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ABSTRACT 

It was discovered in our laboratory that the bimetallic system palladium on iron 

(palladized-iron, Pd/Fe) rapidly and completely hydrodechlorinates aqueous solutions of 

ubiquitous chlorinated aliphatic and aromatic environmental contaminants such as TCE 

(trichloroethylene), chlorophenols and PCBs (polychlorobiphenyls) at room temperature 

and atmospheric pressure. When TCE comes in contact with the Pd/Fe surface, it forms 

ethane as the major gaseous product. Chlorophenols are converted to phenol and PCBs are 

converted to biphenyl. It was also discovered that through a series of redox reactions 

metallic iron completely reduces perchlorate to chloride. 

The objectives of this research are: to show that two iron materials can completely 

dechlorinate aqueous solutions of toxic chlorinated compounds; to begin to understand how 

tiiese reactions occur, and; to understand the implications of oxidizing iron. 

In this research, batch and scaled-up systems were used for fundamental and 

practical studies of the Pd/Fe system. TCE, chlorophenols and PCBs were the model 

compounds for these studies. The batch reactions were performed in lOmL vials containing 

2-5g Pd/Fe and 2-5mL of an aqueous solution of a reactant. The scaled-up reactions were 

performed in a closed-loop column apparatus with 700g of Pd/Fe and approximately 

250mL of an aqueous solution of a reactant. The reactant and product in the solutions were 

monitored with a GC/FID (gas chromatography/flame ionization detector) or a GC/ECD 

(gas chromatography/electron capture detector) system. Analysis techniques used to 
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characterize the Pd/Fe surface were SEM (scanning electron microscopy), XPS (x-ray 

photoelectron spectroscopy) and XRD (x-ray powder diffraction). 

The batch reactions were used to: show complete and rapid hydrodechlorination of 

the reactants to their products; demonstrate the performance of various types of iron; 

determine the sequential order of the removal of the chlorine substituents from 

chlorophenols and PCBs; observe the effect of an HCl-treated and an untreated iron surface 

prior to palladium deposition and the effects these surfaces have on the hydrodechlorination 

reactions of chlorophenols and PCBs; and determine what implications iron oxide build- up 

on the Pd/Fe surface may have on scaled-up Pd/Fe systems. The scaled-up column 

apparatus was used to determine the longevity of Pd/Fe surfaces and to find a suitable 

regeneration method. 

Because Pd/Fe was found to be a suitable reductant for chlorinated organic 

molecules, chlorine-containing ions such as CIO4" were also investigated. It was discovered 

that HCl-treated iron is a suitable reductant for the reduction of the perchlorate ion at room 

temperature and atmospheric pressure. 

Palladized-iron and zero-valent iron have been found to be suitable materials for the 

remediation of many ubiquitous environmental contammants. The hydrodechlorination of 

chlorinated compounds occurs completely and rapidly with Pd/Fe. Iron effectively reduces 

perchlorate ions to chloride ions. Both Pd/Fe and zero-valent iron surfaces are relatively 

easy to prepare, and can be used at room temperature and atmospheric pressure for the 

dechlorination reactions. 
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SUMMARY 

The work included in this dissertation is an extension of the work completed by 

previous graduate stadents, Rosy Muftikian and Carrina Gritinni, who have worked in cm-

laboratory. Rosy Mutikian was the first to show that <10|i Pd/Fe particles can rapidly and 

completely hydrodechlorinate TCE to ethane. Rosy also demonstrated that Pd/Fe chips 

packed in a bench-top glass column can completely hydrodechlorinate gaseous TCE. She 

also completed an XPS study showing that the Pd is directly bonded to the Fe by a Pd-Fe 

bond. Carrina Grittini showed for the first time that <10n Pd/Fe particles can rapidly and 

completely hydrodechlomate PCBs and chlorophenols to biphenyl and phenol. Carina also 

showed that with use of surfactants, toxaphene and DDT can be extracted from soils and 

then be completely hydrodechlorinated with Pd/Fe. 

Chapter One, Perchlorate Reduction With Iron, describes experiments showing 

that iron can reduce perchlorate (a groundwater contaminant mainly from rocket fuel.) 

Batch systems and a closed-loop column system were used to demonstrate for the first 

time that HCl-treated iron is suitable for the reduction of perchlorate to chloride at room 

temperature and atmospheric pressure. 

Chapter Two contrasts other remediation methods that have been used for 

chlorophenols and PCBs with the Pd/Fe remediation method. This chapter shows that 

complete and rapid conversion of pentachlorophenol and PCBs to phenol and biphenyl. 

respectively, are achieved at room temperature and atmospheric pressure. Chapter Three 
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also shows how Pd/Fe can provide a powerftil but simple method for quantifying 

mixtures of PCBs. 

The studies presented in Chapter Three show that the chlorine substituents on 

chlorophenols and PCBs are sequentially removed. Electronic and steric effects have 

implications on the order in which the chlorine substituents are removed from the 

aromatic ring. The chapter includes a possible reaction mechanism for these 

hydrodechlorination reactions. 

Chapter Four describes existing remediation methods for TCE. In this chapter, a 

scaled-up Pd/Fe system is presented to demonstrate that Pd/Fe can be used to rapidly 

hydrodechlorinate high concentrations of aqueous solutions of TCE for an extended time 

in a scaled-up closed-loop column system. A longevity study presented in this chapter 

shows that the magnetite buildup on the Pd/Fe surface decreases the rate at which Pd/Fe 

can hydrodechlorinate TCE. Dilute solutions of HCl and EDTA 

(ethylenediaminetetraacetic acid) were tested to remove the magnetite from the Pd/Fe 

surface and to regenerate the Pd/Fe surface. This chapter also shows that 2-chlorophenol 

is hydrodechlorinated at a much slower rate than TCE when using the column system 

even though the percent chlorine in the TCE solution is greater than the percent chlorine 

in the 2-chIorophenol solution. The consequence of using stationary Pd/Fe as opposed to 

dynamic Pd/Fe is mentioned as a possible shortcoming of a scaled-up Pd/Fe system. 

The final chapter describes future kinetic experiments that could utilize the 

closed-loop column system and NMR (nuclear magnetic resonance) to compare the 
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relative reaction rates among chlorophenols and PCBs. Also, experiments using ESR 

(electron spin resonance) for mechanistic studies of the hydrodechlorination reactions of 

chlorophenols and PCBs are suggested. It has been found that palladized aluminum 

hydrodechlorinates TCE and chlorophenols to ethane and phenol, respectively. Therefore 

palladized-aluminum and palladized-alumina may be suitable materials for the NMR and 

ESR studies. 

Appendix A of this dissertation describes how palladium was deposited on the 

various iron surfaces used in this research. This appendix shows the efficiency of the 

deposition is improved by depositing palladium on larger iron surface areas. The manner 

in which SEM, XPS and XRD were used to characterize the Pd/Fe surfaces is described in 

this appendix. These techniques were also used to identify an iron oxide, magnetite, 

whicii builds up on the Pd/Fe surface after prolonged use of Pd/Fe. 

Appendix B summarizes what are believed to be the main electron transfer 

reactions that occur during the hydrodechlorination reactions with Pd/Fe. It shows that 

aromatic compounds such as chlorophenols adsorb on the magnetite formed on the Pd/Fe 

surface. The effects of an HCl-treated and an untreated iron surface prior to palladium 

deposition on the hydrodechlorination reactions of chlorophenols and PCBs are compared 

by observing the difference in reactivity of chlorophenols and PCBs with these two 

different types of surface. The appendix concludes by summarizing experiments that 

compare the reducing power of Fe and Pd/Fe. 
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CHAPTER 1 
Perchlorate Reduction With Iron 

1.1 Introduction 

Perchlorate salts are used extensively as oxidizers in the chemical, aerospace and 

defense industries [1]. The most common applications are in propellants, explosives and 

pyrotechnic composites [2]. Large amounts of aqueous ammonium perchlorate wastes 

are produced fi-om the manufacture, refurbishment, and maintenance of large solid rocket 

motors. Approximately 90% of ammonium perchlorate produced in the US is used as a 

solid rocket fiiel oxidizer. The handling of perchlorates by the manufacturers and the 

rocket propellant industry has led to widespread contamination of surface and 

groundwater [3]. Other sources of ammonium perchlorate include wastewater from 

propellant hydromining, and washdown operations and process streams from 

manufacturers of ammonium perchlorate. The perchlorate ion has been found to be quite 

stable in these waste waters [1]. The extreme stability of CIO4" to reduction and oxidation 

allows the application of perchloric acid and various perchlorates as supporting 

electrolytes in catalytic and electrocatalytic studies [4]. The stability of the perchlorate 

ion makes perchlorate contamination difficult to remediate by conventional physical-

chemical water treatment methods [3,4]. 

Classical electrochemical techniques that are designed to reduce perchlorate 

require a current source, expensive electrodes or catalysts that are manufactured from 

toxic metals such Hg, Mo, Re, Tc, Ti, or Sn, and use temperatures above 25°C [5-10]. 

Burning technologies such as pit buming/open detonation and static firing of rocket 
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propellant have been used to degrade ammonium perchlorate. Unfortunately, this 

practice is not regulated and releases hydrogen chloride, chlorine, anmionia, and oxides 

of nitrogen into the atmosphere. 

The reduction of perchlorate by metal ions has been shown to be successfiil. 

Rothmund showed that Ti(III), V(1I), and Cr(II) reduce perchlorate to chloride in acidic 

solutions at room temperature [11]. Bredig and Michel showed that Mo(III) also reduces 

perchlorate to chloride under the same conditions [12]. Crowell et al. showed that 

bromide reduces perchlorate to chloride in the presence of rutheniimi(III,IV) or 

osmium(IV) catalysts [13-14]. Tin(II) in the presence of molybdate has been shown to 

reduce perchlorate to chloride [15]. 

Because of the toxicity of many of the these metal ions, later studies using 

titanium complexes proved to be more practical for possible field application. Liu et al. 

showed that the reaction of perchlorate and A^-(hydroxyethyl)ethylenediamine-MiV'.iV'-

triacetopentaaquotitanium(III) ion reduces perchlorate to chloride and forms Ti(IV). The 

Ti(IV) ion forms hydrous oxides in an hour and after several days, forms nontoxic TiO, 

[16]. A number of stable titanium complexes have been prepared; however, in general, 

precautions have been taken to exclude oxygen [17]. It is unclear if any fairly air-stable 

Ti(III) chelates may be synthesized that will react rapidly with perchlorate [4]. Even if 

other factors can be overcome, this reaction with Ti(III) is too slow to be useful [4]. 

In 1963, Hackenthal was the first to introduce a bacterium which reduces 

perchlorate to chloride [18]. The use of raw sewage to treat industrial wastewater 
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contaminated with perchlorate was shown to be successful by Korenkov in 1974 [19]. 

Attaway and Smith report that only lOmM perchlorate was converted to chloride under 

anaerobic conditions at a rate of 107 mg C104' h ' per g dry weight biomass [1]. Aeration 

of at least 12 hours will permanently destroy the reducing ability of the culture. Other 

inorganic compounds such as nitrite or chlorite completely inhibited the reduction of 

perchlorate [1]. Shanahan et al. developed a continuous flow bench-scale system which 

employed the culture developed by Attaway [20]. Microbial methods that employ 

anaerobic enrichment cultures to reduce perchlorate to chloride require enrichments such 

as inorganic phosphates, yeast extracts, and a nutrient broth [1]. The scaling-up of such 

systems requires careful management and specific climate and environmental conditions. 

Recent advances in the analytical detection of low concentrations of perchlorate, 

from 400 to 4 parts per billion (ppb), have led to the discovery of perchlorate ions at 

various manufacturing sites and some drinking water supply wells in communities in 

California. Nevada, and Utah [3]. Perchlorate has been found in ground water at six 

Superflind hazardous waste sites in California, six other California non-Superfxmd waste 

sites, two sites in the Henderson, Nevada area, one site in Utah, and in the discharge to a 

creek in Texas [3]. Water suppliers in both northem and southern California, and the Las 

Vegas Water Authority have found perchlorate in their water supplies generally at levels 

less than 18 ppb but ranging as high as 280 ppb. with several water supplies in the 100-

200 ppb range. Perchlorate has also been detected at low levels (5 to 9 ppb) in the 

Colorado River [3], It is likely that additional groundwater and drinking water supplies 
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will be identified with various levels of perchlorate contamination [3]. To date, the EPA 

has not approved a method for quantifying perchlorate in drinking water. 

Although perchlorate is a suspected endocrine disrupter that interferes with iodine 

uptake in the thyroid, it is not yet regulated by the Safe Drinking Water Act [3, 4]. The 

state of California, however, has established a provisional action level of 18ppb for 

drinking water, and the EPA national guideline has set limits of between 4 and 18 ppb to 

avoid health risks [3]. Under the Safe Drinking Water Act (SDWA), as amended in 1996, 

the EPA was required to develop a list of contaminants, known as the Contaminant 

Candidate List (CCL), that are known or anticipated to occur in public water systems and 

that may require regulation imder SDWA (Section 1412(b)(1)) [3]. As a result of public 

comment on a draft of the CCL published on October 6,1997 (62 FR 52193), perchlorate 

was added to the final CCL that was published on March 2, 1998 (63 FR 10274) [3]. 

Current efforts that address the perchlorate-contaminated groundwater issue are 

relatively meager. Traditional physical treatment technologies such as ion exchange, 

reverse osmosis, and nanofiltration may be effective for treating perchlorate-

contaminated groundwater. The cost effectiveness of such technologies is unknown. 

Chemical and biological technologies may also be suitable, although achievable in-situ 

kinetics are not understood well enough to determine if these processes could be cost-

effective [3]. In conclusion, there is no cost-effective method as yet for the elimination of 

perchlorate from the environment. 
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Thermodynamically it appears that CIO/ can be easily reduced to CI" by a suitable 

reductant; 

Reduction Reaction E° (V) 

(1) CIO4- + 2H" + 2e- — ClOj- + H,0 1.226 

(2) ClOj- + 3H^ + 2e- — HCIO2 + H,0 1.157 

(3) ClOj- + 21V + e CIO2 + H2O 1.130 

(4)C102 + e- — C10{ 1.068 

(5) HCIO, + 2H' + 2e —* HCIO + H.O 1.674 

(6) HCIO + + e" — l/2Cl/g; + H,0 1.630 

(7) ClOj-+ 6H^ + 5e — l/2Cl/g) + 3H,0 1.458 

(8) Cl/g) + 2e- — 2Cr 1.360 

For the following half-reaction of iron: 

Fe^^ + 2e — Fe 

the standard reduction potential is -0.441V. When considering the lowest reduction 

potential from above, +1.226V, the E° for the reduction of perchlorate by iron can be 

written as: 

E° = E„,-E„ 

or 

£" =+1.226-(-0.441) 

£" = +1.667V. 
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Further calculating AG, 

AG = -nFE°; assuming n = 2, 

=-2 X 96485.31 x 1.667 

= -322 Kjoules. 

The stepwise reduction of C104' by elemental iron is therefore thermodynamically 

favored, through a series of reactions producing a variety of intermediates. Therefore, 

kinetics appears to be the only factor that can prevent the spontaneous reduction of 

perchlorate to chloride. 

The purpose of this work is to present the novel application of elemental iron as a 

reductant for the complete reduction of CIO4' to CI" at atmospheric pressure and room 

temperature in batch and column studies. The first series of experiments shows how iron 

powder can be used to reduce CIO4" to CI". The second series of experiments used iron 

chips in a zero headspace glass column to reduce C104' to CI". These simple and effective 

methods that completely reduce perchlorate to chloride have a significant potential of 

being scaled-up to efficiently remediate large quantities of perchlorate in contaminated 

waste water. 

1.2 Experimental 

1.2.1 Batch 

The batch experiments were carried out as follows. A 37ppm aqueous solution of 

CIO4 solution was prepared with 18.3megohm deionized water. Three lOg samples of 

iron particles (<10 micron, 99.9+%. from Aldrich. Milwaukee, WI) were placed in three 
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250mL Erlenmeyer flasks and 75mL of a 6M HCl solution were added to each flask. The 

contents of the flasks were mixed for IS minutes with the aid of a mechanical shaker. After 

15 minutes, the aqueous phases were removed and an additional 7SmL of the 6M HCl 

solution were added to the flasks and the contents of the flasks were mixed for 15 minutes. 

After the second HCl-treatment, the iron particles were rinsed three times with about 

200mL of 18.3megohm deionized water. SOmL of the 37ppm C104' solution were mixed 

with each batch of the HCl-treated iron particles for 15 minutes. This was repeated for 

additional times of 30, 60, and 90 minutes. After mixing, the reaction solutions were 

separated from the iron and placed in ISOmL beakers and the particulates were allowed to 

settie to the bottom of the beakers. The liquid contents of the beakers were suction 

filtered with No. 3 Whatman filter paper in order to remove most of the particulates. The 

filtered reaction solutions were reduced to a volume of lOmL by evaporation. The 

dissolved Oj in the solutions in this experiment was approximately 8ppm. This 

experiment was repeated with reduced and elevated dissolved O, levels. The dissolved 

Oi was reduced to less than Ippm by Nj purging, and the dissolved O, was increased to 

12ppm by sonicating the perchlorate solution exposed to air for 20 minutes. 

The two experiments above were repeated but without HCl-treatment of the iron 

particles. A single analysis was performed after 90 minutes with the same ion 

chromatography method. 
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1.2.2 Column 

The column experiment was carried out as follows. A column was used to 

demonstrate a scaled-up iron reducing system for the reduction of CIO4'. It is a glass 

column six inches tall, 1.5 inches in inner diameter, and has a volume of approximately 

400mL as shown in Figure 4.1. The colimin was filled with 700g of iron chips. The iron 

chips (99.9%, Sigma-Aldrich, Milwaukee, WI and 99.9%, Alpha Aesar, Ward Hill, MA) 

ranged in size from 0.0625x0.0625 inches to 1x1 inches in area and were less than 0.125 

inches thick. To expose a significant amount of iron surface area, the chips were treated 

twice in 6M HCl for 30 minutes. The chips were then rinsed three times with Ni-purged 

18.3megaohm deionized water. An Nj-purged 50ppm aqueous solution of C104' was 

prepared with 18.3megohm deionized water. Approximately 250mL of the solution was 

allowed to circulate through the column for 90 minutes with a Gorman-Rupp, 25 watt, 

0.38 amp pump (Bellville, Ohio), at an approximate flow rate of 7.5L per minute. After 90 

minutes, the reaction solution was removed from the column and placed in a 250mL 

Erlenmeyer flask and any particulates were allowed to settle to the bottom of the flask. 

The liquid contents of the flask were suction filtered with No. 3 Whatman filter paper in 

order to remove most of the particulates. After the experiment, the column was filled 

completely with 18megohm deionized water. The water was monitored daily for 4 weeks 

to maintain a zero headspace configuration. After four weeks of continuous circulation, 

the water was drained from the column and approximately 250mL of an Ni-purged 

37ppm aqueous solution of C104' was added to the column containing the aged chips. 



