
SYMPOSIUM ON CONTAMINANT REMEDIATION 
WITH ZERO-VALENT METALS 

Indexed Extended Abstracts 

209th National Meeting of the American Chemical Society 

Division of Environmental Chemistry 

Anaheim, CA 

2-7 April 1995 

Reprinted with Permission 



PREFACE 

The first symposium devoted to the science and engineering of contaminant remediation 
with zero-valent metals took place as part of the 209th American Chemical Society National 
Meeting in Anaheim, CA. At the time the symposium was scheduled, the utility of zero-valent 
metals in remediation had just begun to attract widespread interest. It was unclear how large the 
community of active investigators would be by April 1995, but we (the organizers) decided that 
the symposium would still be beneficial even if most of the participants choose to remain in the 
audience. 

In the end, the response exceeded our most optimistic expectations: 40 papers were 
submitted, representing about 30 different research groups, and there was a capacity audience 
throughout. Much of what was presented is recorded in the extended abstracts that are published 
by the Society's Division of Environmental Chemistry. The book of extended abstracts-or 
"preprints of papers" as it is officially called-is distributed to all members of the Division, and 
is available to others for $12 from the Di vision's Publication Chairman. 

The extended abstracts to this symposium provide the most comprehensive resource 
currently available on remediation methods involving zero-valent metals. Originally for our own 
benefit, we made a table of contents and an index to accompany the abstracts. This turned out to 
be so useful that we have obtained permission from the Division of Environmental Chemistry to 
make a limited number of copies of the extended abstracts, and assemble them with the table of 
contents and index, under a separate binding. Generating an index from the word processor was 
easy, but identifying all the appropriate keywords for each abstract was not, so please accept our 
apologies if any abstract is not indexed appropriately. 

The extended abstracts are citeable documents. The original abstract book for the meeting 
is volume 35, number 1, and the page numbers are the same as they appear in this reproduction. 
Thus, a full citation of the abstract might appear as in the following example: L.I. Hardy and 
R.W. Gillham. 1995. Formation of hydrocarbons from the reduction of aqueous CO2 by zero-
valent iron. 209th American Chemical Society National Meeting. Anaheim, CA. Division of 
Environmental Chemistry Preprints of Papers, Vol. 35, No. 1, pp. 724-727. 

Paul G. Tratnyek, Oregon Graduate Institute 
Martin Reinhard, Stanford University 

1 May 1995 
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"PREPRINT EXTENDED ABSTRACT" 
Presented Before the Division of Environmental Chemistry 

American Chemical Society 
Anaheim, CA April 2-7, 1995 

RESURGENCE IN RESEARCH CONCERNING ORGANIC TRANSFORMATIONS 
ENHANCED BY ZERO-VALENT METAIS AND POTENTIAL APPLICATION IN 

REMEDIATION OF CONTAMINATED GROUNDWATER 

Robert W. Gillham 
Department of Earth Sciences 

University of Waterloo, Waterloo, Ontario 

We are currently in the midst of a significant resurgence in research concerning enhanced 
transformation of organic chemicals by zero-valent metals. The use of metals as catalysts in 
organic transformations has been studied for over a century, and over this period, a second body 
of literature has developed concerning metal corrosion by organic chemicals. These studies have 
generally involved extreme environments with respect to temperature, pressure and chemical 
matrix, and thus their relevance to environmental conditions (dilute aqueous solution under 
ambient temperature and pressure) is not readily apparent. The present resurgence can be 
attributed in part to rediscovery and in part to the need for improved technologies for 
remediation of contaminated groundwater. 

The current interest in the use of zero-valent metals for enhancing the degradation of halogenated 
organic compounds in aqueous solution can be traced in large part to the data of Figure 1. This 
data was generated by, Glenn Reynolds, as part of an MSc study to investigate the sorption of 
organic contaminants on well-casing materials (1). The primary interest of the study concerned 
polymer casing materials, and as suggested by Figure 1, uptake of bromoform was consistent 
with a diffusion process. The decline in concentration in the presence of the metal materials, 
particularly galvanized metal, was significant and clearly did not follow a diffusion process. The 
decline in concentration in the presence of the metals was suggested to be the result of reductive 
dechlorination, but was not explored further. Figure 1 was initially prepared in 1984, it 
appeared in Reynold's thesis in 1985 (1), and was eventually published in Environmental Science 
and Technology in 1990 (2). Though initially available in 1984, it was not until 1989 that the 
implications of Figure 1 with respect to groundwater remediation were recognized. 

