25 fim) with an ECD detector. The electron capture detector was 

preferred over the flame ionization detector for the analysis of the methanol/water 

solutions of the halogenated compounds to prevent interference from the large tailing 

methanol peak that overlapped the reactant peak when the FID detector was used. The 

temperatures on the GC/ECD were set as follows, oven temperature: 50"C. injection 

port temperature: 250"C. detector temperature: 300"C. Nitrogen was used as the carrier 

gas. 
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Column Dehalogenation Reactions 

Reaction of Chlorodifluoromethane (Freon 22) and Chloroform in contact with 
Pd/Fe 

A glass column 7.5 inches in length and 1.13 inches in internal diameter was 

packed with palladized iron chips. Iron chips (Aldrich Chemical Co. 99.98%) weighing 

16.90 g were washed with hydrochloric acid (3 M) for five minutes, followed by five 

washes with deionized water. Potassium hexachloropalladate weighing 47.0 mg was 

dissolved in 100 mL deionized water. The resulting solution was orange. The acid 

washed iron chips were contacted with the potassium hexachloropalladate solution in 

an evaportating dish and gently swirled until the orange solution turned pale yellow and 

the silvery appearance of the palladized iron chips changed to a dark grey, or black. 

The flow of Freon 22 through the column was regulated at 15 ml/minute. One |.iL 

samples were withdrawn with a syringe and analyzed by GC/ECD. Freon 22 samples 

were analyzed before and after contacting the Pd/Fe packed in the column. 

Gaseous chloroform saturated with water was introduced through the same column at 

a flow rate of 15 mL/minute. Ten milliliters of chloroform was placed in a 250 mL 

flask containing 100 mL of deionized water. Air was bubbled through the chloroform 

pool at the bottom of the flask and introduced to the palladized iron column through 

teflon tubing. One (a.L samples of the gaseous chloroform were analyzed by the 

GC/ECD before and after contacting palladized iron. 

For the analysis of Freon 22 and chloroform the temperatures on the GC/ECD were set 
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as follows, oven temperature: SO^C, injection port temperature: 250"C, detector 

temperature: 300"C. 

Analyses of Volatile Compounds 

The analyses were carried out on a 5880A Hewlett Packard gas chromatograph 

equipped with an Econo Cap capillary column (Alltech SE 30 m 1.0 |im) and an FID 

detector. The limit of detection was I ppm. The temperatures were set as follows; oven 

temperature 40"C-80''C depending on which compound was analyzed, injection port 

temperature 250"C. detector temperature 300"C. Helium vvas used as the carrier gas at 

a flow rate of 1.35 mL/ min. A 1.0 (J.L solution samples were injected. A water sample, 

appro.ximately 1.0 |j,L was first drawn into the syringe, followed by an air gap. and then 

1.0 \iL of a sample of solution. 

Analysis of Gaseous Products (Methane, Ethane, Propane, Butane, Hexanc, and 
Ammonia) 

The analysis of any gaseous products in the headspace of the vessel containing the 

the aqueous solution of the halogenated compound in contact with palladized iron or 

the buffered nitrate solution in contact with zero valent iron was carried out on the HP 

5890 gas chromatograph interfaced to an HP 5988A mass spectrometer. The GC was 

equipped with a 6 foot pre-column packed with 80/100 Porapak Q (from Alltech) and 

an HP-5 capillary column. 25 meters .x 0.2 mm. The GC injection port temperature was 
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250°C, and the GC/MS interface was maintained at 300"C. The oven temperature was 

ramped from 40"C to 250"C at a rate of 20"C/min. Helium was used as the carrier gas 

with the column head pressure set at 10 pounds per square inch. The mass spectrum 

analyzer was programmed to scan the mass range of 10-400 amu. 

Column Studies of the Hydrodechlorination of Caseous TCE 

Iron chips weighing 1 Kg were used to pack the column. The chips were placed in 

a large evaporating dish and washed with 2 M HCl before palladization. The iron was 

palladized in two batches of 500 g. After the acid wash, the chips were washed with 

900 mL of distilled water using 3 batches of 300 mL each time. Each 500 g of acid 

washed palladized iron was palladized with appro.ximately 0.5 g of K-,PdClf,. The total 

amount of potassium hexachloropalladate used was 1.0654 g. It was dissolved in 

distilled water in 100 mL batches (as needed), then poured over the acid washed iron 

chips in the evaporating dish and swirled gently to avoid abrasion. The iron chips 

turned black after palladization was complete. After washing the palladized iron chips 

with distilled water three times in batches of 300 mL each, the chips were transferred 

to the column. 