Aiter 90 minutes, the solution was removed from the column and filtered as mentioned 

previously. The four-week-old chips were placed in a 12 x 12 inch plastic trough and 

treated with IL of 6M HCl for 30 minutes. The chips were rinsed three times with Nj-

purged ISmegohm deionized water after the acid treatment and placed back into the 

column. Approximately 250mL of the Nj-purged 37ppm aqueous solution of C104" was 

added to the column containing the acid-treated four-week-old chips and circulated for 90 

minutes. The reaction solution was removed and filtered after 90 minutes of circulation. 

1.2.3 Sample Analysis 

Each of the filtered reaction solutions was reduced to a volume of lOmL by 

evaporation and analyzed for C104" and CI" by ion chromatography [21]. A Dionex DX-

500 ion chromatography system was used (Dionex Corp., Sunnyvale, CA.). This 

included a GP40 gradient pump, CD20 conductivity detector, and an AS40 autosampler 

with a ImL sample volume. An lonPac ASH analytical column (4x250mm) with an 

lonPac AGII column guard was used to analyze perchlorate and an lonPac AS 12 

analytical column (4x250mm) with an lonPac AG 12 column guard was used to analyze 

chloride. The columns were maintained at room temperature. A calibration curve for 

perchlorate was constructed with the five following standard solutions of ClOj": 100. 

50.0. 25.0. 12.5. and 6.25ppm. A calibration curve for chloride was constructed with the 

following five standard solutions of NaCl: 100. 50.0, 25.0, 12.5, and 6.25ppm. For the 

analysis of perchlorate. the mobile phase consisted of lOOmM NaOH and was maintained 

at a constant flow rate of ImL/min. For the analysis of chloride, the mobile phase 
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consisted of 500mM NaOH and was maintained at a constant flow rate of ImL/min. The 

four samples from the experiment using HCl-treated iron and Nz-purged solutions were 

analyzed with a Jeol, JMS HX-110 mass spectrometer, using negative ion electrospray 

ionization. 

1.3 Results 

This study showed that HCl-treated iron and untreated iron successfully reduce 

high concentrations of perchlorate to chloride in 18.3megohm deionized water at pH=S.5 

and containing various amounts of dissolved oxygen under mild conditions: room 

temperature, atmospheric pressure. The HCl-treated iron reduced significantly more 

perchlorate than the untreated iron. The HCl-treated iron mixed with perchlorate 

solutions containing dissolved O, levels less than 1 and 8ppm reduced more perchlorate 

than the HCl-treated iron mixed with perchlorate solutions containing 12ppni ot dissolved 

Oi. Presumably, high concentrations of dissolved Oj oxidizes the iron surface before the 

perchlorate and intermediates have had a chance to complete the series of reactions 

leading to chloride. This could present a problem for an HCl-treated iron system in the 

field. Levels of dissolved oxygen in natural and waste waters depend on processing, 

temperatiu-e, elevation and location in the body of water. Typically, dissolved oxygen 

levels range from 5 to lOppm [22-27]. 

The concentration of perchlorate ion used in these studies is on average at least an 

order of magnitude above the typical perchlorate ion concentrations found in ground 

water [3]. The experiment using the zero headspace glass column shows that HCl-treated 



30 

iron has the potential of being a cost-effective method for the remediation of large 

quantities of perchJorate-contaminated water. 

1.3.1 HCl Treated Particles 

The mass balance data from the experiments with HCl-treated iron particles for <1 

and 8ppm dissolved O2 in the perchlorate solution are plotted in Figures 1.1 and 1.2, 

respectively. Figure 1.1 shows a significant reduction of perchlorate with the percent 

molar conversion within 100%. Although Figure 1.2 also shows a significant reduction 

of perchlorate, the percent molar conversion is approximately 75%,. When lOg of HCl-

treated iron particles were mixed with perchlorate solutions containing 12ppm dissolved 

oxygen, no detectable amount of perchlorate was converted to chloride. The drastic 

difference in reduction of perchlorate between the dissolved oxygen values of <1, 8, and 

12ppm is believed to be caused by the oxidation of the iron surface by the high 

concentration of dissolved 0, [28-30]. 

From the experiment using HCl-treated iron with less than Ippm dissolved O. in 

the perchlorate solution, the negative ion mass spectra of the samples for times 0 and after 

90 minutes of reaction are shown in Figtires 1.3 and 1.4. Clearly, perchlorate is the major 

peak at 99.00 mass units in Figure 1.3 and chloride is the major peak at 35.14 mass units 

in Figure 1.4. The other ions present in the spectra are probably from capillary bleed 

from the electrospray injector. The negative ion mass spectra after 30 and 60 minutes of 

reaction had no detectable amounts of reaction intermediates although small amounts of 

other negative ions were detected in the chromatograms of these samples (Figures 1.5 



and 1.6.) It is assumed that the peaks in Figures 1.5 and 1.6 represent intermediates from 

a series of reduction reactions leading to chloride because these peaks were barely 

detectable after IS minutes and were unable to be quantified after 90 minutes. The 

evidence for the presence of intermediates in the bulk solution suggests that perchlorate 

and the intermediates do not remain adsorbed to the iron surface in the course of the 

complete reduction of perchlorate to chloride. Perchlorate and the intermediates react in 

a stepwise maimer with the iron surface and diffuse away from the surface into the bulk 

solution and then diffuse to the iron surface to react further. 

1.3.2 Untreated Particles 

The percent conversion for perchlorate solutions containing <lppm dissolved 

oxygen mixed with untreated iron particles on average was approximately 28%. The 

percent conversion for perchlorate solutions containing 8ppm dissolved oxygen mixed 

with untreated iron particles was as low as 5% and as high as 27%. Presumably this 

inconsistency was caused by the amount of available zero-valent iron surface area during 

the course of the reaction. One possibility is difference in iron surface area between the 

HCl-treated and untreated particles. Figure A. 12b shows a field emission scarming 

electron microscope (FESEM) image of the <10^ iron particles that were treated with 6M 

HCl. It appears the acid treatment increased the surface area of the iron by etching the 

iron surface to form iron islands on the surface of the particles although no surface area 

measurements were performed. In their studies using 18-20 mesh iron (99.9%) for the 

reduction of nitro aromatic compounds, Agrawal and Tratnyek reported that a seven-fold 
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increase in iron surface area occuned after similar HCl-treatment of iron particles [31]. 

Another possibility for the wide range in the percent mass conversion for the untreated 

particles is the oxidation of the untreated particles by .the 8ppm of dissolved oxygen 

which effectively could reduce the amount of available zero-valent iron surface area. 

There was negligible color change in all of the batch reactions after 90 minutes 

using imtreated particles. This was probably caused by a reduced amount of zero-valent 

iron surface area. The reduction in zero-valent iron surface area can be attributed to the 

absence of the HCl-treatment and to the presence of surface oxides. 

1.3.3 Column Study 

Greater than 100% mass conversion was achieved in the experiments thatjitilized 

HCl-treated iron chips in the scaled-up column system. The column experiment also 

showed that chips aged in water (four weeks) can be regenerated with a 6M HCl-

treatment. The iron oxide buildup on the iron during the four weeks prevented the iron 

from reducing high concentrations of perchlorate. The 6M HCl-treatment removed the 

iron oxides from the particle surface and allowed the iron to reduce high concentrations 

of perchlorate and achieve greater than 100% mass conversion. The closed-loop 

continuous flow system demonstrates the potential value of HCl-treated iron to remediate 

large volumes of perchlorate-contaminated water. 

The pH value of the starting 37ppm C104' solutions was 6.78. The pH of the 

solutions in the batch (less than 1 and Sppm dissolved O2) and the column experiments 
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increased less than 1 pH unit after successful reduction of perchlorate. The reason for 

this negligible increase in pH is the formation of iron-hydroxide compounds: 

Fe"^ + nOH" — Fe(OH)„. 

A source of error in the % conversion is believed to have been the two mass 

transfer procedures: (1) the incomplete transfer of the reaction solution from the 

Erlenmeyer flasks and beakers to the evaporation beakers and (2) the amount of reaction 

solution evaporated for quantitative analysis. Equation (7) shows that C\2(g) is a 

precursor to CI". Therefore, a small amount of CI" may have been lost to the atmosphere 

as Cl/g; . 
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Figure 1.5 Negative ion HPLC chromatogram of the time 30 minutes 
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2.1 Introduction 

This chapter describes the use of Pd/Fe to rapidly and completely hydrodechlorinate 

PCP (pentachlorophenol) to phenol and PCBs (polychlorobiphenyls) to biphenyl without 

the need of high temperatures, long reaction times and toxic reactants. Complete 

hydrodechlorination of both chlorophenols and PCBs was achieved. Figures 2.1a-2.1b 

describe the net reactions. 

The U.S. Environmental Protection Agency (EPA) has classified PCP as a 

suspected carcinogen. PCP is a biocide that was used widely in the timber industry as a 

wood preservative to treat freshly cut timber. During the manufacture of PCP, other 

undesirable and toxic byproducts form such as di-, tri-, and tetrachlorophenols, dioxins and 

furans [32]. Although the use of PCP in the timber industry ceased in 1988. and it was 

withdrawn from sale in 1991, PCP-contaminated soil remains an environmental hazard [32]. 

Contaminated soils near sawmills, wood preservation yards and telephone poles have 

leached PCP into groundwater and nearby streams [33,34]. 

The EPA classified PCBs as a suspected human carcinogen. Due to their low rate 

of environmental degradation and their tendency to bioaccumulate, there is some evidence 

that PCBs are carcinogenic [35]. Monsanto Corporation has manufactured PCBs under the 

brand name Arochlor. Arochlors contain different percentages of PCB isomers or congeners 

depending on a number associated with the name Arochlor. For example, in the Arochlor 
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1200 series, the number 60 in Arochlor 1260 denotes that there is 60% of CI atoms by 

weight. One major application of PCBs which caused contamination of the environment 

was their use in transformer oils. They also have been found in discharge from incinerator 

waste [36]. Because the Arochlor nomenclature gives only an approximate percentage of 

the major PCB isomers, quantification of PCBs is difficult. This chapter shows that Pd/Fe 

can be used in a simple method for quantifying mixtures of PCBs 

Current remediation technologies for PCBs and chlorophenols include 

bioremediation and chemical methods. These technologies are presented here in addition to 

those summarized by Gritinni [37]. Details of the toxic effects that PCBs and 

chlorophenols have on humans have been summarized by Gritinni [37]. 

2.1.1 Bioremediation 

The bioremediation methods that are reported in the literature fail to remediate 

chlorophenols when the microorganisms are expected to remediate a high concentration of 

these contaminants. The microorganisms may also die when they are in the presence of 

other, possibly toxic, compounds that cannot be bioremediated. 

Mohn et al. used a sulfate-reducing bacteria, desulfomonile tiedjei DCB-1, to 

hydrodechlorinate PCP and other chlorophenols [38]. These bacteria dechlorinate 

extremely slowly (54|imolCr/hr), and do not completely hydrodechlorinate PCP, nor do 

they hydrodechlorinate 3-chlorophenol. These bacteria require 3-chlorobenzoate in order 

to perform optimally and do not survive in the presence of PCP concentrations greater than 
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10^m. Juteau reported that a number of chlorophenols remained at different levels in their 

bioreactor after completing an arduous bioremediation procedure for PCP [39]. 

In New Zealand, a biological treatment plant was designed to treat PCP [32]. 

Remediation plants similar to this require expensive equipment to maintain specific 

conditions that retain the activity of the organisms. For example, large heaters or coolers 

may be necessary if remediation is to be performed in extremely cold or hot climates. If 

the necessary climate conditions are not maintained, the organisms will either become 

dormant or die. In addition to fungal remediation, other methods, such as a bioventing 

system reported by McGinnis and Juteau, require a high level of field management and 

the addition of specific enrichment nutrients to maintain successful operation [34,38-42]. 

PCBs were thought to be nonbiodegradable, but recent findings by Abramowicz 

and Bedard show that chlorines in the 3- and 4-positions can be removed by anaerobic 

bacteria and chlorines in the 2-position can be removed by aerobic bacteria [43,44]. 

Although these bacteria remove all of the chlorine substituents leaving biphenyl intact, 

drawbacks similar to the bioremediation of chlorophenols are apparent. The success of 

the PCB-degrading bacteria depends on specific climate and environmental conditions, 

and an ample supply of nutrients. Slow degradation is another disadvantage of the 

bioremediation of PCBs. For example, the PCB concentration in river sediment at a field 

site near the Hudson River was only reduced by two orders of magnitude after 10 years 

[45]. The remaining PCBs, having chlorine substituents primarily in the 2-position. had 
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to be remediated with an entirely different system which employed aerobic degrading 

bacteria [45]. 

2.1 J, Chemical Methods 

Heterogeneous and homogeneous palladium catalysts have been used for the 

hydrodehalogenation of organic halides [46-48]. Highly active polymer-supported 

palladium-cobalt catalysts have been used to hydrodechlorinate PCBs [46]. Polymer-

supported palladium catalysts are a more recent type of catalyst for hydrodechlorination 

[46,49-52]. Li er al. made an active polymer-supported catalyst by adding a second 

transition metal to a monometallic catalyst PVP-PdClz for the hydrodechlorination of 

many chloroaromatic compounds that include PCBs and chlorobenzene. Although this 

appears to be a viable competitor to Pd/Fe, more extreme reaction conditions, such as a 

higher temperature of 65°C, and additional reagents are needed for this method to be 

successful. In addition, three to four days are required to prepare the catalyst. The time 

for complete hydrodechlorination of millimolar concentrations of PCBs may be as long 

as 227 minutes as compared to 30 minutes or less with Pd/Fe. One advantage of this 

material over Pd/Fe is that it may perform consistently without the need for any type of 

"regeneration'" procedure. A similar method to Pd/Fe, presented by Wafo et ai, uses 

palladized zinc to hydrodechlorinate PCBs [53]. 

Decomposition of perchloroethylene and PCBs with Fenton's Reagent was 

accomplished by Sato et al. [54]. The use of Fenton's reagent involves the oxidation of 

ferrous iron with hydrogen peroxide to generate hydroxy 1 radicals: 
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HA + Fe'"-> •OH + OH +*R 

Numerous reactions are involved with Fenton's reagent, and they depend on the nature of 

the reacting substrates. A reasonable pathway for the decomposition of substrate during 

the reaction may be written as 

RH+ •0H->H:0+ "R 

• R + O,-> •OOR-+R'+ •OjH 

or 

•R + Fe^" -*• Fe-* + R" + product(s) 

where R' and R are oxidized organic molecules, and R', R" and product(s) can be 

intermediate compounds generated from the oxidation. The expected end products are 

carbon dioxide, water and chloride ions [54]. A major drawback of this method is slow 

reaction. The authors report 90% conversion of millimolar concentrations of PCE in 2 

hours, and only slightly above 70% decomposition of 5ppm (m/m) Arochlor 1260 (in 

soil) in 3 hours. Also, the reaction mixture had to be maintained in an acidic 

environment, pH=3, which is typical for The Fenton processes. Stevens et al. solve the 

problems of low pH and the toxicity of the hydroxyl radicals produced by the Fenton 

process by employing a heme. They hypothesize that the heme catalyzes the Fenton 

process to continuously form organic radicals from refractory compounds and will 

completely mineralize PCP, for example, to CO, [55]. 

Another chemical method is the hydrodechlorination of PCP to phenol using 

alkylborohydrides promoted by Ni^* in THF [56]. Although this method does accomplish 
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98% hydrodechlorination it, is slow, (0.5mole/hr) and requires a toxic metal, an organic 

solvent medium, and 68°C. 

Dagan et al. prepared organically modified silica-titania photocatalysts for 

dechlorination of chlorophenols in aquatic environments [56]. After five hours the 

concentration of chlorophenols was reduced but still detectable. 

Ultrasonic-assisted electrocatalytic dechlorination of PCBs was shown by Connors 

and Rusling to be successful [57]. Although this method does completely 

hydrodechlorinate PCBs to the biphenyl product, it is believed that the amount of reaction 

time required and cost of the equipment make this method too costly to be scaled up for any 

practical use. For example, 60-100% conversion to biphenyl of only 12-13g of Arochlor 

1232 or 1254 was achieved in 5hrs. Other methods that employ ultraviolet light yield 

more competitive results. Hawari et al.. describe the use of ultraviolet light and various 

reagents and conditions to convert PCBs to biphenyl [58]. They reported that using light 

at 245nm and an alkaline solution (O.IM NaOH) of 2-propanol yielded the best results. 

Within 30 minutes, a commercial mixture of PCBs, Arochlor 1254, at a concentration of 

lOOOmg/L was completely hydrodechlorinated to biphenyl. Although the reaction time 

for this UV system is similar to that for the Pd/Fe, some disadvantages of scaling-up this 

UV system include high energy consumption and high concentrations of NaOH which 

may be corrosive to the system. 

Some UV dechlorination processes do not yield a single compound. For example, 

the photolysis of 2-chlorophenol yielded three main products in 1 minute: catechol. 
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cyclopentadienecarboxylic acid, and phenol [59]. Less than 67% of the chlorophenol is 

converted to these products. Scaled-up systems that require high energy current, radio 

frequency sources, and UV-lamps, have higher production and maintenance costs than a 

Pd/Fe system. 

2.13 Quantitative Methods 

To date, quantitative analysis of PCB mixtures is difiicult. Existing methods 

require sophisticated instrumentation, hazardous chemicals, lengthy procedures and 

calculations. 

The EPA has published three methods for Arochlor: 1) EPA Method 508A, 

"Screening for PCBs by Perchlorination and Gas Chromatography", was the work of 

Boniforti et al. who use antimony pentachloride in the presence of an iron catalyst and heat 

to form a common product decachlorobiphenyl (DCB) [60]. DCB is then quantified using 

GC/ECD. 2) EPA method 505, "Analysis of Organohalide Pesticides and Commercial 

PCB Products in Water by Microextraction and Gas Chromatography'", uses standard 

solutions of PCB congeners that constitute the PCB Arochlors to yield calibration curves 

for each congener. 3) EPA method 525.1, "Determination of Organic Compounds in 

Drinking Water by Liquid-Solid Extraction and Capillary Column GC/MS". requires the 

use of a MS. 

Another perchlorination method similar to EPA method 508A was presented by 

Steinwandter et al. [61]. This method requires only 10 minutes of reaction time and the 

yields are relatively good but this method also requires toxic antimony pentachloride in 
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the presence of iron powder. Also, temperatures as high as 205''C and a Teflon reaction 

vessel in a heated oil bath are required. 6M HCl is needed to prevent the possible 

formation of antimony oxychloride. Although the reported yields of highly chlorinated 

commercial mixtures of PCBs are as high as 95%, the highly toxic compound DCB is 

formed. 