Following duplication of Reynold's results, and with a focus on the applied aspects of the 
technology, the relative effectiveness of various metals was evaluated. Because of its 
effectiveness, availability and relatively low cost, granular iron was selected as the material for 
subsequent tests. Over the period from 1989 to 1991, various tests wj!re conducted that led to 
the conclusion that the process was indeed abiotic reductive dechlorination, that the reaction was 
pseudo-first order with respect to the organic substrate and that the rate of degradation increased 
with increasing iron surface area to solution volume ratio. Of particular importance, 
investigations of the range of chlorinated organic compounds for which the technology appeared 
applicable gave highly encouraging results. Of 14 halogenated methanes, ethanes and ethenes 
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tested, 13 clearly showed enhanced degradation, with normalized half lives (lm 2 iron surface 
area per ml of solution) ranging from 5 to 15 orders of magnitude lower than values reported 
in the iiterature for natural abiotic degradation rates. Of the compounds tested, hexachloroethane 
gave the shortest half life (0.013hr) and cl,2 dichloroethene the longest (19.7hr). 

Not surprisingly, the response of the scientific community to the early results ranged from 
cautious optimism to great scepticism, with the sceptics attributing the apparent decline in 
concentration to biological or sorptive processes. In spite of the element of scepticism, the early 
results were recently published in Ground Water (3). 

Encouraged by the laboratory results, and continuing with our applied interest, a field 
demonstration of the technology was conducted at the Canadian Forces Base Borden field site 
(4). As part of a previous study, a small region of the aquifer had been brought to residuai 
saturation with respect to an organic liquid consisting of trichloroethylene (TCE), 
perchlorethylene (PCE) and chloroform. The natural flow of groundwater through the source 
resulted in a narrow plume of contamination containing TCE at a concentration of about 270 
mg/Land PCE at about 43mg/L. At the time of the test the chloroform had been depleted from 
the source and was not present at significant concentrations in the contaminant plume. A 
permeable reactive wall consisting of 22 wt % granular iron and 78 wt % sand was constructed 
across the path of the contaminant plume. The thickness of the wall in the direction of flow was 
1.5 m and the groundwater velocity was about 9cm/day, giving a residence time for water within 
the reactive material of about 16 days. Figure 2a shows the concentration of TCE, PCE and 
chloride across t.'1e wall. The concentrations of both TCE and PCE declined rapidly over the 
first 50cm of travel distance through the wall, but at substantially lower rates over the remaining 
1.0m. Approximately 90% of the TCE and 88% of the PCE was removed from the solution 
phase, and the chloride balance (about 91 %) indicates that removal was indeed the result of 
dechlorination. Figure 2b indicates the production of chlorinated degradation products. The 
major product was cl ,2 DCE though lower concentrations of tl ,2 DCE and 1, 1 DCE were also 
detected (vinyl chloride was below detection). The chlorinated degradation products represented 
less than 10 % of the TCE and PCE lost from solution, and the products also degraded within 
the iron-sand mixture. Though large amounts of contaminant mass were removed, the effluent 
concentrations were substantially above the MCLs (maximum contaminant levels) for PCE, TCE 
and cl,2 DCE. The influent concentrations were, however, much higher than normally 
encountered at contaminated sites, and improved performance could undoubtedly have been 
achieved had a higher proportion of iron been used in the reactive mixture. Of particular note, 
the performance reflected in Figure 2 persisted over the entire 17 month monitoring period. 
Furthermore, core samples of the reactive material collected 13 months and 25 months after 
installation showed only minor alteration of the physical characteristics of the iron, and from 
tests conducted in co-operation with Paul Tratnyek and Leah Matheson of the Oregon Graduate 
Institute, it was found that biological activity within the wall was very low and probably of no 
consequence with respect to the degradation process. Thus there is every reason to believe that 
the performance of the wall would have persisted for a substantially longer period of time. 