A saturated TCE solution in water was prepared by placing 1.6 mL of TCE in 250 mL 

of water in a 500 mL three neck flask. Since TCE has a limited solubility in water, a 

pool of TCE was seen at the bottom of the tlask. Teflon tubing was e.xtended down into 

the TCE pool and bubbled with compressed air at flow rates varying from 0.5 mL/min 
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to 15 mL/min. This water and TCE mixture was introduced at the bottom of the column 

packed with palladized iron chips. Figure 11.1 is a representation of the system used 

in our column experiments. The glass column was 15 inches long and 1.25 inches in 

internal diameter. It was equipped with four sampling ports at varying intervals 

throughout its length and one sampling port at the top. One microliter samples of the 

vapor were withdrawn from each port twice a day and analyzed with the aid of a gas 

chromatograph. For the initial analyses, the gas chromatograph was equipped with an 

FID detector. An ECD detector was used for the later analyses. 
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CHAPTER 12. 

CONCLUSIONS AND FUTURE STUDIES 

We have established that the bimetallic system, palladized iron is preferable to 

elemental iron for the rapid and complete hydrodechlorination of 1-carbon and 2-carbon 

chlorinated compounds. The combination of palladium the "promoter" metal which is 

not consumed in the reaction, and iron the "base" metal which is consumed in the 

reaction, appears to be an ideal bimetallic system for the hydrodehalogenation of 

halogenated compounds including CFC's. 

Investigation of the nature of the Pd/Fe surface by micro-PlXF, demonstrated the 

palladium to deposit in islands on the surface of the iron. X-ray photoelectron 

spectroscopy indicated the palladium to be deposited on the surface of the iron by the 

stepwise reduction of Pd(IV) in solution to Pd(II). which replaces protons on the 

hydroxylated iron oxide surface and forms Pd(II)-0-Fe bonds. These bonds were 

unstable and collapsed spontaneously to yield the reactive palladized iron in which the 

palladium is mostly in the elemental state. Prolonged exposure of this Pd/Fe surface to 

a saturated solution of aqueous TCE results in the growth of the hydroxylated iron 

oxide film that deactivates the Pd/Fe surface. The thick hydroxylated iron oxide film 

can be removed, and the original activity of the bimetallic surface is restored by 

washing the surface with a dilute complexing acid such as oxalic acid solution. The 

Pd:Fe ratio remains essentially constant after reaction with TCE and regeneration with 
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oxalic acid. 

Inorganic ions present in the solution containing the chlorinated compound TCE did not 

hinder its hydrodechlorination. The bimetallic system palladized iron is a highly 

reducing system. Unlike activated carbon, where only the physical adsorption of the 

organic compounds take place, the bimetallic surface is capable of chemical 

transformation. Any inorganic ions adsorbed on the surface of the bimetallic system will 

most likely undergo some chemical reduction. 

Suitable methods are needed for the study of the nature of the adsorption of the 

organic compounds on the bimetallic surface. Understanding the mechanism of this 

dehalogenation reaction is critical for its use in remediation studies. By deciphering the 

mechanism of this process, the full potential as well as the limitations of this highly 

reducing system can be learned. 

Batch laboratory studies indicated inorganic ions not to hinder the hydrodehalogenation 

of halogenated organic compounds in contact with palladized iron. The identity of the 

reduction products generated from their contact with palladized iron needs to be 

established. 

In addition, before a complete transition is made from the batch laboratory studies 

conducted so far to actual site remediation studies, scale-up studies are needed to 

uncover and solve any problems generated due to working with large quantities of the 

bimetallic surface and the contaminated water. 
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One remediation solution proposed for the removal of volatile organic compounds 

(VOC's) from contaminated water is to maintain the use of the air stripping towers for 

the transfer of the VOC's from water to air. then to pass the contaminated air through 

a palladized iron bed instead of the activated carbon beds in use today. In order to 

extend the lifetime of the palladized iron bed. the contaminated air is passed through 

an iron column first, such that most of the oxygen present oxidizes the iron bed. and 

then through the palladized iron bed for the hydrodechlorination of the chlorinated 

contaminants. Air can then be discharged into the atmosphere (Figure 9.1). 
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