If the peak areas from individual PCBs are to be used for quantification, individual 

PCB peaks must be identified, followed by the determination of the relative BCD response 

factor for each PCB. The response of an ECD detector varies for each PCB and can vary as 

much as two orders of magnitude [62]. After the response factor is determined for each 

PCB, a series of calculations must be performed to determine the concentration for each 

particular PCB congener. 

Although these methods are accepted as standards, they require the use of a 

corrosive volatile compound, antimony pentachloride. In addition, standard solutions of 

congeners are required to yield a calibration curve. Expensive instrumentation such as a 

mass spectrometer, is required to complete the determination. The procedure for 

identifying and quantifying individual congeners can propagate unacceptably large errors. 

Siedl et al. have developed a method similar to EPA method 508A but, with the use 

of lithium aluminum hydride (LiAlH4) and heat, convert the PCBs to biphenyl rather than to 

DCB [63]. Quantification is completed with an HPLC-UV method. Because this method 

uses a UV-detector, the sensitivity is drastically improved over the other methods, but it still 
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requires the use of toxic substances such as LiAlH4. In addition, temperatures as high as 

1 see and reaction times of 3-6 hr are required. 

Statistical methods reduce most of the errors associated with methods that 

quantify mixtures requiring the characterization of each component in the mixture and 

rely on operator judgment to consistently associate a component with its retention time 

[64]. These types of analyses may be complicated by the interference of one or more 

peaks by other compounds that ordinarily are not part of the mixture. Statistical 

quantification methods, such as pattem recognition, appear to be viable for quantifying 

complex chromatograms of PCB mixtures. Pattem recognition techniques quantify 

mixtures without characterizing each component and eliminate interfering peaks due to 

possible contaminants. Pattem recognition techniques compare the peak areas of 

unknown mixtures to known standards. The ratios of the data are taken and the extent to 

which the ratios agree provides an objective measurement of a match. A perfect match of 

patterns results when the reported ratios have consistent values for all peaks. If the 

unknown mixture does not provide a match with the standard mixture, the resultant ratios 

would have scattered distributions with no regions of consistency. A problem may arise 

when using pattem recognition techniques to analyze multiple mixtures, i.e. two or more 

PCB Arochiors. Overlapping peaks for both mixtures will have ratios that are inconsistent 

and meaningless. Only examination of unique regions permits combinations of mixtures 

to be identified and quantified. Another problem which may occur when applying pattem 

recognition techniques for quantitative purposes is that the unknown sample can be 



49 

altered by certain components that preferentially adsorb to solids or are reactive with the 

matrix after a period of weathering. These types of alterations will exacerbate errors in 

cases that involve two or more mixtures in the unknown sample. In addition, certain 

peaks may not be above the signal-to-noise level of a GC or MS detector. 

Zoller et al. have devised a clever GC technique for the analysis of PCBs with an 

FID [65]. Using an FID for PCB analysis eliminates the enormous variability in the 

response of each PCB to an ECD. Their method may appear to be attractive because the 

response of PCBs is generalized to one factor, but it is impractical to expect consistent 

data on a daily basis. For example, tight control of the flow rate of a H, carrier gas must 

be maintained because variation in the response of the FID to each PCB was noticed for 

various flow rates. Although modem GC ovens have a temperature feedback control to 

maintain a constant carrier flow rate as the oven temperature varies, i.e. temperature 

programming, even the slightest variation in the carrier flow rate will cause a significant 

variation in the response of the FID [65]. 

2.2 Cblorophenols 

2.2.1 Experimental 

Batch experiments were performed with acetone-water solutions of 

pentachlorophenol (PCP, 99.8%, Sigma, St. Louis, MO). Approximately lOOmg of PC? 

were dissolved with acetone in a 25mL volumetric flask and diluted to the mark with 

acetone. This concentrated solution was used to prepare the PCP solutions. The PCP 

solutions were prepared with an acetone-water solution (50% v/v) because of the high PCP 
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concentration used. A standard (1,2,4-trimethylbenzene) was used to minimize calculation 

errors caused by variations in the GC sample volume. 

The palladium was immersion-plated onto iron particles (<IOmicron, 99.9+%, 

Aldrich, Milwaukee, WI) by mixing 5g of untreated iron particles with approximately 50mg 

of hexachloropalladate Na^PdClj (99.9%, Alpha Aesar, Ward Hill, MA). The 25mg 

NajPdClj was dissolved in 50mL of a 0.025M HCl solution. Approximately lOmL of the 

palladium solution were mixed successively with iron particles. The palladized iron 

particles were rinsed three times with deionized water. 

5mL of a 1.15xlO"'M PCP solution were mixed with 5g of Pd/Fe in a 20mL vial for 

45 minutes. 2mL of the reaction solution were removed from the Pd/Fe placed in a separate 

SmL vial, and extracted once for two minutes with ImL of a CHiCU solution containing 

1.94xlO'^M l,2,4-trimethylben2ene. The solution which remained in the vial with the Pd/Fe 

was decanted. Approximately lOmL of an acetone-water solution (50% v/v) was added to 

the vial containing the Pd/Fe and the contents of the vial were mixed for 30 seconds. The 

solution was decanted. SmL of a 0.1 M HCl solution was pipetted into the vial containing 

the rinsed Pd/Fe. The vial was capped and mixed for 1 minute by using a mechanical 

shaker. 2mL of the acid rinse solution were removed from the vial, placed in a separate 

SmL vial, and extracted once for two minutes with ImL of a CHnCl, solution containing 

1.94x 10"^M 1.2.4-trimethylbenzene. 

A GC/FID was used to monitor the hydrodechlorination of the PCP solution. Two 

0.8^1 samples of each extract were injected into a Hewlett Packard 5880 GC/FID which was 
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programmed for splitless injections. An Alitech ECl 0.32^m capillary colunm was used to 

separate the phenol product from the standard. The following temperature program was 

used: hold oven temperature at 65''C for 30 seconds; ramp from 65 to 100°C at 107min; set 

the oven temperature to 225°C at time lOmin and hold at 225°C until 30 minutes had 

elapsed. 

2.2.2 Calculations 

Because of the variability in the volume of the sample injected into the GC, a 

constant concentration of the standard 1,2,4-trimethylbenzene was used for all of the 

samples. The use of the standard allows direct calculation of moles of the analyte in the 

injected sample rather than calculating the moles indirectly by multiplying the concentration 

with an approximate volume injected into the GC, i.e. O.S^L. Equation (1) was used to 

determine the moles of the phenol product where the C terms are concentrations in 

moles/liter and the A terms are peak areas from the gas chromatograms. 

^Pheno/'^Sl«id»d ~ k X (I) 

In using equation (1) the response of the GC detector is assiuned to be linear in the 

expected concentration range of phenol. Equation 1 is analogous to the equation for a 

straight line: y = mx + b, where Aph„o|/Asa„d^ represents y, Cph^o/Csundarf represents x. and k 

is the slope. When Cp,.^„i/Cg,^^.M is expanded, the equation is: (moles phenol/L 

solution)/(moles standard/L solution). The volume terms in the denominator are identical 

because they are the volume of the sample injected into the GC and cancel each other 

leaving the mole ratio: (moles phenol)/(moles standard). The mole ratio is multiplied by k, a 
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constant of proportionality whicii takes into account the response of the detector to phenol. 

The product of k x (moles phenol)/(moles standard) is set equal to the ratio of the 

chromatographic peak areas corresponding to the mole ratio. Equation 1 is rearranged as 

follows to solve for the moles of phenol: 

molesph^, = (molessandani x k). 

This constant was determined by calculating the slope of a calibration curve. The calibration 

curve was constructed with the three standard phenol solutions in Table 2.1 that covered the 

expected phenol concentration range. 

k Standard I(M) Standard 2(M) Standard 3(M) 
Phenol 0.513 8.01x10"' 1.60x10^ 3.20x10^ 

Table 2.1 Phenol standard solutions 

2mL of each of these solutions were placed in a 5mL vial and extracted once for 

two minutes with ImL of a CH2CI2 solution containing l.94xlO''M 1,2,4-trimethylbenzene. 

Four injections of each of these extracts were made into the 5880 GC/FID and the average 

Apheno/Asundard ^as calculatcd for each solution. A linear regression was performed using a 

spreadsheet (Microsoft EXCEL) where the Cph^^i/Csnr^ values represent the independent 

variable and the values represent the dependent variable. 
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M % Conversion 
Phenol Solution 1.13x10^ 98.83 

Table 2.2 Mass conversion of PCP to phenol 

As can be concluded from the data in Table 2.2, complete and rapid 

hydrodechlorination of PCP was achieved with Pd/Fe. The toxicity of these compounds has 

been reduced as a result of the hydrodechlorination of chlorophenols [64]. To completely 

eliminate the problem of toxicity, one of many bioremediation systems that decompose 

phenol to primarily CO2 can be coupled to a Pd/Fe system as a final remediation step [66-

73]. It has also been shown that phenol induces certain strains of bacteria to produce 

toluene oxygenase enzymes that degrade TCE [74-80]. Alternatively, phenol can be 

recycled. 

2.3 PCBs 

2.3.1 Experimental 

Batch experiments were performed with acetone-water solutions of the following 

PCBs: 2-chlorobiphenyl (98+%), 3,4-dichlorobiphenyl (98%), Arochlor 1260 (99%) 

obtained from Chem Service, West Chester, PA. The complete mass of each of these 

compounds (with the exception of Arochlor 1260) was removed from their storage vials 

with acetone. The acetone solution of each compound was decanted into a 2 or 5mL 

volumetric flask and diluted to the mark with acetone. These concentrated solutions were 
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used to prepare the PCB solutions used in these batch studies. Naphthalene (6.24x10'^M) 

was used as an internal standard to conect for GC sample volume errors. 

Table 2.3 describes the two PCB solutions were prepared: lOOmL of a mixture of 2-

chlorobiphenyl and 3,4-dichlorobiphenyl, and lOmL a commercial mixture of PCBs 

(Arochlor 1260, in methanol). 

PCB M 
2 CI 2.59x10^ 

3,4 DiCl 2.20x10"' 
Combined 4.79x10^ 

Table 2.3 Concentration of PCB solutions 

The approximation in Table 2.4 was used to determine the contents of the PCBs in 

.\rochlor 1260. This approximation was used to prepare lOmL of a 1.35xlO"'M solution. 

Congener MW Weight % %MW mg ^mmoles 
Penta 324 9.2 29.81 46.0x10-' 1.43x10^ 
Hexa 358 46.9 167.91 234.5x10"' 6.55x10"' 
Hepta 392 36.9 144.65 184.5x10-' 4.71x10-' 
Octa 426 6.3 26.84 31.5x10-' 7.40x10-' 
Nona 460 0.7 3.22 3.5x10' 7.61x10^ 

AvgMW 74.48 

Table 2.4 Approximation for Arochlor 1260 

All of the PCB solutions were prepared with an acetone-water (60% v/v) solution to 

prevent any PCBs from adsorbing to glass surfaces and to maintain the concentrations of 

PCBs in solution. 
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The Pd/Fe was prepared as follows. The palladium was immersion-plated onto 2g 

of untreated iron particles (< 10 mm, 99.9+%, from Aldrich, Milwaukee, WI) in the 

following maimer. The untreated iron particles were mixed with approximately 25mg of 

sodium hexachloropalladate (Na^PdCle, 99.9%, Alpha Aesar, Ward Hill, MA) dissolved in 

25mL of 0.025M HCl in a lOmL vial. The 25mg of NazPdClj was. Approximately 5mL of 

the palladium solution was successively mixed with the iron particles. The palladized iron 

particles were rinsed three times with deionized water. 

5mL of each PCB solution were pipetted into the lOmL vial containing the Pd/Fe 

and the contents of the vial were mixed for 25 minutes using a mechanical shaker. After the 

reaction, the Pd/Fe was separated from the reaction solution and 2mL of the reaction 

solution was pipetted into a separate lOmL vial. The remaining Pd/Fe was rinsed with an 

acetone-water solution (50% v/v) for about 30 seconds. This solution was removed from 

the vial containing the Pd/Fe. 5mL of a 0.025M HCl solution were pipetted into the vial 

containing the Pd/Fe and the contents of the vial were mixed for 2 minutes. After the two 

minutes, the Pd/Fe was separated from the HCl solution and 2mL of this solution were 

pipetted into the lOmL vial which contained the 2mL of reaction solution. The 4mL of 

solution were extracted once with ImL of commercial hexanes for 2 minutes. 

Four injections of each of the hexane extracts were analyzed using a GC/FID. A 

1.8^1 sample was injected into a Hewlett Packard 5890 GC/FID, programmed for split 

injections, which contained an Alltech ECl, l|im capillary column. The following 

temperature program was used: hold at 65°C for 30 seconds, ramp from 65 to 200°C at 
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207min hold at 200°C for 1 minute. The Arochlor 1260 reaction solution extract which 

contained biphenyl and naphthalene was also analyzed using a Hewlett Packard 5890 

quadrupole GC/MS. A total ion chromatogram and mass spectrum confirming the 

formation of the biphenyl product are in Figures 2.2a and 2.2b, respectively. 

Treating the Pd/Fe with 5mL of the 0.025M HCl solution removed any biphenyl 

and naphthalene that adsorbed to the Pd/Fe surface. A separate experiment was performed 

to show that significant amounts of these two compounds adsorb to the Pd/Fe surface. 5mL 

of a 6.17xlO"'M biphenyl and 6.24x1 ©""M naphthalene solution were mixed with 5g of 

Pd/Fe and shaken for 25 minutes. The solution was disposed of after the 25 minutes. The 

remaining Pd/Fe was rinsed with a acetone-water solution (50% v/v) for about 30 seconds. 

The acetone solution was removed from the vial containing the Pd/Fe and 5mL of a 0.025M 

HCl solution were pipetted into the vial containing the Pd/Fe. The contents of the vial were 

mixed for two minutes using a mechanical shaker. After the two minutes, the Pd/Fe was 

separated from the solution and 2mL of this solution were pipetted into a lOmL vial which 

contained 2mL of an acetone-water solution (60% v/v). The 4mL of solution were 

extracted once with ImL of commercial hexanes for 2 minutes. Figure 2.3 is a 

chromatogram showing detectable amounts of naphthalene and biphenyl (approximately 

SxlO'^M of each). 

2.3.2 Calculations 

The equation (3) was used to determine the concentration of the biphenyl product: 

•^Bipheny/'^Sundard ~ k X CBjp|,g„y|/Csa„^j (j) 
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where the C terms are concentrations in moles/liter and the A terms are peak areas from the 

gas cliromatograms. k is a constant of proportionality which takes into account the response 

of the detector to biphenyl. The constant was determined by calculating the slope of a 

calibration curve. The calibration curve was constructed with the following three standard 

biphenyl solutions that covered the expected biphenyl concentration range (Table 2.5). 

Biphenyl Solution M 
1 i.esxio-" 
2 3.36x10^ 
3 6.71x10^ 

Table 2.5 Standard biphenyl solutions 

Four injections of each of these solutions were made into the 5880 GC/FID and the 

average Aeipheny/Asundard was calculated for each solution. A linear regression was performed 

using a spreadsheet (Microsoft EXCEL) where the values represent the 

independent variable and the values represent the dependent variable. 

2.3.3 Results and Conclusions 

Complete hydrodechlorination of PCBs to biphenyl was achieved with the 

bimetallic system, Pd/Fe. This is supported by the excellent percent conversion achieved for 

each of the PCB mixtures. The percentages of the PCBs converted to biphenyl are given in 

Table 2.6. 
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PCB Solution M % Conversion 

2-Chlorobiphenyl and 
3,4-Dichlorobipheny 1 

4.95x10"^ 103.98 

Arochlor 1260 1.35x10-" 95.53 

Table 2.6 Mass conversion of PCBs to biphenyl 

Complete and rapid hydrodechlorination of PCBs was achieved. As a result of the 

hydrodechlorination of PCBs, the toxicity of these compounds was reduced [81-83]. To 

completely eliminate the problem of toxicity, aerobic biodegradation of biphenyl can be 

accomplished [84] or the biphenyl can be recycled. Pd/Fe and a scaled-up bioremediation 

system, to achieve the decomposition or mineralization of biphenyl, can contribute to a 

completely viable remediation system. 

The method presented here is a simple quantification method for PCP and PCBs in 

aqueous solutions. The method does not use toxic chemicals nor does it require extreme 

temperatures and pressures as others require [60-63,65]. Pd/Fe rapidly hydrodechlorinates 

PCBs and chlorophenols at room temperature and atmospheric pressure to less toxic 

compounds. The method uses a suitable internal standard and GC/FID to accurately 

quantify the amount of phenol and biphenyl produced by the hydrodechlorination of PCP 

and PCBs. respectively. To increase the sensitivity of the analysis, the phenol and biphenyl 

products can be quantified with HPLC and UV-detection [63]. 



Usually, when using a GC for quantification, the standard is in a separate 

concentrated solution which is added to the sample extract via an autopipette. Here, we 

have included the standard in the CH2CI2 extraction solution. The advantage of having the 

standard in the CH^Clj extraction solution is that milliliter voliunes of a standard solution 

are added to the sample via class A glassware rather than microliter volumes of a 

concentrated external standard solution that are typically added with autopipettes. By 

having the standard in the extraction solution and using larger volumes, the propagation of 

error is significandy reduced. In summary, we have shown that an intemal standard can be 

used to accurately quantify chlorophenols and PCBs in aqueous solution. 
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CHAPTERS 
Sequential Hydrodechlorination of PCBs and Chlorophenols 

3.1 Chlorophenob 

The purpose of this study was to determine if the ciilorine substituents of 

polychlorophenols are removed sequentially or simultaneously when hydrodechlorinated 

with Pd/Fe and to suggest the preferred reaction pathway for a model compound. The 

model compounds used were 2,3,4-trichlorophenol, 3,4-dichlorophenol, 2,4-dichlorophenol, 

and 2,3-dichlorophenol. 

3.1.1 Experimental 

Batch experiments were performed with acetone-water solutions of the following 

chlorinated phenols: 2,3,4-trichlorophenol (99%), 3,4-dichlorophenol (99%), 2,4-

dichlorophenol (99%), 2,3-dichlorophenol (98%), 4-chlorophenol (99+%), 3-chlorophenol 

(98+%), and 2-chlorophenol (99+%) obtained from Aldrich, Milwaukee, WI. 100 to 150mg 

of each compound were dissolved in acetone in a 25mL volumetric flask and diluted to the 

mark with acetone. These concentrated solutions were used to prepare the chlorophenol 

solutions. All of the chlorophenol solutions were prepared with an acetone-water solution 

(50% v/v) because of the high chlorophenol concentrations used. A standard (1.2.4-

trimethylbenzene) minimized calculation errors caused by variations in the GC sample 

volume. 