At a time of growing dissatisfaction with pump-and-treat methods of groundwater remediation, 
the results of the laboratory tests and field demonstration hold great promise for the use of zero-
valent metals for passive in situ remediation of contaminated groundwater. Potential advantages 
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include the low cost and persistence of reactants, no energy requirements, conservation of water, 
non invasive in that above-ground structures are absent or minimal and the contaminants are 
degraded rather than being transferred to another medium. 

Researchers at the University of Waterloo gratefully accept a degree of credit for the current 
resurgence in the metal-enhanced degradation technology. It is apparent from the foregoing 
however that our recognition of the potential significance was not the result of a carefully 
planned and executed line of research, nor was it the result of a fundamental understanding of 
transformation processes. Indeed, as we have searched the literature, it has become apparent 
that there are several clues and areas of investigation that would have ultimately led to the same 
realization. Notable among these is the work of Sweeny and Fischer (5) who, in 1972, clearly 
recognized the applicability of zero-valent metals in environmental applications, and similar work 
by Senzaki and his associates in Japan (6-8). It is also inevitable that research involving reduced 
transition metal-organic complexes (9), electrolysis (10) and metal-catalyzed hydrodechlorination 
(11) would. have ultimately led to studies of zero-valent metals. 

Though the potential for use of zero-valent metals in groundwater remediation is evident, there 
are many unresolved questions. In particular, our understanding of the fundamental mechanisms 
is far from complete. Matheson and Tratnyek (12), through studies of the dechlorination of 
carbontetrachloride have made a significant contribution in this area. In particular, of three 
possible mechanisms that were proposed, direct oxidative corrosion on the iron surface was 
selected as the most probable. As more researchers with a broader range of backgrounds and 
with a range of investigative capabilities become involved, substantial progress concerning our 
understanding of the process can be anticipated. A greater understanding of the process could 
well improve the efficiency of application. There is however, a substantial need for further 
studies in a range of groundwaters from contaminated sites, and studies directed at the long-term 
integrity of in situ applications. 
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Figure 1. Decline in aqueous bromoform concentration over ti.me. 
(A) in contact with polymer materials: {B) in contact with 
metal materials. [Adapted from Reynolds et al. (1990)] 
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"PREPRINT EXTENDED ABSTRACT" 
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REDUCTIVE DECHLORINATION OF CHLORINATED ETHENES BY IRON METAL 

INTRODUCTION 

Timothy M. Sivavec and David P. Homey 
GE Corporate Research and Development 

Schenectady, NY 12301 

Reduction is an important degradation pathway for chlorinated solvents in reducing 
environments. Reductive dechlorination has been observed in a variety of environmental and 
laboratory systems including anaerobic sediments, soils, groundwater, ligand-metal systems, 
mineral sulfides and reduced metals. The complex relationship between various electron donors, 
both biological and chemical, in natural systems has limited the understanding of reaction 
mechanisms for such transformations. 

Metal corrosion processes promoted by chlorinated solvents have been studied 
extensively. Application of this chemistry to water treatment was first reported in the patent 
literature by Sweeny and Fisher (1972). Later work by Senzaki (1991) focused on dechlorination 
of 1,1,2,2-tetrachloroethane and trichloroethene (TCE) by iron metal in batch and column 
reactors. Gillham and co-workers have since extended the technology to in situ treatment of 
groundwater using permeable reactive wall design (Gillham and O'Hannesin, 1994). The goal of 
our research has been to develop a fundamental mechanistic understanding of chlorinated 
solvent/rron reaction chemistry and the factors that affect dechlorination rate and long-term 
performance in field application. 

Zero-valent iron is a well-known reducing agent relative to many redox-reactive species, 
including oxygen (eq. 1) and water (eq. 2). In the presence of water, alkyl chlorides are reduced 
in a thermodynamically-favored, two-electron transfer reaction according to eq. 3: 

2Fe0 + 02 + 2H2O <=> 2Fe2+ + 4OH- (1) 

FeO + 2H2O <=> Fe2+ + H2 + 2QH- (2) 

Fe0 + RCl + H+ --> Fe2+ + RH + x- (3) 

RESULTS AND DISCUSSION 

In this work, reduction of chlorinated ethenes by iron metal was studied in batch and 
column systems measuring disappearance rates and product appearance rates under anaerobic 
and mildly aerobic conditions. Dechlorination rates for TCE, cis-DCE, trans-DCB, 1, 1-DCE and 
VC were measured for more than twenty-five commercial iron metals in several physical forms. 
Several groundwaters were examined in addition to buffered Milli-Q water. Pseudo-first-order 

695 



dependence on chlorinated ethene concentration was determined in the presence of 0.1-1325 
m2JL iron metal. 

The specific surface area of an iron metal, measured by BET Kr or N2 adsorption, was 
the most important determinant of dechlorination rate. Specific suface areas of commercial iron 
metals (untreated) were found to vary by as many as four orders of magnitude and a linear 
correlation between dechlorination rate constant and iron surface area was determined (Figure 1). 
This correlation applies for many commercial iron metals with similar Fe0 surface 
concentrations. Depth profile analysis of iron surfaces by x-ray photoelectron spectroscopy 
(XPS) showed many iron metal surfaces to be protected similarly by a passive film of iron 
oxide/oxyhydroxide and organics. 

Chemical dissolution processes affecting surf ace oxides and hydroxides also influenced 
dechlorination rates. Examples include pretreatment of the iron with mineral acids and added 
corrosion agents that generate new iron surfaces in situ. Proton-and anion-promoted dissolution 
effects were greatest for electrolytically-prepared iron metals that, when treated, yielded high Fe0 

surface area concentrations and fast de-ehlorfr1ation rates. XPS depth p~file analysis was used to 
correlate Fe0 surface concentration with observed dechlorination rates. Dechlorination rate 
constants, half-lives and linear regression fits measured for TCE, DCE isomers and VC and one 
commercial iron metal, VWR coarse iron filings, are shown in Table 1. 

Table 1. Reductive Dechlorination Rates of Aqueous Chlorinated Ethenes Determined in 
Batch Experiments at 25°C (Milli-Q water buffered with 40 mg/L CaCOJ, initial pH 7) 
(25.0g VWR coarse iron filings (untreated): 100 or 122mL aq. TCE, DCE or VC) 

chlorinated initial cone. iron surface area/ rate constant t112 (h) r2 
ethene (mg/L) volume (m2/L) (h•l) 
TCE 25.5 310 0.0613 11.3 0.995 

cis-DCE 22.4 254 0.0068 101.5 0.943 
trans-DCB 21.8 254 0.0349 19.8 0.987 
1,1-DCE 22.2 254 0.0079 88.2 0.918 

vc 22.0 254 0.0158 43.9 0.978 

Low activation energies (3.6-4.3 kcaVmol) were measured for several commercial iron 
metals over a temperature range from 10 to 34°C, indicative of a diffusion-limited reduction rate. 
Mass transport effects were minimized in batch experiments by maximizing mi.Yh1g intensity. 

The effect of iron surface area concentration was studied by varying the iron mass in 
batch experiments. A linear relationship between the iron surface area concentration and pseudo-
first-order rate constant for TCE loss, kobsd (h-1),was determined (Table 2): 

kobsd=0.000127 [iron surface area]+ 0.00845 

Iron surface area concentrations (i.e., iron surface area/volume aqueous phase) are· 
significantly greater in column systems (e.g., 5260 m2/g) compared to batch systems (e.g., 250-
300 m2/g) due to the large mass of iron metal and low volume of pore water. Reduction rates of 
chlorinated ethenes, consequently, become practical in continuous-flow column and in situ wall 
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Table 2. First-Order Rate Constants and Half-Lives for TCE Reduction by Iron Metal: 
Effect of Iron Metal Mass and Surface Area of VWR Coarse Iron Filings 
under Mildly Aerobic Conditions (initial dissolved [02]=4.8 ppm) 