The palladium was immersion-plated onto iron particles (< 10 mm. 99.9+%. from 

Aldrich. Milwaukee. WI) by mixing 2g of untreated iron particles with approximately 25mg 
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of hexachloropalladate (NajPdClj, 99.9%, Alpha Aesar, Ward Hill, MA). The 25mg of 

Na^PdClj was dissolved in 25mL of a 0.025M HCl solution. Approximately 5mL of the 

palladium solution were mixed successively with iron particles. The palladized iron 

particles were rinsed three times with deionized water. 5mL of a chlorophenol solution were 

mixed with 2g of Pd/Fe in a lOmL vial for a specific amount of time. The reaction times for 

the chlorophenols were; 1, 2, 3 and 5 minutes. New batches of Pd/Fe were prepared for 

each reaction time. 2mL of each reaction solution was removed from the Pd/Fe and placed 

into a separate 5mL vial. The 2mL of reaction solution were extracted once for two minutes 

with ImL of a CHjCU solution containing 1.94xlO"'M 1,2,4-trimethylbenzene. Table 3.1 

lists the initial concentration of each chlorophenol. 

Chlorophenol M 
2,3 DiCl 3.10x10"' 
2,4 DiCl 3.03x10"' 
3,4 DiCl 3.12x10"' 

2,3,4 TriCl 1.45x10"^ 

Table 3.1 Initial concentrations of chlorophenols 

A GC/FID was used to monitor the hydrodechlorination of the chlorophenols. A 

0.8|iL sample was injected into a Hewlett Packard 5880 GC/FID which was programmed 

for splitless injections. An Alltech ECl 0.32|im capillary column was used to separate the 

chlorophenol isomers. The following temperature program was used: hold oven temperature 

at 65''C for 30 seconds; ramp firom 65 to 100°C at 107min, hold for 17 minutes; ramp to 175 

at 107min. hold for 5 minutes. 



3.1.2 Calculations 

The following equation was used to determine the concentrations of the individual 

chlorophenols where the C terms are concentrations in moles/liter and the A terms are areas 

from the gas chromatograms: 

^Qpheno/^Slandird ~ k ^Qpheno/^standard 

The proportionality constant k, which takes into account the response of the detector to each 

chlorophenol, was determined by calculating the slope of a calibration curve. The three 

standard chlorophenol solutions in Table 3.2 which covered the expected chlorophenol 

concentration range were used to construct calibration curves for each chlorophenol. 

CI Phenol k Standard 1(M) Standard 2(M) Standard 3(M) 
2 CI 0.793 2.08x10"^ 4.15x10^ 8.30x10"* 
3 CI 0.716 2.05x10^ 4.10x10^ 8.19x10"' 
4 CI 0.642 2.03x10"' 4.07x10"' 8.14x10^ 

2.3 DiCl 0.769 1.93x10-' 3.87x10"' 7.74x10"' 
2.4 DiCl 0.723 1.89x10-^ 3.79x10"* 7.58x10"' 
3.4 DiCl 0.625 1.95x10^ 3.89x10"* 7.79x10"' 

2.3,4 TriCl 0.601 1.72x10-' 3.43x10"' 6.87x10"' 

Table 3.2 Chlorophenol response factors 

Three injections of each of these solutions were made into the 5880 GC/FID and the average 

Acipheno/Astandard ^^s calculated for cach. A linear regression was performed using a 

spreadsheet (Microsoft EXCEL) where the Cnph>nni/C^,^rf;^ values represent the independent 

\'ariabie and the Aciphoio/Asunj^j values represent the dependent variable. 
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3.U Results 

Figures 3.1-3.4 show that the chlorine substituents on the aromatic ring are removed 

sequentially because of the presence of the less chlorinated chlorophenol congeners. In their 

study of the electrochemical dechlorination of PCP, Schmal et al. also found that 

polychlorinated phenols are sequentially hydrodechlorinated [85]. Figure 3.1 shows the 

sequential hydrodechlorination of 2,3,4-trichlorophenol. When hydrodechlorinating this 

molecule 3,4-dichlorophenol is in the highest concentration and 2,4-dichlorophenol is in the 

lowest concentration. 

Figures 3.2-3.4 show that the chlorine substituents from the dichlorophenols used in 

this study are also sequentially removed. When 2,3-dichlorophenol and 3,4-dichlorophenol 

were hydrodechlorinated, the data in Figure 3.2 and 3.4 show that 3-chlorophenol is in lower 

concentration. Figures 3.2 and 3.3, show that 2-chlorophenol is in higher concentration of 

the remaining chlorophenols. 

The hydrodechlorination data of the dichlorophenols help explain the proximity in 

concentrations of 4-chlorophenol and 2-chlorophenol in Figure 3.1. This consistent 

disparity is believed to be caused by: the higher concentration of 3,4-dichlorophenol as 

compared to the lower concentration of 2,3-dichlorophenol during the course of the reaction; 

errors in the chlorophenol response factors; and the assumption that the chlorophenol 

partition coefficients for the acetone/water phase to the CHiCl, phase are approximately 

equal. 
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3.1.4 Conclusions 

The data clearly show that the chlorine substituents are removed sequentially rather 

than simultaneously from the aromatic ring of chlorophenols. Figure 3.11 shows the 

possible pathways in which 2,3,4-trichlorophenol can be hydrodechlorinated. For each step 

of hydrodechlorination, a rate constant for can be assigned giving a total of twelve rate 

constants (k,-k,2). A comparison among the relative rates of reaction for each step of 

hydrodechlorination (i.e trichlorophenol to dichlorophenol) can be completed by comparing 

the concentration of each chlorophenol congener over time. For example, when 2,3,4-

irichlorophenol is hydrodechlorinated to the three dichlorophenol congeners, 3.4-

dichlorophenol is in the highest concentration or is produced the most rapidly, therefore the 

conversion from 2,3,4-trichlorophenol to 3,4-dichlorophenol would be the preferred route 

for this first step. The data for the conversion of 3,4-chlorophenol indicates that 3-

chlorobiphenyl is in lower concentration of the remaining monochlorophenols suggesting 

that removal of the 3-chlorine would be the preferred route. Therefore, the proposed 

preferred reaction pathway for the hydrodechlorination of 2,3,4-trichlorophenol is indicated 

in Figure 3.11 by dashed lines. This reaction pathway is composed of three rate constants: 

k,. kfl. and k,,. Provided that the Pd/Fe surface area remains constant during for the reaction, 

these rate constants can be assumed to associated with first order kinetics. 

To determine the all twelve rate constants the calculation involved can be illustrated 

by assuming that only three of the rate constants are rate determining [86]. Let these rate 
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constants be any three, k„ kj, k3 for consecutive reactions (not those shown in the reaction 

scheme). The overall rate of reaction is given by equation (1) 

-drTCPi=drpi (1) 
dt dt 

where [TCP] is the concentration of the trichlorophenol and [P] is that of the phenol in M. 

Note that it is not possible to determine dfTl. the rate of formation of phenol, because some 
dt 

of the phenol remains adsorbed on the Pd/Fe surface. The value of -dlTCPI can, however, 
dt 

be determined experimentally. At time t = 0; [TCP]o, at time t = t sec.; [TCP] represent the 

molar concentrations of TCP. 

k| kj kj 
TCP -• DCP MCP -> P 

where DCP denotes dichlorophenol, and MCP denotes monochlorophenol, and P represents 

phenol. 

-drrcpi = k.rrcpi (2) 
dt 

-drPCPI = k,[TCP] - k^pDCP] (3) 
dt 

-dFMCPI = k2[DCP] - k3[MCP] (4) 
dt 

drP1=-k,rMCP] (5) 

dt 

After integration of the differential equation (2) 

[TCP] = [TCP]„e-^"(6) 
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Equation (3) can be rewritten as (7) 

drPCPI + k^pCP] = k, [TCP] = k, (7) 
dt 

This equation can be solved to give (8) 

e'^'dpCP] + e"'[DCP]k2dt = kirrCPl^e^"-^'" (8) 

Hence 

(DCP1 I 

Jd(e"pCP]) =k,[TCP]Je<"-^'Mt (9) 
0 0 

The concentration of DCP can now be calculated using by equation (10) 

[DCP] = k,[TCP]Je-^"-e-"'] (10) 
(k2-k,) 

The concentration of MCP can be calculated in a similar manner from (11) 

[MCP]= k,k;[TCP1„e-^" + MTCP]„e-"' 4- k,k,fTCP]„e"' (11) 
0^2"k|)(k3"'^l) 0'l"l'3)0'2"k|) 

The mass balance equation (12) gives the concentration of phenol 

[P] = [TCP]o - [TCP] - PCP] - [MCP] (12) 

[PI = FTCPU 1- k,k.e*" - kj^ - k^,e-"' 1 (13) 

(^2"kl)0^3'^l) 0''l"k2)0'3"k2) 0^rl^)^2"k3) 

The equations of the type shown above will enable the calculation of all 12 rate constants. 

These reactions can be assumed to be analogous to nucleophilic aromatic 

substitution reactions [87]. Considering that the OH and CI substituents are meta-directors. 

the data in Figure 3.1 and Figure 3.3 indicate hydrodechlorination of the 2-position appears 

to be the most preferred and the 3-position the least preferred. This suggests that either the 

OH substituent has less of an effect for delocalizing negative charge around the aromatic 
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ring than the CI substituents have or there is some favorable interaction of OH group with 

the iron oxides on the Pd/Fe surface. These findings are consistent with the data for the 

hydrodechlorination of 2,3,4-trichlorophenoI. 

Some steric effects that may account for the order of chlorine removal from 2,3,4-

trichlorophenol are as follows. The two position is the most preferred because of favorable 

interactions of the 0 (of the OH substituent) with the iron oxides on the Pd/Fe surface. The 

four position is preferred over the three position because of the positioning of the four 

further out on the ring. The three position is the least prefened because of the crowding by 

the adjacent CI atoms on both sides which prevents the CI from interacting favorably with 

the Hi-rich Pd surface. Also, an unstable intermediate due to the surrounding CI atoms may 

prevent a favorable reaction pathway. 

Regarding the removal of the chlorine substituents from the three dichlorophenols 

used in this study, the 3-position is most preferred and the 2-position is least preferred. This 

can be explained by electronic and steric effects. It is believed that the OH substituent plays 

a part in explaining the 3-position being most preferred. The meta-directing effect and 

steric hindrance play parts in explaining why the 4-position is prefened over the 2-position 

when hydrodechlorinating these dichlorophenols. In summary, the 3-position is preferred in 

two cases: 2.3-dichlorophenol and 3,4-dichlorophenol. This preference is due to the meta-

director effect of the OH substituent, and the 4-position is preferred in the remaining case of 

2.4-dichlorophenol because of steric effects. 
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3.2 PCBs 

The purpose of this study was to determine if the chlorine substituents of 

polychlorobiphenyls (PCBs) are removed sequentially or simultaneously when 

hydrodechlorinated with Pd/Fe and to suggest the preferred reaction pathway for a 

model compound. The model compounds used in this study were 2,3,4-

trichlorobiphenyl, 2,3-dichlorobiphenyl, 2,4-dichiorobiphenyl, and 3,4-

dichlorobiphenyl. 

3.2.1 Experimental 

Batch experiments were perfomed with acetone-water solutions of the following 

PCBs: 2,3,4-trichlorobiphenyl (99+%), 3,4-dichlorobiphenyI (98+%), 2,4-dichlorobiphenyl 

(99.3%), 2,3-dichlorobiphenyl (99%), 4-chlorobiphenyl (99.5%), 3-chlorobiphenyl (97.3%). 

and 2-chlorobiphenyl (98+%) obtained from Chem Service, West Chester, PA. 

The complete mass of each of these compounds was removed from their storage 

vials using acetone. The acetone solution of each compound was decanted into a 2 or 5mL 

volumetric flask and diluted to the mark with acetone. These concentrated solutions were 

used to prepare the PCB solutions. 

All of the PCB solutions were prepared with an acetone-water solution (50% v/v) to 

prevent any PCBs from adsorbing to glass surfaces and to maintain high concentrations of 

PCBs in solution. The palladium was immersion-plated onto 500mg of iron particles (<10 

micron. 99.9+%. from Aldrich, Milwaukee, WI) that were treated with ImL of a 2.5M HCl 

solution. The treated iron particles were mixed with approximately 5mg of Na^PdCl^, 
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(99.9%, Alpha Aesar, Ward Hill, MA). The 5mg of NaiPdClj was dissolved in SmL of a 

0.025M HCl solution. Approximately ImL of the palladium salt solution was successively 

mixed with iron particles. The palladized iron particles were rinsed three times with 

deionized water. 

ImL of a PCB solution was mixed with the Pd/Fe in a 2mL vial for a specific 

amount of time. The following five time periods were used for all of the PCB solutions: 5, 

30, 60, 120 and 300 seconds. New batches of Pd/Fe were prepared for each reaction time. 

ImL of reaction solution was pipetted from the reaction vial and placed into a separate 2mL 

vial. The PCBs and biphenyl were extracted once from the reaction solution with 200|iL of 

a hexane solution containing a standard, 2.68x10'^M l-bromo-2,4-dichlorobenzene. The 

standard was used to minimize calculation errors caused by variations in GC sample 

volume. Table 3.3 lists the initial concentration of each PCB solution. 

PCB M 
2,3 DiCl 1.99x10^ 
2,4 DiCl 2.26x10-' 
3,4 DiCl 3.66x10^ 

2,3,4 TriCl 9.77x10-' 

Table 3.3 Initial Concentrations of PCBs 

A GC/ECD was used to monitor the hydrodechlorination of the PCBs. A 1.8|iL 

sample was injected into a Hewlett Packard 5890 GC/ECD which was programmed for split 

injections. An Alltech ECl 0.32(im capillary column was used to separate the PCBs. The 
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following temperature program was used: ramp from 170 to 190°C at 107min, hold at 

190°C for 12 minutes; ramp to 250 at 107min, hold for 5 minutes. 

3.2.2 Calculations 

The following equation was used to determine the concentrations of the individual 

PCBs where the C terms are concentrations in moles/liter and the A terms are peak areas 

from the gas chromatograms; 

Apcfl/'^ttndanl = k X Cpcfl/Csiandard 

The proportionality constant k, which takes into account the response of the detector to each 

PCB, was determined by calculating the slope of a calibration curve. The standard PCS 

solutions in Table 3.4, that covered the expected PCB concentration ranges, were used to 

construct calibration curves for each PCB. 

PCB k Standard 1 (M) Standard 2 (M) Standard 3 (M) 
2 CI 0.026 1.70x10-' 8.51x10-' 4.25x10-' 
3 CI 0.0072 8.51x10-" 4.25x10-' 2.12x10"' 
4 CI 0.018 1.70x10-' 8.51x10-^ 4.25x10' 

2.3 DiCl 0.70 3.18x10-' 1.59x10-" 7.96x10-" 
2.4 DiCl 0.62 9.00x10-' 4.50x10-' 2.25x10"' 
3.4 DiCl 0.14 5.76x10"' 2.88x10-' 1.44x10-' 

2.3.4 TriCl 1.06 1.56x10"' 7.81x10-' 3.90x10-' 

Table 3.4 PCB Response Factors 

Four injections of each of these solutions were made into the 5890 GC/ECD and the 

average Apcs/Asundani was calculated for each solution. A linear regression was performed 
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using a spreadsheet (Microsoft EXCEL) where the Corp/Cc.^^ values represent the 

independent variable and the ApcB/Asu„d«d values represent the dependent variable. 

3^ J Results 

Figures 3.5-3.10 show that the chlorine substituents on the aromatic ring are 

removed sequentially because of the presence of the less chlorinated PCB congeners. Figure 

3.5 shows the sequential hydrodechlorination of 2,3,4-trichlorophenolbiphenyl. From this 

figure, 2,3-Dichlorobphenyl is in the highest concentration and 2,4-dichlorobiphenyl is in 

the lowest. 

Figures 3.6-3.8 show that the chlorine substituents from the dichlorobiphenyls used 

in this study are also sequentially removed. When 2,4- and 3,4-dichlorobiphenyl are 

hydrodechlorinated, the data in Figure 3.7 and 3.8 show that 4-chlorobiphenyl is lower in 

concentration. In Figures 3.6 and 3.7, 2-chlorobiphenyl is in the highest concentration of 

remaining chlorobiphenyls. 

The experiment for the hydrodechlorination of 2,3,4-trichlorobiphenyl was repeated 

to verify that the 3,4-dichlorobiphenyl was in higher concentration than the 2.4-

dichlorobiphenyl. At the same time, the experiment for the hydrodechlorination of 3.4-

dichlorobiphenyl was also repeated to verify that 4-chlorobiphenyl was in lower 

concentration than the 3-chlorbiphenyl. These experiments were carried out in a similar 

fashion except that: a GC/FID was used; higher concentrations of PCBs were used 

(millimolar concentrations); and dichloromethane, containing 1,2,4-trimethylbenzene. 

9.04x10''M (standard), was used to extract the PCBs from the aqueous phase. Figures 3.9 
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and 3.10 show the results of the second experiment for the sequential hydrodechlorination of 

2,3,4-trichlorobiphenyl and 3,4-dichlorobiphenyl, respectively. 

These data are consistent with previous experiments and are valid because there is a 

large enough difference in concentration between the compounds. Two different solvents 

were used to extract these compounds, therefore the assumption is valid that all of the 

partition coefficients for a homologous series of chlorobiphenyls for the acetone/water phase 

into the hexanes and CH2CI2 phases are approximately equal. Also, because two different 

detectors were used, gross errors that could be caused by the empirically determined 

response factors can be ruled out. 

3.2.4 Conclusions 

The data clearly show that the chlorine substituents are removed sequentially rather 

than simultaneously from the aromatic ring of PCBs. Figure 3.12 shows the possible 

pathways in which 2,3,4-trichlorobiphenyl can be hydrodechlorinated. For each step of 

hydrodechlorination, a rate constant for can be assigned giving a total of twelve rate 

constants (ki-k,,). A comparison among the relative rates of reaction for each step of 

hydrodechlorination (i.e trichlorobiphenyl to dichlorobiphenyl) can be completed by 

comparing the concentration of each PCB congener over time. For example, when 2.3.4-

trichlorobiphenyl is converted to the three dichlorobiphenyl congeners, 2,3-dichlorobiphenyl 

is in the highest concentration or is produced the most rapidly, therefore the conversion from 

2.3.4-trichlorobiphenyl to 2,3-dichlorobiphenyl would be the preferred route for this first 

step. The data for the conversion of 2,3-dichlorobiphenyl indicates that 3-chlorobiphenyl is 
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in lower concentration of the remaining monochlorophenols suggesting that removal of the 

3-chlorine would be the preferred route. Therefore, the proposed preferred reaction 

pathway for the hydrodechlorination of 2,3,4-trichlorophenol is indicated in Figxire 3.12 by 

dashed lines. This reaction pathway is composed of three rate constants; k„ kj, and k,o. 

Provided that the Pd/Fe surface conditions remain constant during for the reaction, these rate 

constants can be assumed to associated with first order kinetics. All twelve rate constants 

shown in the PCB reaction scheme can be determined by the maimer which was proposed 

for the determination of the rate constants for the chlorophenols. 