iron mass / volume (g/L) 200 150 100 50 
iron surface area/ vol. (m2/L) 248 186 124 62 

k nh<:tf (h-l) 0.0375 0.0321 0.0304 0.0160 
r2 (first-order fit) 0.9954 0.9915 0.9956 0.9900 
half life tin lb) 18.5 21.6 22.8 43.3 

avg. chloride mass balance (%) 86 89 76 82 
avg. ethene/ethane mass balance (%) 90 94 84 95 

25 
31 

0.0092 
0.9816 
75.3 
92 
88 

designs. TCE dechlorination half-lives of less than 10 minutes were measured in several long-
-term column studies. High flow velocities were used to improve mass transfer and to hasten 
steady-state conditions. Column experiments carried out under mildly aerobic conditions 
( < 5 ppm dissolved oxygen) showed significant consumption of dissolved oxygen, pH increases 
and complete precipitation of ferrous and ferric ions within the column. 

Adsorption isotherms for chloroethenes on several iron metals were also measured to aid 
in the interpretation of column results. One commercial iron metal, with a very low surface 
concentration of Fe0 relative to iron oxides, exhibited adsorptive effects in column studies. Loss 
of chloroethenes was not matched by appearance of products. In addition, this impure iron 
generated high concentrations of TCE daughter products in TCE column studies. 

In both batch and column systems, particular attention was paid to accurate 
determinations of product mass balances (chloride ion by ion chromatography and C2-C6 
hydrocarbons by purge-and-trap GC-FID). Product appearance rates matched chloroethene 
disappearance rates for most, but not all, commercial iron metals (Table 2). Many iron metals 
afforded chloride and C2-C6 hydrocarbon mass balances greater than 90%. As chloride is a 
ubiquitous surface contaminant, it was found necessary to account for chloride ion that leaches 
from some commercial iron metals by conducting control reactions (no chloroethene present) or 
by rinsing the iron metals with large volumes of water. 

Hydrocarbon products were predominantly ethene and ethane. However, higher 
concentrations of C3-C6 hydrocarbon products were observed in TCE dechlorinations. GC-MS 
analysis of 13C2-labeled TCE degradation products showed all C2-C6 hydrocarbons to be fully 
13C-labeled. Coupling of intermediate carbon-centered radicals (eq. 4) and carbon-carbon bond 

RX + e- --> R• +x- (4) 

cleavage (i.e., C3 and CS hydrocarbon production) at the iron surface are consistent with a direct 
reduction mechanism. Iron metals of low purity containing higher surface carbon concentrations 
were found to incorporate a small amount of surface carbon into C3 and CS products. TCE 
dechlorination reactions conducted in D20 generated perdeuterated C2-C6 hydrocarbons. 

No significant build-up of daughter products were measured in TCE batch or column 
studies using most commercial iron metals. This finding is interesting given the lower reduction 
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rate for DCB an.d VC relative to TCE (Table 1), caused in pai"'t by their lowered reduction 
potentials. Although reductive dechlorination of TCE appears to occur in a stepwise manner, 
strong chloroethene-Fe 0 1t-bonding may prevent DCB and VC products from desorbing from the 
iron metal surface before they are fully reduced to ethene or ethane. Matheson and Tratnyek 
(1994) have observed sequential dechlorination products in carbon tetrachloridefrron studies and 
high concentrations of daughter products have been observed in chloroethanefrron studies 
(Sivavec, unpublished results). 