These hydrodechlorinations can be assumed to be analogous to nucleophilic 

aromatic substitution reactions [87]. Considering that the Ar group and the CI substituents 

are meta-directors, the hydrodechlorination of either the 2- or the 4-position would appear to 

be the most preferred provided the Ar group has less of an effect in delocalizing charge than 

the CI substituents in the 2- and 4-positions. This is consistent with the data for 2,3,4-

trichlorobiphenyl. The data in Figures 3.4 and 3.9 show that the removal of the chlorine 

substituent in the 4-position is the most preferred when hydrodechlorinating 2,3,4-

trichlorobiphenyl. The fact that the 4-position is overwhelmingly preferred to the 2-position 

can be explained probably by steric rather than by electronic effects. The reason the 2-

position is preferred to the 3-position may be explained by electronic effects, i.e. the meta-

directing effect of the CI in the 4-position. 

Regarding the removal of the chlorine substituents from the three dichlorobiphenyls 

used in this study, the 4-position is the most preferred and the 2-position is the least 
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preferred. This preference can be explained predominantly by steric rather than electronic 

effects. For example, in the case of 2,4-dichlorobiphenyl it appears that either chlorine will 

stabilize the other equally (assuming the Ar substituent has little effect) because the chlorine 

in the 4-position is further away from the other phenyl ring. This may help a chlorine 

substituent come into contact with the Pd/Fe surface more freely. In the case of 3,4-

dichlorobiphenyl, it seems that the 3-position would be preferred because of the meta-

directing effect of the other phenyl ring. In summary, the 4-position is preferred in two 

cases: 2,4-dichlorobiphenyl and 3,4-dichlorophenol and the 3-position is preferred in the 

remaining case of 2,3-dichlorobiphenyl. 

The conclusion that the 2-position is the least preferred due to steric hindrance is 

consistent with the findings of Huntzinger [95]. Weiss et al. also found that PCBs are 

sequentially hydrodechlorinated and the 2-position is least preferred when palladium-on-

alumina was used when hydrodechlorinating Arochlor 1258 [96]. 

Some steric effects that may also account for the order of chlorine removal from 

2.3,4-trichlorobiphenyl are as follows. The four position is the most preferred because of its 

proximity to the H^-rich Pd surface. The two position is slightly preferred over the three 

position because of the crowding by the adjacent CI atoms on both sides which prevents the 

CI from interacting favorably with the Hi-rich Pd surface. The two position would be 

identical to the four position if the other phenyl ring were an H atom. Also, the removal of 

three position may form an unstable intermediate due to the surrounding CI atoms leading to 

an unfavorable reaction pathway. The three dichlorobiphenyls have the same trend as the 
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2,3,4-trichlorobiphenyl where the CI furthest out on the ring is the most preferred. The four 

position is the most preferred in two out of the three cases and the two position is the least 

preferred. 

Oxidative addition-reductive elimination is a possible reaction mechanism for the 

hydrodechlorination of chlorophenols and PCBs using Pd/Fe, as shown in Figure 3.13. The 

intercalated hydrogen, Pd^Hj, forms the metal hydride Pd-H and can be expressed as: 

Pd + I/2H2 Pd-H. 

The generation of Pd is completed by the formation of a surface HCl [90]. Although in 

Figure 3.5, palladium is shown to be in relatively unstable oxidation states, it is noted that 

the palladium in Pd/Fe in not palladium in solution but rather in a cluster of palladiums on a 

dynamic heterogeneous bimetallic surface. 

It is well known that radicals form when aromatic compounds come into contact 

with metal oxides [88,89,91-95]. From the data, it appears that the chlorine substituent 

which leads to the more stable radical (i.e. the highest reduction potential) will be the 

most preferred to form the Pd-Cl bond. Therefore, the fast step(s) may include radical 

formation and the exchange of electrons between the Pd/Fe surface and the reactant. and 

finally the addition of hydrogen to the reactant. 



,-..., 
r.-, 

Q 
~ 

~ -c ·-J. 
~ -0 

~ 

0.8 

0.2 

o~ . ... ~~~~ ~·~~~~--~ • -- ··· -- - . 
~-------

0 

Minutes 

Figure 3.1 Sequential hydrodechlorination of 2,3,4-trichlorophenol 

-+-[2CP] 

---- [2,4DCP] 

--h:- [2,3 DCP] 

---*- [4CP] 

--.- [3CP] 

_._ [3 ,4DCP] 

00 
0 



10 

8 

---~ 

6 c 
~ 

~ -,Co I ~ 
-+-[2CP] .£:: 

~ -tr- [3CP] 0 4 --
~ 

2 

0 t!r---- --------1-- ---·---------------f--------------+---------·-----· ----1 ----------1 

0 1 2 3 4 5 

Minutes 
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Figure 3.6 Sequential hydrodechlorination of 2,3-dichlorobiphenyl 
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Figure 3.8 Sequential hydrodechlorination of 3,4-dichlorobiphenyl 
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Figure 3.9 Sequential hydrodechlorination of 2,3,4-trichlorobiphenyl, 2"*' experiment 
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Figure 3.12 Proposed reaction pathway for the hydrodechlorination of 2,3,4-trichlorobiphenyl 



Ox. Add. J1 Red. Elitnin. 

Pd-H + Ar-Cl > Pd-Ar > Pd-Cl + 
I 

* 

Cl + 
Adduct Pd-H 

t 
* 2Pd + HCl 

Hydrodechlorination 
Product 

Weiss, A.H.,Journal of Catalysis, 1978, 52, 59-71 

Figure 3.13 Proposed mechanism for the hydrodechlorination of chlorophenols and PCBs 

\0 
N 



93 

CHAPTER 4 
Scaled-Up Pd/Fe System 

4.1 Introduction 

This chapter demonstrates the practical utility and possible limitations of a scaled-

up Pd/Fe system to hydrodechlorinate large amounts of chloroaliphatic and chloroaromatic 

environmental contaminants such as such as TCE and 2-chlrorophenol. There were three 

objectives in this study: to develop a scaled-up system for Pd/Fe; to determine the longevity 

of the Pd/Fe in the system; and to find a suitable method of regenerating the performance of 

the Pd/Fe in the system after extended use. All of the studies utilized a zero headspace 

(ZHS) closed-loop column apparatus packed with Pd/Fe chips. 

Scaled-up studies began with a series of experiments attempting to 

hydrodechlorinate TCE in the gas phase using an open-loop column. A gas phase system 

was not feasible. Effective mass transport of TCE to the Pd/Fe surface was not occurring 

(realized after noticing large amounts of TCE breaking through). Premature oxidation of the 

Pd/Fe and lack of significant H2 gas evolution due to the presence of little water in the 

system also ruled out a gas phase system. These experiments led to the development of a 

solution phase closed-loop column for the hydrodechlorination of TCE. 

TCE is a common industrial solvent and the EPA has classified it as a suspected 

carcinogen. TCE has contaminated groundwater around the world by its improper disposed 

from commercial, industrial and agricultural sources. The metal and glass industries have 

extensively used TCE as a solvent and a degreasing agent. TCE has also been used in 
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household products such as spot removers, rug cleaners, and air fresheners [96]. Many 

groundwater aquifers and waterways are contaminated with TCE [96-99]. A 1980 survey of 

the drinking water in 39 communities found that 23% of the wells were contaminated with 

tri- and dichloroethylenes and other halogenated aliphatic compounds [100]. Therefore, 

there is an obvious need to find an effective remediation method for TCE. 

In addition to the chemical methods summarized by Muftikian [101], the 

following includes some of the most recent chemical and biological methods available for 

the degradation of TCE. Kim and Allen made use of commercial NiMo/AIzOj catalysts 

to degrade PCE, TCE, 1,1-DCE, and cis- and trans-1,1 DCE to ethane [102]. The method 

was successful only with temperatures and pressures as high as 275°C and ISOOpsi. Mill et 

al. showed that e-beam treatment of 3000ppm (v/v) TCE vapor in wet and dry air streams 

was successful, and achieved 100% mass conversion of TCE to dichloroacetyl chloride and 

to the highly toxic phosgene at field sites around the United States. 

A common technique to remediate TCE-contaminated groundwater is to pump the 

contaminated groundwater to the surface and remove the contaminant by air stripping 

followed by adsorption on activated charcoal (pimip-and-treat). Unfortunately, this 

technique transfers the contamination to another mediimi, i.e. from the aqueous phase to the 

solid carbon surface phase. Owing to adsorption of the contaminant onto soil particles, 

pump-and-treat methods must be used for decades in order to completely detoxify a site 

[103]. 



The use of wheat plants g^o^vn from seeds coated with genetically engineered 

bacteria to degrade TCE in surface soils to mainly CO2 and CI' appears to be an 

environmentally attractive method involving low maintenance costs [104]. The success 

of this method depends on how efficiently the roots of the plants colonize the TCE-

degrading bacteria. Therefore, this method indirectly relies on the conditions in which 

the plants can survive. Factors such as climate (i.e. temperature, rainfall and sunlight) 

attack by insects and competition with undesirable vegetation can easily cause this 

method to fail. At best the degradation process is a slow, 20.6 nmol of TCE/day-plant. A 

similar method presented by Gordon et al. used hybrid poplar trees to phytoremediate 

TCE in groundwater [105]. 

Fayolle showed that aerobic biodegradation of gaseous TCE was accomplished by 

biofiltration [106]. The microorganisms were fixed on a solid support of pouzzolane stone 

which was packed in a biofilter. For effective operation, the bacteria used in this study 

needed carbon and energy sources. Methane was used as a carbon and an energy source 

because the bacteria could not get these from TCE. 

These chemical and biological remediation methods appear attractive, but it is 

questionable whether they are cost-effective and safe for practical field use. For example, 

one of the main safety drawbacks of a pump-and-treat system is the possible presence of 

\ inyl chloride that is caused by natural degradation, i.e. biodegradation, of TCE during 

operation of the system [107]. Bolesch found that anaerobic bioconversion of TCE can lead 

to the potent carcinogen, vinyl chloride. 
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The studies presented, here and by our collaborators in the field at Oak Ridge 

National Laboratories, show that high concentrations of TCE can be remediated by a 

scaled-up Pd/Fe system [108]. We also recommend that a bioremediation system be used 

as a final remediation step [109] to remove any vinyl chloride created incomplete 

hydrodechlorination of TCE [110]. 

4.2 Experimental 

4.2.1 Column Design 

Figures 4.1 is a schematic diagram of the column used as the scaled-up Pd/Fe 

system. It is a glass column six inches tall, 1.5 inches in inner diameter and has a volume of 

approximately 400mL. The column was filled with 700kg of palladized iron chips. The 

iron chips (99.9%, Sigma-Aldrich, Milwaukee, WI and 99.9%, Alpha Aesar, Ward Hill, 

MA) ranged in size from 0.0625x0.0625 inches to 1x1 inches in area and less than 0.125 

inch thick. The chips were treated twice in 6M HCl for 30 minutes to expose a significant 

amount of Fe" on the surface of the chips. The chips were then rinsed twice with deionized 

water and immersion-plated with 2.5g of NazPdClj (99.9%, Alpha Aesar, Ward Hill, MA). 

To increase the probability of equal distribution of palladium on the iron surface, the 2.5g of 

Na^PdClft was evenly distributed among six IL volumetric flasks containing a 0.025M HCl 

solution. These solutions were sequentially mixed with the iron chips. Palladium 

deposition was confirmed when the palladium salt solution became colorless. 



97 

4.2.2 Longevity Studies 

4.2.2.1 TCE 

This study determined how long the Pd/Fe chips can continuously 

hydrodechlorinate solutions of TCE (99%, Aldrich, Milwaukee, WI) to Ippm (in solution). 

Ethanol-water solutions (5% v/v) containing l.lSxlO'M (SOOppm) TCE were circulated 

through the column with a Gorman-Rupp (Bellville, Ohio), 25 watt, 0.38 amp pump, at an 

approximate flow rate of 7.5L/min. A sufficient amount of solution, about 250mL, was 

added to create a zero headspace system. After 30 minutes, the solution was sampled at 

sampling port S and analyzed with a Hewlett Packard 5880 GC/FID for TCE and the major 

product, ethane. The solution continued to circulate through the column until the following 

day when a fresh TCE solution was applied to the column and the sampling procedure was 

repeated. Fresh TCE solutions were added daily until the TCE concentration in solution was 

approximately 25ppm. This occurred after two days. The performance of the Pd/Fe in the 

column for seven days is plotted in Figure 4.2. 

4.2.2.2 2-Chlorophenol 

The closed-loop column system was used to hydrodechlorinate 2-chIorophenol 

using the same amounts of iron chips and NaiPdCl^ that were used for the study with TCE. 

The Pd/Fe chips were prepared in the same manner, after a thorough HCl-treatment prior to 

the palladium deposition. A 3.04x10"^ M (115ppm). acetone-water (25% v/v) 2-

chlorophenol (99.9%, Aldrich, Milwaukee, WI) solution was prepared. After 2 hours of 

continuous circulation, a l.5mL sample was taken from the column at sample port S. ImL 
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of the sample was extracted with ImL of CH2CI2 for 2 minutes. Figure 4.3 shows the results 

of this study. 

4.23 Conclusions 

Figure 4.2 shows that a glass column packed with Pd/Fe chips rapidly 

hydrodechlorinates high concentrations of TCE for an extended period of time. The 

decreased effectiveness in performance is due to the formation of magnetite on the surface 

of the chips. This does not mean the column is not capable of hydrodechlorinating high 

concentrations of TCE down to Ippm after five days, rather it simply means it will take 

longer to dechlorinate all of the TCE after the fifth day. 

The data in Figure 4.3 suggest that the hydrodechlorination of chlorophenols occurs 

at a much slower rate than for TCE. This is quite apparent when considering that there were 

approximately 2.5 times as many more chlorine atoms in the volume of TCE solution that 

was used as compared the number of chlorine atoms in the volume of the 2-chlorophenol 

solution. The relatively slower reactivity of 2-chlorophenol is believed to be caused by 

chips plated with palladium that had been treated with 2.5M HCl. This conclusion is drawn 

from the study presented in Section B.3, which considered the effect on reactivity of 

depositing palladium on an HCl-treated iron surface as compared to depositing palladium on 

an untreated iron surface. No hydrodechlorination occurred when the column experiment 

was repeated and the chips were not HCl-treated before palladization. 

The studies presented in Sections B.2 and 2.3 show that significant adsorption of 

aromatic and chlorinated aromatic compounds occurs on magnetite. Considering this, it is 



99 

believed the design of choice for a scaled-up Pd/Fe system would be one that employs 

dynamic Pd/Fe rather than stationary Pd/Fe. For example, rather than a colurrm system 

where the Pd/Fe remains motionless, a system such as a fluid-bed reactor would keep the 

Pd/Fe in constant motion. Motion of the Pd/Fe is important to overcome the problem of 

unreacted chlorinated compounds that have become adsorbed to the magnetite on the Pd/Fe 

surface. The adsorbed compounds will be constantly bombarded with particles that 

provide H^-rich palladium surface. Although there will be a time when magnetite will 

eventually form on all of the particles, it is believed that the magnetite will be partly 

removed by the collisions, thus increasing longevity of the Pd/Fe. 

4.2.4 Regeneration Study 

4.2.4.1 HCl 

This study determined how long Pd/Fe chips can continuously hydrodechlorinate 

solutions of TCE to Ippm (in solution) after treating heavily oxidized Pd/Fe chips with a 

dilute solution of HCl. 

After the initial seven days of continuous operation of hydrodechlorinating 

1.15xlO"^M (SOOppm) TCE solutions, the palladized iron chips were treated in situ with 

225mL of a O.IM HCl solution in the following manner. The HCl solution remained in 

contact with the Pd/Fe packing for 5 minutes and was then circulated for I minute until the 

pH was 5. The packing was rinsed twice with 225mL of deionized water. The results of the 

first regeneration are plotted in Figure 4.4. The periodic application of 1.15xlO'^M 

(SOOppm) TCE solutions, and sampling was repeated. After seven days, a second O.IM 
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HCl-treatment was performed to regenerate the surface of the Pd/Fe a second time. The 

results of the second regeneration are plotted in Figxire 4.5. Although treating with O.IM 

HCl solutions did regenerate the Pd/Fe at least once, a significant amount of palladium was 

lost as a result. 

The loss of palladium was monitored by collecting the column effluent daily. The 

liquid phase was evaporated and the remaining black particulate was analyzed, after 

dissolution, with an inductively coupled plasma. Figure 4.6 shows the daily loss of 

palladium from normal use and HCl-treating. Gradual loss of psilladium can be noticed 

during normal use. This is believed to be due to the gradual corrosion of iron due to 

oxidation and hydrogen embrittlemem. Significant loss of palladium occurs during the 

plating procedure, suggesting the plating method is quite inefficient. Corrosion of iron by 

the HCl during HCl-treatments also causes a significant loss of palladium. 

4.2.4.2 Organic Acids 

Dilute solutions of organic acids were considered to remove the magnetite build-up 

on used Pd/Fe chips in the column. The hypothesis was that the magnetite on the Pd/Fe 

surface can be removed by complexation, a ligand (the anion of the weak organic acid) 

forming a soluble complex with iron in the oxide. This would be a preferred method, rather 

than removal of the magnetite with corrosive acids such as HCl. Organic acids that have 

high formation constants and form soluble complexes with iron were considered. The acid 

also needed to be benign to the environment, e.g., such as EDTA. citric acid, and oxalic acid. 
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EDTA was chosen because it has the highest formation constants and forms soluble iron 

complexes [111]. 

EDTA (99.99%, Aldrich, Milwaukee, WI) was tested two ways. A series of 

approximately lOOmg samples of magnetite (Maijom's Ceramics, Tucson, AZ) were mixed 

with 25mL of 0.1M EDTA solutions at a pH of 8. A blank was also prepared. The mixtures 

were prepared in 50mL beakers and were occasionally stined with a glass rod. The 

appearance of the solutions was monitored after 1,2, and 24 hours. The results are in Table 

4.1. 

Time minutes EDTA Blank 
0 Black Particulate Black Particulate 
1 No dissolution No dissolution 
2 No dissolution No dissolution 
24 No dissolution No dissolution 

Table 4.1 Magnetite dissolution with EDTA 

From the data it appears that the EDTA solution is not able to completely dissolve 

magnetite. A second EDTA experiment was performed. An EDTA solution was used to 

rej.nerate the performance of Pd/Fe chips that were used to hydrodechlorinate 500ppm 

TCE solutions. It was thought EDTA may have sufficient reactivity with magnetite on the 

surface to remove it from the Pd/Fe chips. 

The column was prepared in the manner described previously and SOOppm TCE 

solutions were added on a daily basis. After the seventh day, when the TCE level in the 

column was about 25ppm, the solution was removed from the column. Approximately 
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220mL of a 0.25M EDTA, pH=6.5 solution was added to the column and the following 

procedure was repeated for approximately 45 minutes. The solution remained static for five 

minutes and was circulated for one minute. After this process, the Pd/Fe chips were rinsed 

six times with deionized water. The pH of each of the rinse solutions was monitored with a 

pH meter, giving the results shown in Table 4.2. 

Rinse Solution pH 
1 7 
2 9 
3 10.4 
4 10.04 
5 7.9 
6 6.7 

Table 4.2 pH Values of the column rinse solutions after EDTA treatment 

The sudden rise in pH is believed to be caused by the formation of iron-EDTA 

complexes causing the break up of the surface magnetite and the release of hydroxide ions. 

The color of the solutions changed from initially being green to becoming red after 30 

minutes. This is due to oxidation of the iron ions in the iron-EDTA complexes. 

Although it appeared that the magnetite may have been removed, after 

hydrodechlorination, a fresh solution of SOOppm TCE still showed a detectable level of TCE 

in solution after 30 minutes of operation (approximately 5ppm). It is believed the EDTA 

removed only some of the magnetite, or possibly caused the iron to corrode because of the 

sharp rise in pH. The corrosion of the iron caused some loss of the palladium deposit. 

A similar EDTA regeneration experiment was performed but the Pd/Fe chips were 

exposed to a larger amount of EDTA. This increased the buffering capacity of EDTA which 
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would prevent a significant rise in pH. The Pd/Fe chips were removed from the colimin and 

remained in contact with IL of a O.IM EDTA, pH = 7 solution in a large trough. The pH of 

the EDTA solution after 30 minutes was 8.8. The chips were rinsed three times with 

deionized water and were placed back in the column. A SOOppm TCE solution was added to 

column and the same sampling procedure was followed. After 30 minutes, there was a 

detectable amount of TCE (approximately 5ppm). 

This experiment was repeated a second time but the Pd/Fe chips were treated 

sequentially with two 0. IM, pH=7 EDTA solutions (a and b). The pH of the solutions was 

monitored with a pH meter after 30 minutes of contact time. Table 4.3 contains these 

values. 

Time (minutes) pH 
Oa 7 

30a 8.7 
Ob 7 

30b 7.8 

Table 4.3 pH values of the rinse solutions after batch EDTA treatment 

The chips were rinsed three times with deionized water and were placed back in the 

column. Similar results occurred; there was still a detectable amount of TCE after 30 

minutes (approximately 5ppm). 

4.2.5 Conclusions 

The data from the regeneration study, in Figure 4.4, demonstrates that the 

performance of Pd/Fe system can be regenerated by using a O.IM HCl solution. Figure 

4.5 shows that after the second HCl-treatment, the performance of the Pd/Fe degrades. 



104 

This is believed to be predominantly from the corrosion of iron due to the HCl as is shown 

in Figure 4.6. 

EDTA does not appear to be a suitable substance to effectively regenerate the 

original performance of the Pd/Fe. Regenerating the original Pd/Fe performance with 

dilute solutions of HCl is simple, and can be cost-effective in a scaled-up Pd/Fe system 

provided that the amount of palladium lost is controlled or the palladium is recycled. 

Many soil-treating methods that remove PCBs and chlorophenols from soil such as 

supercritical fluid extraction and chemical treating would complement a scaled-up Pd/Fe 

system [112-115]. This combination could represent a complete and cost-effective 

remediation system. 
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CHAPTER 5 
Future Experiments 
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5.1 Introduction 

This chapter describes experiments that utilize NMR and the closed-loop column 

system to compare the relative reaction rates among chlorophenols and PCBs. Also, 

mechanistic studies using ESR are proposed. 

5.2 NMR 

The following study was pursued to determine if NMR could be a viable method 

for kinetic studies of the hydrodechlorination of chlorophenols and PCBs. The objective 

of these experiments was to determine the relative rates of hydrodechlorination of the 

monochlorinated phenols and PCBs. Spectra of phenol, 2-chlorophenol, 3-chlorophenol, 

4-chlorophenol, biphenyl, 2-chlorobiphenyl, 3-chlorobiphenyl, and 4-chlorobiphenyl, were 

taken in d^-acetone to determine the complexity of the spectra. Figures 5.1-5.8 are 

spectra of these compounds, respectively. It appears that the relative amount of each 

chlorophenol may be determined by using the peak from the -OH group of the 

chlorophenol reactant and phenol product. Figure 5.9 shows that the -OH peaks of 

phenol and 2-chlorophenol can be observed. Because these compounds have relatively 

low pKa's in water, it is possible that the -OH peaks may be lost in aqueous solutions due 

to proton exchange. This became apparent when a spectrum of 2-chlorophenol and 

phenol in a water/dg-acetone (50% v/v) solution was obtained using water suppression. 
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Figure 5.10 shows that the hydroxide peaks are lost. The PCB and biphenyl spectra in 

Figures S.5-5.8 are extremely complex. There is peak overlap in all spectra for solutions 

of a PCB reactant and the biphenyl product. 

All of the spectra suggest an appropriate deconvolution program must be used for 

both chlorophenols and PCBs in order to distinguish the relative amounts of reactant and 

product. Although deuterated chlorophenols and PCBs would not require the use of a 

deconvolution program, the unavailability of such compounds make this approach 

impractical. With these compounds only the one proton from the hydrodechlorination 

would be detected. 

Since NMR spectroscopy cannot be performed in the presence of iron, Pd/Fe was 

replaced with Pd/Al. Using aluminum resulted in the formation of a significant amount 

of aluminum oxides in the aqueous reaction solution. As a result of the presence of these 

oxides, the solution became viscous and opaque. This change in solution altered the 

homogeneity of the magnetic field throughout the sample. When there is loss of 

homogeneity, the shims around the NMR tube must be adjusted to maintain a 

homogeneous magnetic field. Any loss in the homogeneity in the magnetic field in the 

sample will alter peak shapes. Any alteration in peak shape invalidates the spectral data 

for a peak-fitting program. Therefore all samples must undergo an identical variation in 

the magnetic field or no variation at all. Since both of these criteria are impossible, data 

given to a peak-fitting program and the integrity of the data generated by the peak-fitting 

program become extremely questionable. Also, critical kinetic data may be lost in the 
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time required to shim a sample. Because of this, the time required to shim should be 

identical for each sample. 

Another consideration is the preparation and longevity of the Pd/Al. Each NMR 

sample tube must have the same amoimt of Pd/Al and in the same ratio of palladium and 

aluminum. Because aluminum passivates, the necessary production of ceases rapidly, 

eliminating the reducing power of Pd/Al. 

53 Closed-Loop Column 

The closed-loop column used in the studies described in Chapter Five could be 

used to hydrodechlorinate 2-, 3-, and 4-chlorophenols to phenol. Experiments for each 

chlorophenol would be performed in at least duplicate. The amount of each chlorophenol 

would be monitored over time and the relative reaction rates for the loss of the chlorophenols 

compared. 1.5mL samples would be removed from the column. ImL of the sample would 

be extracted with ImL of CH2CI2 containing 1,2,4-trimethylbenzene as a standard. 

Quantification would be completed with a GC/FID. Millimolar concentrations and sampling 

times of IS, 30,45,60,90,120, 180 seconds are suggested as a start. 

5.4 ESR 

It is hoped that studying the reactions of chlorophenols and PCBs with alumina 

and palladized alimiina with ESR will identify the aromatic radicals that form on the 

surface. This will help fluther clarify the reaction pathway and help summarize a formal 

mechanism for these hyrodechlorination reactions. References 5-10 given in Chapter 

Three are a good starting point for this work. 
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APPENDIX A 
Production and Characterization of Pd/Fe Surfaces 

A.1 Introduction 

A.1.1 Iron and Palladium 

Pure iron is silvery white and is the second most abundant metal in the earth's crust. 

Iron is available in the earth's crust in the form of iron oxides, especially hematite FejOj, 

magnetite Fe304, limonite FeO(OH), and siderite FeCOv The following reactions 

summarize the general process for manufacturing iron: 

FejOjfj) + 3C0 -> 2Fe(/) + 3C0j(g) + heat 

FejOjC^) + 3C(j) -> 2Fe(/) + 3C0(g) + heat. 

This process yields pig iron which contains carbon and can be purified to create soft, silvery 

pure iron. Pure iron is of little practical use, therefore it is melted and cooled to form cast 

iron. Mn, Cr, Ni, W, Mo, and V can be mixed with pure iron to form extremely hard iron 

alloys such as steel. Stainless steel is made by adding 14 to 18% Cr and 7 to 9% Ni to steel. 

The corrosion of stainless steel is prevented by a protective coating created by the 

passivation of Cr, although stainless steel is subject to corrosion at pit sites on its surface. 

Palladium is found around the world in ores and is purified electrochemically. 

When it is annealed, it is soft and ductile. Cold working greatly increases the strength and 

hardness of palladium. Pure palladium is steel-white and active palladium is black. 
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A.1.3 Corrosion 

The following terms that describe corrosion behavior of metals have been defined 

by Marcel Pourbaix [116], Corrosion is the reaction of a metal with its non-metallic 

environment that results in the continuing destruction of the metal. Immunity is the state 

of a metal in which corrosion is thermodynamically impossible in a particular 

environment. Passivity is the state of a metal in which corrosion in a particular 

environment is prevented by modifications of its surface, for instance, by the formation of 

a thin protective layer of oxide. Passivation is the process leading to passivity. It can be 

obtained electrochemically or chemically. 

Iron is unstable in the presence of water and a large number of aqueous non-

oxidizing solutions. Iron will therefore corrode in such solutions with the evolution of 

gas: 

2Fe + 2H" '—Fe'^ + Hj. 

This reaction, which is very vigorous in acidic solution, becomes progressively less 

vigorous as the pH of the solution increases. The reaction almost ceases at pH values 

between 10-13 when iron becomes covered with an oxide film. 

Marcel Pourbaix developed a two-dimensional diagram using thermodynamic data 

to describe the chemical behavior of metals in aqueous solutions. Figure A.l is the 

Pourbaix diagram for the iron-water system at 2S°C, considering only the solid substances 

Fe, FejO,, and Fe304. The y-axis represents reduction potential in volts and the x-axis 

represents pH. The different regions in the diagram depict the dominating form of the 
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element. Each line plotted in the diagram is associated with an equation which describes 

either Nemstian or non-redox behavior for certain forms of the element. For example, the 

Nemst equation associated with horizontal line 23 in Figure A.1 is: 

E =-0.441 +0.295log[Fe^1 

which is associated with the redox couple for reduction of Fe*"^ to Fe°: 

Fe-' + 2e- — Fe" 

which has a standard reduction potential of -0.441. The series of lines below 23 are for the 

same set of equations but with different Fe*" concentrations. The numbers above the lines 

correspond to the concentration of Fe^" in terms of the negative exponent of the 10th power. 

For example, at standard conditions, i.e. pH=0 and [Fe^'']=[10'°]=l, the standard reduction 

potential for the Fe^^/Fe" couple is -0.441. This couple is not pH dependent although the 

major form of iron changes as the pH is increased. The equation which is associated with 

line 13 in Figure A.1 is the following pH-dependent Nemst equation: 

E =-0.085+ 0.0591pH 

which is associated with the redox couple for the reduction of Fe304 to Fe°: 

Fe304 + 8ir + 8e- —* 3Fe'' + 4H20 

which has a standard reduction potential of -0.085. Non-redox behavior is described, for 

example, by equations that are associated with lines 20 and 2' in Figure A.1. The 

algebraic equations are: 

log[Fe^] = 0.72 - 3pH for line 20, and 

logfFeOH'n = -2.43 + pH for line 2'. 
[Fe^ 
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These two equations correspond to the following chemical equations: 

FA + 6tr — 2Fe^ + 3H2O for line 20, and 

FeOtf" + FT ^ Fe^* + HjO for Ime 2'. 

The series of vertical lines to the right of line 20 represent the same set of equations but 

with different Fe^* concentrations. The numbers to the left of each line correspond to the 

concentration of Fe^" in terms of the negative exponent of the 10th power. Lines 28 and 26 

are Nemst equations that are pH-dependent and involve difiTerent forms of iron. These 

equations are: 

E = 0.980 - 0.2364pH - 0.08861og[Fe^'^] for line 26, and 

E = 0.728 - 0.1773pH - 0.059llog[Fe'T for line 28. 

These two algebraic equations correspond to the following chemical equations: 

Fe304 + 8H" + 2e- — 3Fe^" + 4H2O for line 26, and 

FejOj + 6Pr + 2e- — 2Fe^" + 3H2O for line 28. 

A similar Pourbaix diagram for iron is shown in Figure A.2 for the iron-water 

system at 25''C, considering only the solid substances Fe, Fe(0H)2, and Fe(0H)3. Pourbaix 

developed a similar two-dimensional diagram to describe physical states of the surface of a 

metal to pH and reduction potential. An example of this is shown for iron in Figure A.3. 

This diagram assumes the passivation by films of FejOj and Fe304. 

Iron also can corrode in the presence of chloride salts and hydrogen gas. 

Tomlinson et al. showed that pure iron will corrode in aqueous solutions of NaCl, and 

that corrosion is proportional to the time of exposure [117]. It is hypothesized that 
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chloride ions in water may depassivate the surface and cause pitting of the surface which 

leads to corrosion [117,118]. 

When Hj gas penetrates the iron crystal lattice, hydrogen charging occurs. This 

effect is known as hydrogen embrittlement. The absorbed hydrogen can cause micro-

cracking in the material [119]. A number of concepts have been introduced to describe 

hydrogen embrittlement: The formation of blisters; reduction of the surface energy of the 

cracked formed; interaction of hydrogen with dislocations and hydrogen effect on 

dislocation motion; and decohesion of the iron crystal lattice by hydrogen atoms [119]. 

Figure A.4 is the Pourbaix diagram for the palladium-water system at 25°C, which 

describes the major aqueous palladium compounds. Figure A.5 is the Pourbaix diagram 

which describes the physical states of palladium. Pourbaix questions the thermodynamic 

data used to construct these diagrams, in particular, the data concerning the palladium 

oxides and hydrides. Therefore, the conclusions drawn from these diagrams are uncertain. 

Line 6 is associated with a well established redox couple: Pd^^/Pd. The Nemst equation for 

this couple is: 

E = 0.987 + 0.02951og[Pd^"]. 

This algebraic equation corresponds to the chemical equation: 

Pd^" + 2e- — Pd 

which has a standard reduction potential of0.987. 

As can be concluded from Figure A.5, palladium is relatively corrosion-resistant. 

Palladium is thermodynamically stable in the presence of aqueous solutions free from 
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vigorous oxidizing agents, reducing agents and complexing substances, at all pH values. 

Palladium is not attacked at all by water, even at high temperatures. It is not tarnished 

when exposed to moist air. Palladium can be dissolved in both highly concentrated HCI 

and powerful oxidizing acids. HCI, which affects palladium in the absence of oxidizing 

agents, attacks it slightly in the presence of oxygen, although more rapidly if the acid 

contains CI2, and very rapidly if mixed with nitric acid. Palladium is perfectly resistant to 

cold alkaline solutions, even containing oxidizing agents [116]. 

Pourbaix developed a E° versus pH diagram for water. This is shown in Figure A.6 

It should be noted that all Pourbaix diagrams include lines "a" and "b". These two lines are 

represented by the following pH-dependent Nemst equations; 

E = 0.000 - 0.0591pH for line a, and 

E = 1.228 - 0.059IpH for line b. 

These two algebraic equations correspond to the following chemical equations: 

21V + 2e" * H2 for line a, and 

4ir + 4e" + O2 2H2O for line b. 

This chapter describes how palladium was deposited onto iron surfaces, the strength 

of the palladium deposit on various iron surfaces, and how SEM, XPS and XRD were used 

to characterize the iron-palladium surface. 

Immersion plating was used to deposit palladium on the iron siirfaces. Immersion 

plating is a deposition process in which a metal ion (Pd^"^ or Pd^^) in an aqueous solution is 

reduced and deposited onto the surface of a zero-valent metal, e.g. Fe. The zero-valent 
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metal is oxidized to a higher oxidation state. Ideally, only a single layer of palladium 

should be deposited when plating a perfectly smooth surface. This process can be described 

by the redox reactions: 

E° values 

PdCls^- + 2e- — PdCl4^- +2CV 1.47 V (1) 

PdCl4^ +2e Pd''+4Cr 0.62 V (2) 

2Fe^* + 2e- — 2Fe'' -0.44 V (3) 

where Fe° is the reducing agent and Pd^* is the oxidizmg agent. It is noted that hydroxy 

complexes of palladium will form in solution within a short period of time if the pH of the 

palladium solution is above four. Therefore, in all of the experiments carried out in this 

research, palladium was deposited on u:on surfaces using an acidic solution (0.02SM HCl) 

of NaiPdClfi (99.9%, Alpha Aesar, Ward Hill, MA). The PdClj^' complex either is 

transparent yellow or orange in solution, depending on its concentration. Complete 

deposition of palladium has occurred when the solution becomes colorless. 

In contrast to 100% palladium coverage of the iron surfaces, it was found that the 

palladium forms aggregates and does not evenly distribute over the iron surfaces. Figure 

A.7 is an SEM image of a cross section of an iron chip from a 1500g sample of iron chips 

(99.9%, Sigma-Aldrich, Milwaukee, WI and 99.9%, Alpha Aesar, Ward Hill, MA, which 

ranged in size from 0.0625x0.0625 inches to 1x1 inches in area and less than 0.125 inches 

thick). The chips were palladized with 5g of NaiPdClj dissolved in 6L of 0.025M HCl. 

The chips were treated with IL of 2.5M HCl for 45 minutes prior to the palladium 
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deposition. Figure A.8a is an SEM image of the surfaces of <10|im iron particles from a 2g 

sample of <10|im iron particles that were freshly palladized with 125mg Na2PdCV(100mL 

0.025M HCl). Figure A.8b is an SEM image of the surfaces of 10^m iron particles from a 

2g sample of lO^un iron particles that were first treated with 5mL of 2.5M HCl for 3 

minutes, then palladized with 125mg NazPdCVClOOmL 0.025M HCl). The particles in 

Figure A.7 show aggregations of palladium randomly deposited onto the surface of the iron 

chip. Figures A. 8a and A. 8b that show similar random palladium deposits on the surfaces 

of the IO|im iron particles. It appears from Figure A.8a and A.Sb there is more palladiimi 

distribution and less aggregation if the particles are not treated with HCl prior to 

palladization. Because the particles in Figures A.8a and A.8b are only a tiny fraction of 

what was on the SEM sample holder, much time was spent observing other regions of the 

sample for consistency. 

Iron chips (Sigma-Aldrich, 99.9%) were used in the column experiments and 

<lOnm, 200 mesh or -40 mesh iron particles (99.9%, from Alpha Aesar, Ward Hill, MA) 

were used in the batch experiments. 