All experimental evidence was found to support a direct reduction mechanism in which 
electron transfer from FeO to the adsorbed chloroethene occurs at the metal/water interface. 
Reduction by iron oxides and oxyhydroxides was not seen. However, passive oxides at the iron 
metal surf ace will affect partitioning of chloroethenes from the bulk aqueous phase to the metal 
surface. No relationship between surface sulfide or trace surface metals and reduction rate was 
observed. Transformation of the iron surf ace by chemical means or by contact with sulfate-
reducing bacteria, however, may promote reduction by other mechanisms such as those mediated 
by mineral sulfides (Kriegman-King and Reinhard, 1994). 
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Figure 1, Effect of iron metal su..-rface area on pseudo-first-order rate constants 
for TCE dechlorination. Rates were measured at 25°C at 250g iron/L. 
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DECHLORINATION OF CARBON TETRACHLORIDE BY IRON METAL: 
THE ROLE OF COMPETING CORROSION REACTIONS 

Timothy L. Johnson and Paul G. Tratnyek 

Department of Environmental Science and Engineering 
Oregon Graduate Institute of Science & Technology 

P.O. Box 91000, Portland, Oregon, 97291 

In waters contaminated with chlorinated solvents, three oxidants are available to drive corrosion 
of metals: water, dissolved oxygen, and the chlorinated contaminant. The corrosion reaction involving 
water ( eq I) is slow but presumably ubiquitous, whereas corrosion of Fe 0 by reaction with dissolved 
oxygen (eq 2) is very rapid as long as 0 2 is available. The presence of chlorinated solvents in an Fe0-
H2O system provides another possible reaction (eq 3) that can contribute to the overall corrosion rate. 
In general, the net rate of corrosion will be rapid at clean Fe0 surfaces as long as a strong oxidant such 
as 02 or CCl4 is available. 

FeO + 2 H2O Fe2+ + H2 + 2 OH- (1) 
2 Fe 0 + 0 2 + 2 H2O 2 Fe2+ + 4 OH- (2) 
FeO + RX + H+ Fe2+ + RH + x- (3) 

As corrosion proceeds, however, reaction products will precipitate that are likely to cause 
passivation of the metal. Of the many solid phases that may form under environmental conditions, three 
are representative: siderite, goethite, and green rust. Siderite will be favored in carbonate-rich waters 
(eq 4), and goethite is expected where excess oxidant is available to further react with Fe2+ giving Fe3+ 
(eq 5). Green rust I (GRl) is a layered oxide containing Fe2+, Fe3+, and c1- that commonly forms in 
corroding metal systems [1] (eq 6), and has recently been discussed in a geochemical context [2]. 

HCO 3 + Fe2+ FeCO3(s) + H+ (4) 
4 Fe2+ + 0 2 + 6 H2O 4 a-FeOOH + 8 H+ (5) 
7 Fe(OH)i + Fe2+ + 2 Cl- + 0.5 0 2 + (2n+l) H2O 

2 [3Fe(OH)i • Fe(OH)iCl • nH20] (6) 

The preceding discussion reveals several important areas of uncertainty regarding the processes 
that occur during in situ treatment of halocarbon-contaminated groundwater. Equations 1-3 represent 
three potentially competing corrosion reactions among which dechlorination is only one. A goal of this 
study is to assess the relative significance of solvent dechlorination among these three possibilities. 
Equations 4-6 represent precipitation reactions that will occur under different geochemical conditions, 
but all three my occur at any particular field site. A second goal of this study is to determine how the 
accumulation of these precipitates is determined by the chemical gradients created by subsurface 
barriers of Fe0, and how these precipitation zones effect the degradation of chlorinated solvents. Two 
column studies have been performed using a configuration that was designed to model a cross section 
of an in situ permeable iron barrier by including up-gradient, iron-bearing, and down-gradient zones 
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(Fig. 1). The first column received varying amounts of cJ,Jorinated solvents in air saturated deionized 
water for 10 months and provided our first look at the spatial and temporal dependence of chemical 
processes under these conditions [3]. The second column was designed similarly, but has received only 
deoxygenated water and CC14 to date. 

1.5 
Up-Gradient ... Iron-Bearing Zone Down-Gradient 

1.0 

0.5 

r 

0.0 

t' l,.·:••~~ ....... . NoCC1 4 . ............................................ . ... 
0 20 40 60 80 

Column Distance (cm) 

Figure 1. Concentration of iron in pore water sampled along Column I with and without CC4 in the 
influent. Darkly-shaded zones represent regions of visible precipitation. [02]0 ""0.3 mM, Fe0 = 185 
m2JL, v = 30 cm/day. 

The unique design of these columns allowed the rates and products of CC14 degradation, as 
well as changes in column chemistry resulting from corrosion and precipitation, to be determined as a 
function of time and location along the column length. Before CCI4 was introduced in Column I, very 
little iron dissolution was observed except at the up-gradient interface of the iron-bearing zone, where 
dissolved 02 was consumed by reaction 2 (Fig. 1). When CC14 was added, a marked increase in iron 
dissolution was observed, which we attribute to corrosion by dechlorination of CC14 (eq 3). The 
difference between the two profiles in Fig. 1 indicates that oxidative dissolution of iron is primarily due 
to reaction with CC14 (at 2.5 mM) and not 02 or H2O. This interpretation is further supported by the 
correlation between the concentration of dissolved iron and CC14 across the length of the iron-bearing 
zone (Fig 2). Linear regression on these data gives a fitted slope that is somewhat less than unity, 
which we attribute to the obvious precipitation of iron in the column. If precipitation in the column were 
not significant, the slope of Fig. 2 should be greater than one due to additional Fe0 dissolution by 
further dechlorination of the CC14 reduction products. Analogous correlations can be derived from 
Coiumn I data by comparing the steady-state concentration of Fe2+ at different input concentrations of 
CCI4. The data (not shown) suggest an intercept that is not significantly different from zero, as it 
should in the absence of absence of any significant corrosion reactions other than eq 3. 
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Figure 2. Concentration of Fe2+ found in solution at sampling ports throughout the iron-bearing zone 
of Column II, showing the dependence of iron corrosion on CCl4 concentration. [02]o < 2 x 10-4 mM, 
Fe0 = 40 m2/L, v = 30 cm/day. The regression line is [Fe2+] = (0.95±0.01) - (0.67±0.02)[CC1 4]. 

Of the three corrosion reactions considered above (eqs 1-3), only reduction of H20 yields H2 
(eq 1). It has been pointed out previously that H2 and Fe2+ are products of corrosion that-in addition 
to the Fe0 metal-could serve as direct reductants of chlorinated solvents [4]. However, the conclusion 
that eq 3 is the dominant reaction in our columns leaves little room for intermediacy of H2 in the 
dechlorination process. The additional possibility that Fe2+ plays a role in dechlorinating solvents will 
depend on its reactivity as an adsorbed species or as "structural iron" in the various precipitates that 
may form (e.g. GRl, eq 6). Either of these reductants could produce dechlorination in the zone of 
precipitation just down-gradient from the iron-bearing region of our columns. We have preliminary data 
(not shown) to indicate this process does occur, but also that it contributes little to the net loss of CCl4 
relative to dechlorination that takes place within the iron-bearing zone. 
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The proposed use of zero-valent iron for remediating contaminated ground water has 
prompted numerous laboratory and field studies to assess the general applicability of this 
treatment scheme (Gillham and O'Hannesin, 1994). Two types of treatment schemes are 
currently being pursued that involve the use of either in situ reactive barriers or above 
ground barriers . In order to fully realize the potential use of zero-valent iron in 
remediation processes, a thorough understanding of the reaction mechanisms for the 
reductive transformations is necessary. 

The primary question concerning reaction mechanism that this study addresses is 
whether reduction by zero-valent iron is a surface-mediated process. The resulting 
implications concerning the proper engineering of iron remediation technologies can be 
significant. If reduction by zero-valent iron is a surface-mediated process, we can 
probably assume that transport of the contaminant of interest to the iron surface will be 
the limiting step in many treatment scenarios. Methods to facilitate transport of target 
chemicals to the iron surface would then be of important. Furthermore, this finding would 
suggest that iron treatment systems will be limited to scenarios involving water-soluble 
contaminants that can readily access the iron surface. Thus, remediation of sorbed 
pollutants (e.g., PCBs) by treatment with iron may not be feasible. 