A.2 Efficiency of Palladium Deposition 

It was discovered that the palladium deposit on the iron chips is more efficient, if 

prior to the palladium deposition, the chips are treated with a dilute HCl solution long 

enough to cause a significant increase in the iron surface area. Figures A.9a and A.9b show 

the cross section and the surface area of an iron chip untreated with HCl. Figures A.lOa and 

A. 10b show the cross section and surface area of a chip which was treated with 2.5M HCl 
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for 45 minutes. Significant corrosion of the iron chip surface has occurred as a result of the 

HCl-treatment, causing a large increase in surface area. The acid-treated iron surface 

became black and caused diffuse reflection of light, unlike the untreated iron chip which 

remained silver-gray. The Pd/Fe chips used in the SEM and XPS studies were thoroughly 

rinsed with deionized water after HCl-treatment. 

Figure A.lla shows untreated <10nm iron particles and Figure A.llb shows a 

sample of 2g of 10^m iron particles shaken for five seconds with lOmL aliquots of a 

0.025M HCl solution, 10 times. The image in Figure A.1 la was taken because all of the 

iron surfaces in this research were palladized with NaiPdCl^ dissolved in 0.025M HCl. 

Figures A. 12a and A. 12b respectively show a sample of 2g <10|im iron particles that were 

treated with 5mL of 2.5M HCl for 3 minutes and lOg of lO^m iron particles that were 

treated twice with 50mL of 6 HCl for 15 minutes. The effect of HCl on increasing the iron 

surface area is quite noticeable [120]. There is a noticeable difference in the surface 

morphology between the particles in Figures A. 11 and A.12a-A.12b. The effect on the 

surface morphology of the particles treated with the lOOmL of 0.025M HCl solution was 

inconsistent. In some regions of the 0.025M HCl-treated sample there were some particles 

that appeared unchanged; unlike the particles in Figures A.12a and A.12b the change in 

surface morphology was consistent. 

The following experiment was carried out to qualitatively determine the efiRciency 

of the palladium deposit on iron chips. Three iron chips remained in contact with 20mL of 

a 2.5M HCl solution for different times: 15, 30 and 45 minutes. A fourth chip was not 
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contacted with the HCI solution. The chips were rinsed with deionized water and placed in 

lOmL of a 0.025M HCI solution which contained lOmg of NaiPdCl^. A pressurized water 

stream (water botde) was sprayed on the palladium deposits in an attempt to remove the 

palladium. This qualitatively detemiined the efficiency of the deposit. This experiment 

was repeated four times. It was discovered that a negligible amount of palladium was lost 

from chips that had 45 minutes or more of contact time with the 2.5M HCI solution, i.e. a 

large surface area of Fe°. A majority of the palladium deposit was quickly removed from 

the chips that had 15 minutes or no contact time with the 2.5M HCI solution. 

To determine if the texture of the original surface of the chips had an effect on the 

efficiency of the palladium deposit, the above experiment was repeated with chip st^aces 

that had been roughened with 200 grit emory cloth. The results of these experiments were 

consistent with the results of the experiments in which the untreated surfaces were used. It 

is concluded that if there is significant aggregation of palladium on an iron surface which 

does not contain a substantial amount of pure iron, there will be a significant loss of the 

palladium deposit. The efiGciencies of the palladium deposit on other types of iron material 

used in this research were not tested using the above experimental procedure. 

A similar experiment was carried out to determine if the amount of aggregation 

affected the efficiency of the deposit on chips that were not treated with 2.5M HCI. Three 

iron chips that were not treated were left in identical plating baths (lOmg NajPdClj/lOmL 

0.025M HCI)) for different times: 1,5, 15 minutes. A pressurized deionized water stream 
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was applied to the surface and the effect was observed. This experiment was performed in 

triplicate. Table A. 1 contains the results from these experiments. 

Time (minutes) Color of NaiPdCI« Solution Loss of Pd Deposit 
1 Yellow No loss 
5 Yellow Some Loss 
15 Colorless Major loss 

Table A.1 Results from the qualitative test of the palladium deposit on acid treated and 
untreated surfaces of iron chips 

This experiment shows that the smaller the amount of palladium deposited on the iron 

surface with a smaller surface area, the less likely aggregation will occur, and therefore, 

there is a smaller loss of the palladium deposit. From these two experiments, it is 

hypothesized that a more efficient palladium deposit is formed by increasing the iron 

surface area with an HCl-treatment. 

Although these experiments were not performed for the other types of iron material 

used in this research, the following observations were noted when other iron materials were 

not treated with acid prior to the deposition of palladium (lOmg Na2PdCl6/(25mL 0.025M 

HCl)). The following Pd/Fe particles were mixed with SmL of a 2xlO"'M, 4-chlorophenol 

(99+%, Aldrich, Milwaukee, WI) acetone-water solution (50% v/v). The reactions were 

carried out in lOmL glass vials that were shaken on an mechanical shaker for five minutes. 

Table A.2 contains the qualitative results. 
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Mesh Size Loss of Pd Deposit 
in Solution 

5g, -40 Mesh Significant loss 
3g, 200 Mesh Negligible loss 

2g, lO^im Negligible loss 

Table A.2 Results from the qualitative strength test of the palladium deposit on various 
untreated iron surfaces 

From these data it can be further concluded that the palladium deposit will be more 

efficient if there is less aggregation of palladium on a large iron surface area. 

A.3 Iron Oxide Build-Up 

When Pd/Fe is used for hydrodechlorination reactions at room temperature and 

atmospheric pressure, the rate at which these reactions occur becomes slower with time. 

This is due to an iron oxide layer build-up on the Pd/Fe surface. It is believed that the oxide 

is a barrier which hinders the reactant molecule from reacting on the Pd/Fe surface. The 

SEM images in Figures A. 13a and A. 13b respectively show a cross section of a freshly 

palladized iron chip and a Pd/Fe chip that remained in contact with water at room 

temperature and atmospheric pressure for 40 days. A thick oxide (black) layer can be 

noticed above the black palladium deposit. 

By the use of XRD, the black oxide was identified as magnetite. Figure A. 14 shows 

the theoretical XRD pattern of magnetite overlaid by the XRD pattern of the magnetite 

sample. Figure A. 15 show the theoretical XRD pattem of palladium overlaid by the XRD 

pattem of the palladium sample. The magnetite was collected from Pd/Fe chips that were 
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used in a closed-loop continuous flow column. The palladium from freshly palladized chips 

was removed by sonication. 

To further support the XRD data, the XPS spectra of palladium deposit and the 

magnetite are shown in Figures A. 16 and A. 17 respectively. Figure A. 16 shows the 

presence of iron in the palladium deposit. Figure A. 17 shows no detectable amount of 

palladium was in the black oxide and iron was in a mixed oxidation state of +2 and +3; 

peaks at 71 leV and 727eV representing magnetite, Fe304. The Pourbaix diagrams in 

Figures A.l and A.2 can be used as additional support for the formation of magnetite on 

the Pd/Fe surface if the following assimiptions are made: 1) The surface pH of the 

Pd/Fe was high (i.e. 9-10); 2) The potential of the Pd«H system was about zerowhich 

will make the E° for the system approximately -0.441V; 3) A high concentration of Fe** 

was at the Pd/Fe surface; 4) A mixture of Fe^"^ and Fe^* was formed further away from the 

surface. Given these criteria, locating the regions in the Pourbaix diagrams in Figures 

A.l and A.2 where E of -0.441V intersects pH values between 9-10, Fe304. FeCOH), and 

some Fe(0H)3 and Fe(OH)^^ were the major forms of iron. Fe304 can be thought of as 

FcjOj^FeO. 

From the experiments mentioned in section A.2, the palladium is directly bonded to 

the iron, i.e., Pd-Fe. The broadened peaks and smaller 2-theta values (x-axis) than are usual 

for palladium in the XRD pattem of the palladium deposit indicates that a contraction in the 

palladium unit cell has occurred. The broadening is indicative of randomly distributed 

vacancies in the palladium lattice or a randomly distributed contaminant atom with a 



137 

smaller atomic radius than palladium (i.e. iron or oxygen). The possibility of oxygen in the 

palladium lattice is ruled out because of the previous conclusions drawn from the XPS data. 

The oxygen peak at 538eV in the XPS spectrum of Figure A. 17 is evidence that oxygen is 

adsorbed on an active palladium surface and not present as a contaminant in the palladium 

lattice. The iron peaks in Figure A. 17 suggest iron may be a contaminant in the palladium 

lattice. Therefore, it is concluded that the broadening in the XRD pattern of the palladium 

deposit in Figiire A. 15b is due to the presence of vacancies and iron as a contaminant. 

Vacancies in the palladium lattice could behave as reactive sites which is consistent with the 

behavior of heterogeneous surface catalysts. 

The following suggests an aqueous environment is necessary for magnetite to be 

formed on the Pd/Fe surface. If Pd/Fe remains in contact with air, an orange oxide is 

formed on the Pd/Fe surface. This oxide is mainly FcjOs (iron in its highest oxidized state 

of 3*). As discussed previously, when Pd/Fe remains in contact with still or flowing water, 

magnetite is formed (iron m mixed oxidation states), although a loosely held layer of Fe^Oj 

may be formed on top of the ms^etite. It is rationalized that water prevents iron from 

becoming completely oxidized to form Fe203 because the dissolved oxygen cannot reach the 

iron surface fast enough to compete with the reducuig power of Pd/Fe or Fe. Furthermore, 

a stream of flowing water appears to be the best protection against significant formation of 

FeA-
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Pd 

Figure A. 7 SEM image of a cross section of an iron chip from a sample of 1500g of iron 
chips freshly palladized with 5g ofNa2PdCl/25mL 0.025M HCl. The chips were treated 

with lL of2.5M HCl for 45 minutes prior to the palladium deposition. 
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Figure A.8a SEM of surfaces of 1 OJ.im iron particles from a sample of 2g of 1 OJ.im iron 
particles freshly palladized with 25mg Na2PdCl/25mL 0.025M HCl. 
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Figure A.8b SEM of surfaces of 1 OJ.!m iron particles from a sample of 2g of 1 OJ.!m iron 
particles freshly palladized with 25mg Na2PdCl6/25mL 0.025M HCI. The particles were 

treated with 5mL of 2.5M HCI for three minutes prior to the palladium deposition. 
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Figure A.9a The cross section of an iron chip untreated with HCI 
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Figure A.9b The surface area of an iron chip untreated with HCl 
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Figure A.l Oa SEM of a cross section of an iron chip from a sample of 1500g of iron chips 
treated with alL of2.5M HCl solution for 45 minutes. 
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Figure A. lOb SEM ofthe surface an iron chip from a sample of 1500g of iron chips 
treated with alL of2.5M HCl solution for 45 minutes 
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Figure A.11 a FESEM of a sample of 1 OJJ.m iron particles 
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Figure A.11 b FESEM of a sample of 2g of 1 OJ.!m iron particles shaken for five seconds 
with 10mL of a 0.025M HCl solution, 10 times 
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Figure A.12a FESEM of a sample of 2g of 1 OJ..!m iron particles treated with a 5mL of 2.5M 
HCl solution for three minutes 
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Figure A.12b FESEM of a sample of 1 Og of 1 OJ..Lm iron particles treated twice with 50mL of 
6 HCI for 15 minutes 
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Magnetite 

Figure A. 13a SEM image of the cross section of a freshly palladized Pd/Fe chip 
Figure A. 13b SEM image of the cross section of a Pd/Fe chip after 40 days in water 



XRD Pattern of ihe Iron Oxide Build Up-Magnetite 

OLD. AUG- 14, 1997 

Theoretical 
Pattern 

Sample 

Figure A. 14 Theoretical and experimental XRD pattern of magnetite 
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Figure A. 15 Theoretical and Experimental XRD pattern of paUadium 
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B.1 Introduction 

Iron dissolves in aqueous hydrohalic acids to form the following hydrated halides: 

FeFj^SHjO (colorless), FeCl2*6HiO (pale green), and FeBr2*4H20 (pale green) [121]. 

Iron(II) forms salts with virtually every stable anion. Fe^* forms a number of octahedral 

complexes. Ferrous complexes can normally be oxidized to ferric complexes. The 

following are some examples: 

E° 

[Fe(CN),]^ + e-— [Fe(CN)J^ 0.36 V 

[Fe(H20)j'* + e-— \Fc(]ti,0\f* 0.77 V 

[Fe(phen)3]^" + e"' [Fe(phen)3]^'' 1.12 V. 

Iron(lII) forms salts with most anions, except those that are incompatible with it because of 

their character as reducing agents. The following form pale pink to nearly white hydrates 

from aqueous solutions: Fe(ClO4)3*I0H2O, Fe(N03)}*9(or 6)H20, and Fe2(S04)3«10H20 

[121]. The various hydroxy compoimds, such as [Fe(0H)(H20)5]^^, are yellow because of 

charge-transfer bands in the ultraviolet region which tail into the visible region [121]. Thus 

aqueous solutions of ferric salts even with noncomplexing anions are yellow unless they are 

in strongly acidic solutions [121]. Fe^" forms octahedral as well as tetrahedral and square 

pyramidal complexes. Fe^* has the greatest affinity for ligands that coordinate via oxygen 
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atoms [121]. The production of NHj via the Haber cycle makes use of iron and iron oxides 

at high temperature and pressure. 

Organoiron compounds have been used in organic synthesis [122]. Fe-C bonds are 

sensitive to homolytic cleave^e, producing organic radicals and iron in a lower oxidation 

state. This results from the energy differences between the filled d orbitals and the valence s 

and p antibonding orbitals of the Fe-C bond [123]. The two most common methods for 

converting an organoiron compound to the alkyl fragment are protonolysis and halogenation 

in which the Fe-C bond is broken. A common method is to use a proton source to cleave the 

bond [124]. Water or an alcohol with a catalytic amount of acid is sxifRcient to break the 

bond. Reaction of an organoiron complex with a halogen also cleaves the C-Fe bond. For 

example, when an organoiron compound is treated with iodine, an alkyl halide (R-I) and 

iron iodide are formed [124]. The following reactions where Cp is an abbreviation for 

cyclopentadienyl describe this process: 

W 
MeFe(C0)2Cp + -• CH^ + [CpFe(C0)2(H,0)]^ 

I: 
RFe(C0)2Cp R-I + I-Fe(C0)2Cp. 

Iron has been used to stabilize cations, which then react with nucleophiles to 

regenerate new carbon-carbon bonds. These cations are formed by iron-alkene complexes, 

usually by the reaction in Figure B.l. 

Alkyl iron complexes behave as electrophiles in the presence of nucleophiles. 

Rosenblum showed, for example. that the ethene complex of 
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cyclopentadienyldicarbonyliron (abbreviated as Fp) or Fp-ethene, reacted with dimethyl 

lithiomalonate to give the product shown in Figure B.2 [125]. These Fp-alkene complexes 

react with a variety of other nucleophiles, including water, alcohols, amines, phosphines, and 

thiols as well as carbon nucleophiles. The iron must be eventually removed from the 

molecule for organoiron compounds to be of any utility. 

Iron halides have been used in many organic synthesis procedures. One classic 

example is the halogenation of benzene catalyzed by either FeBrj or FeClj through the 

electrophilic aromatic substitution reaction as shown in Figure B.3. Figure B.4 shows that 

when FeClj is reacted with the Grignard reagent of cyclopentadiene, dicyciopentadienyliron 

or ferrocene is formed. Ferrocene is Fe^* sandwiched by two 5-membered aromatic rings 

which can undergo a number of electrophilic aromatic substitutions. 

The principal oxidation states of palladium are II and IV. These oxidation states 

form the majority of organic and inorganic palladium complexes, although palladium also 

forms complexes in the 0 and I states [121], 

Palladium has the highest solubility for H2 gas over a wide range of temperatures 

and pressures among the group 8 elements. The hydrogen molecule undergoes 

dissociation and chemisorption on surfaces of these elements as H adatoms, which may 

then take part in a nimiber of catalytic reactions (electrocatalytic reactions in the case of 

electrode processes) with oxygen, nitrogen, carbon monoxide, hydrocarbons, etc. [126]. 

Moreover, hydrogen can penetrate into the metal and dissolve in it to yield either 

disordered solutions or ordered systems known as hydrides [126]. This makes finely 
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divided palladium widely used as a catalyst in hydrogenation reactions [127]. Jean-Luc 

Malleron et al. present over 80 chief organic transformations catalyzed by palladium 

complexes [128, 129]. These reactions make use of zero-valent palladium and palladium 

salts. Palladium also has utility in alloys. Pd/Ag and Pd/Ag alloys are used for H, 

purification (via permeation) without deforming the Pd lattice [127]. 

Aqueous solutions of the chlorinated compounds studied in this research can be 

reduced by zero-valent iron to yield their corresponding hydrodechlorinated product. 

Muitikian and Gritiimi [130,131] showed that palladium deposited on an iron surface which 

has been treated with a dilute HCl solution dramatically increases the rate of 

hydrodechlorination of TCE and PCBs as compared with the rate at which an unpalladized 

iron surface which has only been treated with a dilute HCl solution can hydrodechlorinate 

these compounds. Therefore, it is believed that palladium behaves as a "catalyst" for the 

reduction of these types of compounds by providing an energetically favorable surface for 

the reaction. The conclusions presented by Wiess et al. in their studies of 

hydrodechlorinating similar chlorinated compounds with palladized-alumina and suggest 

the palladium-hydrogen surface stabilizes the canonical forms of these compounds shown in 

Figure B.5 [132,133]. This is based on the carbon-chlorine double bond concept theorized 

by Pauling, Morrison, Boyd and Gould. [134-136] 

The canonical structure of either chloroalkenes or chloroaromatics can be 

stabilized by a Hj-rich palladium or platinum surface, whereas saturated chlorinated 

compounds are stabilized on a Hj-rich palladium or platinum surface by radicals [137], 
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Wiess notes that the reaction occurs slower for sp^ chlororganics than for sp^ 

chlororganics; the pi-bonds may act as an additional stabilizer. This may be why olefinic 

chlorinated compounds are hydrodechlorinated faster than saturated chlorinated 

compounds [138]. The slower hydrodechlorination rate when using iron alone supports 

Wiess's theory that palladium stabilizes organochlorines and palladium may be considered a 

catalyst. 

Hydrodechlorination reactions using Pd/Fe are believed to be electron transfer 

reactions that involve several redox reactions, and intercalated hydrogen in the form of 

Pd*H,. Iron is the major source of electrons. Pd^Hj is a powerful reducing agent which 

provides: (1) A favorable reactive surface, (2) electrons to the chlorinated compound^at the 

palladium surface, (3) H atoms for the exchange of CI atoms, and (4) H, for the 

hydrogenation of olefinic compounds. 

Gu, a collaborator at Oak Ridge National Laboratories, Grand Junction, CO. 

reported that chlorinated olefinic compounds are first hydrodechlorinated to form a stable 

olefinic compound and then saturated to the aliphatic product [139]. Gu showed this in IR 

studies when hydrodechlorinating TCE in the gas phase using Pd/Fe and H,. It was 

observed that ethene was the major product rather than ethane. This is not the case for 

solution phase reactions of TCE with Pd/Fe where ethane is the major product [130]. It is 

believed that in the gas phase, diffusion of ethene away from the Pd/Fe surface prevents any 

significant amount of hydrogenation. Hydrogenation occurs only because of the proximity 

of an alkene to the palladium surface. This rationalizes why only hydrodechlorination of 
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chloroaromatics occurs and hydrogenation of the aromatic ring does not occur under normal 

Pd/Fe reaction conditions. 

Equations (l)-(3) are proposed redox reactions that may occur for the 

hydrodechlorination reactions of organic compounds using Pd/Fe. Equation (1) represents 

formation of a surface hydride ion. It is hypothesized that Pd*H' is the source of electrons 

and hydrogen for the hydrodechlorination reactions. This hypothesis is supported by the 

work of Tsyganok et al. in their work on a similar dechlorination system [140]. 

Pd«H + e—Pd«H- (1) 

Fe ^ Fe^' + 26 (2) 

R-Cl + Pd«H- — R-H + Cr + Pd* (3) 

The H in the palladium is replenished by the reduction of water at the expense of oxidizing 

iron: 

Fe^''+ 2e' ' Fe (4) 

2H2O + 2e- Hj + 20H- (5) 

02 + 4H'+4e-—* 2H3O. (6) 

Table B. I summarizes the effect of pH on the reduction potentials of these redox couples. 

pH 2Fe-* + 2e- — 2Fe 2H,0 + 2e — H, + 20H- 0, + 4H*+4e- — 2H2O 
0 -0.44 0 +1.23 
7 -0.44 -0.42 +0.82 
14 n/a -0.83 +0.53 

Table B.l Reduction potentials for redox reactions (4)-(6) at different pH values 
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The reduction of water is favorable between pH=5.5 and 7. At high pH it becomes less 

favorable because of the significant decrease in reduction potentials of the water and oxygen 

couples ar.d a slight decrease in reduction potential of the iron couple. 

The Pourbaix diagrams for water and iron in Figures A.6, and A.l, respectively, 

illustrate how the potentials of these redox couples change with pH [141]. 

The H2 produced is intercalated into the palladium lattice and forms Pd^Hj. In order 

for this sequence of reactions to function successfully, effective mass transport of the 

chlorinated compound to the palladium surface must occur. Hydrodechlorination reactions 

using Pd/Fe occur almost instantaneously: the reaction rate is believed to be govemed by the 

slow mass transport of the chlorinated compound to the water-Pd interface rather than by the 

rapid electron transfer reactions. Because water is required in this reaction system, water-

solvated chlorinated compound significantly facilitates the mass transfer to the palladium 

surface. This conclusion is drawn from experiments that were unsuccessful for rapid 

hydrodechlorination of high concentrations of TCE in the vapor phase. It became apparent 

that TCE needed to be solvated with water prior to coming in contact with the palladium 

surface. It is thought that water is also needed to reduce the rate of diffusion of from the 

palladium lattice, and to prevent the Pd/Fe from being prematurely conoded by the oxygen 

in the air stream. 

The CI' product firom the hydrodechlorination reactions remains in solution [142]. 

The XPS data in Figure B.6a-B.6b show a nondetectable amount of CI' (200eV) adsorbed to 
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the Pd/Fe surface after hydrodechlorination reactions of millimolar concentrations of TCE 

and 4-chlorophenol. Although no palladium was detected (340eV) in the Pd/Fe samples 

used for the TCE reactions, it may be rationalized that there is a build-up of magnetite above 

the Pd/Fe surface. 

From the XPS spectrum in Figure B.7, the palladium deposited on the iron surface 

is in its elemental state (peaks at 341eV and 335eV). Therefore, organochlorine compoimds 

do not bond to the palladium surface by a forming a Pd-Cl„ complex. Because a Pd-Cl bond 

is shorter than a Fe-Cl bond, a Pd-Cl bond is more likely to be formed than a Fe-Cl bond. 

This difference in bond length suggests the reaction occurs on the palladium surface rather 

than on an iron oxide or at a palladium-iron oxide interface. This explains the incre^ed rate 

of hydrodechlorination using Pd/Fe rather than pure Fe. These conclusions may also explain 

why inorganic compounds such as NOj" are not reduced to Nj by Pd/Fe but are reduced by 

an acid-treated iron surface [143]. NOj" do not possess the canonical forms of halo-olefinic 

molecules, and therefore support the hypothesis presented by Wiess. In fact, the existence of 

palladium on the iron surface may hinder the reduction of NOj" because of the reduced 

surface area of iron. Also, the iron may undergo premature oxidation because of the 

hydrogen intercalating into the palladium lattice which drives the reduction of water at the 

expense of oxidizing iron (see the half reactions (4) and (S) above). 

B.2 Adsorbed Reactants 

The following experiments were carried out to show there is a significant amount of 

chlorinated aromatic compounds that can adsorb to the iron oxide on the Pd/Fe surface and 
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to present a solution to this problem. The oxide that builds up on the Pd/Fe surface was 

identified as magnetite as is described in Chapter 1 section 1.3. 

B.2.1 Experimental 

lOOmg of magnetite (Maijon's Ceramics, Tucson, AZ) was mixed with 5mL of a 

6.03x10 ' M 2-chlorophenol (99+%, Aldrich, Milwaukee, WI) solution for 10 minutes in a 

lOmL vial. The solution was decanted and the magnetite rinsed twice with 5mL of acetone-

water solution (50% v/v) solution for 1 minute. The rinsed magnetite was mixed with 2mL 

of CHjCl, for 2 minutes to extract any adsorbed 2-chlorophenol. The extract was analyzed 

with an HP 5880, GC/FID. Figure B.8 is the chromatogram of this sample and shows that a 

detectable amount of 2-chlorophenol is adsorbed to the magnetite. 

This experiment demonstrates there could be a significant amount of reactant 

adsorbed to the Pd/Fe surfaces after prolonged use. Adsorbed reactants will have significant 

consequences in a scaled-up Pd/Fe system used to hydrodechlorinate chlorophenols or PCBs 

[144]. A solution to the problem is to mix the particles that have the adsorbed compounds 

with a fresh batch of Pd/Fe. 

The experiment described above was repeated after the following changes were 

made. Rather than extracting the adsorbed 2-chlorophenol molecules from the Pd/Fe surface 

after the magnetite particles were rinsed twice as mentioned, a fresh batch of Pd/Fe (25mg 

Na2PdCl6/2g lOiim Fe powder) and 5mL of a acetone-water solution (50% v/v) were mixed 

with the magnetite for 10 minutes in the same lOmL vial. 2mL of this solution was 
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extracted with ImL of CHjCIj. The chromatogram of this extract, shown in Figure B.9, 

shows phenol was produced as a result. 

An additional experiment was performed to determine if a significant amount of 2-

chlorophenol adsorbs to HCl-treated and untreated 10^m iron particles. 2g of iron particles 

in a lOmL vial were treated with 5mL of a 2.5M HCl solution for three minutes. The 

particles were rinsed three times with deionized water. 5mL of a 6.54x1 O^'M 2-

chlorophenol solution was mixed with acid-treated particles for three minutes. After three 

minutes, the solution in the vial was decanted. Approximately SmL of a water/acetone 

(50% v/v) solution was mixed with the iron particles for about 20 seconds. The solution 

was decanted and the iron was extracted for two minutes with SmL of CH2CI2. This 

procedure was repeated for the untreated iron particles. The extracts were analyzed with a 

HP 5880, GC/FID. Significant amounts of 2-chlorophenol were detected in solution and 

adsorbed on the iron surface for both the untreated and HCl-treated iron particles as can be 

seen in the GC/FID chromatograms in Figures B.lOa and B.lOb. 

B.2.2 Conclusions 

From the results of these experiments it can be concluded that a system where a 

solution containing PCBs or chlorophenols is passed over stationary Pd/Fe particles would 

not be a viable system because significant adsorption of chlorinated aromatic compounds 

can occur after a prolonged period of time. On the other hand, a system where the 

solution is passed over Pd/Fe particles that are in motion would be viable because 

significant number of collisions of particles occurs (see Section B.2.1). Any chlorinated 
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compounds that have adsorbed onto Pd/Fe particles have a high probability of colliding 

with Hj-rich palladium surfaces providing that significant oxidation of the Hj-rich 

particles has not occurred. 

From the results of the acid-U'eated and untreated iron particles, it appears that in 

three minutes an appreciable amount of iron oxide does form, causing a significant 

adsorption of 2-chlorophenol onto the iron surface. 

B.3 Acid Treated and Untreated Iron Surface Prior to Depositing Palladium 

The purpose of this study was to determine why there is a noticeable difference in 

reactivity between Pd/Fe when the iron has been treated with HCl prior to the palladium 

deposition, and Pd/Fe when the iron has not been treated with HCl prior to the palladium 

deposition. 2-chlorophenol (99+%), 3-chlorophenol (98+%), and 4-chlorophenol 

(99+%), obtained from Aldrich, Milwaukee, WI, and 2,3,4-trichlorobiphenyl (99+%), 

obtained from Chem Service, West Chester, PA, were used. This experiment was repeated 

in an N, environment with solutions that were purged with Nj to remove most of the 

dissolved O, in the rinse water, palladiiun solution, and reaction solution. 

B.3.1 Experimental 

5mL of a 2.5M HCl solution were used to treat the iron particles (<10|im, 99.9+%, 

from Aldrich, Milwaukee, WI) for three minutes. The particles were rinsed three times 

with deionized water. The 2g of treated and untreated iron particles were immersion 

plated with 25mg of NaiPdCl^ (99.9%, Alpha Aesar, Ward Hill, MA). The Na^PdClj 

was dissolved in 25mL 0.025M HCl and 5mL of the solution were mixed repeatedly with 
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the iron in a lOmL vial. The Pd/Fe particles were rinsed three times with deionized 

water. 5mL of each of the solutions in Table B.2 were mixed with the Pd/Fe particles 

with the aid of a mechanical hand shaker for S and 10 minutes. 

Solution M 
2-Chlorophenol 6.64x10"' 
3-Chlorophenol 6.56x10' 
4-Chlorophenol 6.51x10"' 

2,3,4-Trichlorobiphenyl 2.55x10"' 

Table B.2 Initial concentrations of chlorophenol solutions 

The solutions were analyzed with a Hewlett Packard 5880 GC/FID for the amoimt 

of reactant which remained. These experiments were repeated four times for the 

chlorophenols. The average GC peak areas are plotted against time in Figures B. 11 and 

B.12. Although this experiment was performed once for 2,3,4-trichlorobiphenyl, the 

results in Figure B. 13 are similar to the those of the chlorophenols. 

2-Chlorophenol was used to determine if dissolved O, has any effect on the 

reactivity of the hydrodechlorination reactions. The four variables tested were: no HCl-

treatment prior to palladium deposition; HCl-treatment prior to palladium deposition: 

without an environment and purging of the rinse water, palladium solution, and 

reaction solution; with an Nj environment and purging of the rinse water, palladium 

solution, and reaction solution. The first experiment was performed without the HCl-

treatment. and without the N, environment and purging. The second experiment was 

performed with the HCl-treatment, and without the Nj environment and purging. The 
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third experiment was performed without the HCl-treatment, and with the Nj environment 

and purging. The fourth experiment was performed with HCl-treatment, and with the Nj 

environment and purging. The following were constant.for all four experiments; lOmL 

reaction vial; 5mL of a 6.54x10'^M 2-chlorophenol solution; 2g <10^m iron particles; 

25mg of NaiPdClft were dissolved in 25mL 0.025M HCl and 5mL of the solution were 

mixed repeatedly with the iron in the lOmL vial; the particles were rinsed twice with 

deionized water after the palladization; the Pd/Fe and the 2-chlorophenol solution were 

mixed in the lOmL vial with the aid of a mechanical hand shaker for 3 minutes. 

2mL of the reaction solution were placed in a 5mL vial and extracted once for two 

minutes with ImL of a CHjCU solution containing 1.94xlO"^M 1,2,4-trimethylbenzene. 

The remaining reaction solution in the lOmL vial was decanted and the Pd/Fe in the vial 

was rinsed for about 20 seconds with approximately 5mL of an acetone/water (50% v/v). 

The acetone/water was decanted from the vial. The Pd/Fe in the lOmL vial was extracted 

once for two minutes with 5mL of the CH2CI2 solution containing 1.94xlO'^M 1,2,4-

trimethylbenzene. Two injections of each of these extracts were made into the 5880 

GC/FID. The Aph„o,/Asu,;,d^ and for the reaction solution extracts were 

calculated for each experiment and are plotted in Figures B.14-B.17. The Apho,o|/As,a„dart 

^"id Ai^hiorophoio/Asiandard fof ^^e Pd/Fe cxtracts were not calculated because phenol and 2-

chlorophenol were not quantified by the GC integrator. 
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B.3.2 Conclusions 

This study clearly shows that there is a significant difference between the 

reactivity of Pd/Fe for iron surfaces that were treated with HCl and those that were not 

treated with HCl prior to depositing the palladium. There was almost a 2- to 3-fold 

increase in hydrodechlorination of the chlorophenols and a 25-fold increase in 

hydrodechlorination of the PCBs when the iron particles were not treated. It is believed 

the possible difference in palladium distribution between HCl-treated and untreated 

particles (see Section A.2) is the cause for the decrease in reactivity of the HCl-treated 

Pd/Fe. Because of the affinity aromatic compounds have for adsorbing to iron oxides 

(see Section B.2), any existing oxides on the untreated Pd/Fe iron surface may play an 

important role in the mass transport of these chloroaromatic molecules to the Pd/Fe 

surface in the hydrodechlorination reaction. 2-Chlorophenol was found to adsorb equally 

onto HCl-treated and untreated lOfim iron particles (Section B.2). The palladium on the 

iron surface increases the production of H2, which increases the oxidation of iron, 

therefore possibly providing more adsorption sites. 

8.4 Amount of Palladium Deposited 

The following experiments were performed to determine if the amount of 

palladium deposited on the iron surface was proportional to the amount of 

hydrodechlorination product. Three amounts of palladium were deposited on <10 jam 

iron particles. 2-Chlorophenol was the model compound. The 2-chlorophenol solution 

was mixed with the palladized iron for 2 minutes and analyzed by GC/FID. 
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B.4.1 Experimental 

2g of iron particles (<10(am, 99.9+%, from Aldrich, Milwaukee, WI) were 

measured in a lOmL vial and immersion plated with 2g, lOg, and 2Sg of NajPdCl^ 

(99.9%, Alpha Aesar, Ward Hill, MA). The NajPdClg was dissolved in 25mL 0.025M 

HCl and 5mL of the solution were mixed repeatedly with the iron in a lOmL vial. The 

particles were rinsed three times with deionized water. 5mL of a 6.64x10'^M 2-

chlorophenol (99+%, Aldrich, Milwaukee, WI), acetone/water (50% v/v) solution were 

mixed with the Pd/Fe particles with the aid of a mechanical hand shaker for 2 minutes. 

2mL of the reaction solution were placed in a 5mL vial and extracted once for two 

minutes with ImL of a CHjClj solution containing 1.94xlO"^M 1,2,4-trimethylbenzene. 

The remaining reaction solution in the lOmL vial was decanted and the Pd/Fe in the vial 

was rinsed for about 20 seconds with approximately 5mL of acetone/water (50% v/v). The 

acetone/water was decanted from the vial. The Pd/Fe in the lOmL vial was extracted once 

for two minutes with 2mL of the CHjClj solution containing 1.94xlO"^M 1,2,4-

trimethylbenzene. Two injections of each of these extracts were made into the 5880 

GC/FID. The Aphe„o|/Ase„„irt and for the reaction solution extracts were 

calculated for each experiment. The area ratios for reaction solution extracts and Pd/Fe 

extracts were summed for phenol and 2-chlorophenol. The total phenol produced and total 

2-chlorophenol remaining for the three different amounts of deposited palladium are plotted 

in Figure B.18. 
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B.4.2 Conclusions 

The data in Figure B.18 show that the amount of hydrodechlorination is proportional to 

the amount of palladium deposited on the iron surface. Although it appears that there may 

be a certain threshold ratio of palladium/iron particles, an increased amount of palladium 

has no benefit and may degrade the reactivity of the Pd/Fe by premature oxidation of the 

iron. This occurs because of the hydrogen intercalating into the palladium lattice which 

drives the reduction of water at the expense of oxidizing iron (see half reactions (4) and (5) 

in Section B.l). 

B.5 Reducing Power of Fe and Pd/Fe 

The following experiments used Fe2(S04)3 and FeiOj ions to compare the reducing power 

of Pd/Fe and Fe. 

Two lOmL vials containing Pd/Fe were prepared as follows. 25mg of NajPdCle 

(99.9%. Alpha Aesar, Ward Hill, MA) were dissolved in 25mL of 0.025M HCl solution 

and deposited on 2g of untreated iron particles (<10 micron, 99.9+%, from Aldrich. 

Milwaukee, WI). 2ml of 200mg/100mL Fe2(S04)3 were mixed in one vial with the Pd/Fe 

for 30 seconds using a mechanical shaker. 2ml of 200mg/100mL Fe20, were mixed in the 

other vial with 2g of Pd/Fe for 30 seconds using a mechanical shaker. 2mL of each of 

these iron solutions were mixed with 2g of untreated <10nm Fe particles. Reduction of 

Fe'* to Fe'* occurred within 15 seconds for all four solutions. The solutions changed 

color: yellow/orange to colorless for Fe2(S04)3 and red particulate to colorless for FejO,. 

These results further suggest that palladium on an iron surface does not help reduce 
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inorganic compounds. Depending on the palladium coverage, the available iron surface 

may be reduced so much that the palladiimi impedes the reduction of high concentrations 

of inorganic compounds. 

A sign that the reducing power of Pd/Fe has diminished significantly may be the 

appearance of ferric ions in the reaction solution, i.e. diminished production of H,. The 

appearance of ferric ions was noticed after 2g of <10|im iron powder and 3g of 200 mesh 

iron particles (each palladized with lOmg NaiPdClj) were reacted with lOmL of a 2x10 ' M, 

4-chlorophenol solution. The reaction solutions were transparent yellow after 15 minutes 

for iron particles that were treated and not treated with 2.5M HCl prior to palladization. To 

determine if increased H, production would stimulate the reducing power of Pd/Fe, one 

drop of 12M HCl was added to each of the reaction solutions. After shaking each vial for 

60 seconds, the solutions became colorless and there was an almost 10-fold increase in the 

amount of the phenol product produced. 
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Figure B.6b XPS spectrum of a Pd/Fe chip after reacting with millimolar concentrations of 4-chlorophenol 
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Figure B.ll Hyrodechlorination of chlorophenols for HCl treated iron surfaces prior to palladium deposition. 
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Figure B.12 Hyrodechlorination of chlorophenols for untreated iron surfaces prior to the palladium deposition 
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