Much of the impetus for this work has come from the studies of Matheson and 
Tratnyek (1994) who have proposed several pathways for reductive dehalogenation in 
anoxic Fe0-H20 systems. These reaction pathways involve either direct electron transfer 
from zero-valent iron at the surface of the iron metal or by reaction with dissolved Fe2+ or 
H2, which are products of iron corrosion. Because direct reduction by Fe2+ or H2 are 
generally very slow reactions, activation of these species by catalysts (perhaps the iron 
surface) is generally required for facile reductions to occur. A key question that rem~h1s is 
whether iron reduction occurs at the iron surface, either involving direct electron transfer 
by zero-valent iron or complexation of a product of iron corrosion, or in the aqueous 
phase by release of a water-soluble reductant 
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To determine whether reduction by zero-valent iron is surface-mediated, I have 
studied the reduction kinetics of a probe molecule, both in the solution phase and bound to 
a solid support, in the presence of granular iron. The probe molecule chosen, 4-
aminoazobenzene (4-AAB), was practical for two reasons. First, aromatic azo 
compounds are known to be susceptible to reduction by iron. Second, 4-AAB contains a 
reactive amino group that provides the means for attaching the molecule to a non-reactive 
surface that has been derivatized with an electrophilic functional group. By attaching the 
4-AAB to a solid support, the transport of the probe molecule to the surface of the iron 
has been precluded. As such, reduction of the azo linkage of covalently bound 4-AAB 
would strongly suggest a reaction mechanism involving the formation of an aqueous phase 
reductant that was able to diffuse to the bound 4-AAB. Conversely, an observed lack of 
reduction of bound 4-AAB would argue favorably for a reaction mechanism involving a 
surface-mediated process. 

After working with several solid supports, it was determined that the material best 
suited for these studies was epoxy-activated Sepharose beads. The nucleophilic amino 
group of 4-AAB attacks the terminal carbon of the epoxide group resulting in formation 
of the Sepharose bound 4-AAB (Scheme 1). Reductive cleavage of the azo group results 
in the release of aniline. The rate of azo reduction can be determined by measuring the 
rate of formation of aniline by liquid chromatography. 

Scheme 1 

j Nucleophilic + Addition 

~-
H~N..~ 

4-AAB was attached to epoxy-activated Sepharose beads (19 to 40 µmol epoxide/ml 
of bead) by gentle heating in a 2: 1 mixture of acetonitrile and water. To insure thorough 
coverage of the Sepharose beads, a 100-fold excess of 4-AAB was used. This method 
was found to provide surprisingly uniform coverage of the Sepharose beads. The 
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coverage was determined by treating a known quantity of the beads (by weight) with an 
excess of sodium dithionite. By measuring the amount of aniline released, the coverage of 
the Sepharose beads with 4-AAB was determined to be 4.80 x 10-6 mmol/mg. 

Initially, the reduction of free 4-AAB was studied in an iron-water system ([Fe°]= 10 
mg/ml, pH= 7.2, [4-AAB] 0 = 1 x 10·5 M). The iron-mediated reduction of free 4-AAB 
was found to be a facile process, with complete loss of 4-AAB observed in 2 hr (Figure 
1) .. The loss of 4-AAB was concomitant with the rapid formation of aniline. The rapid 
reduction of 4-AAB occurred even if corrosion of the iron surface was not initiated by 
treatment with hydrochloric acid. By contrast, no formation of aniline was observed when 
the bound 4-AAB was suspended in the iron-water system. This result suggests that 
direct contact of the substrate with the iron surface is necessary for electron transfer to 
occur. Reduction of the bound 4-AAB could be effected by the addition of water soluble 
electron-mediators. The addition of jugalone, a hydroquinone that has been found to be 
an efficient electron-mediator for the reduction of nitroaromatics, to the iron-water system 
containing bound 4-AAB resulted in 85% of the theoretical yieJd of aniline in a 24 hr 
period. Other electron-mediators, including a humic acid isolate, hematin, and 
chlorophyll, exhibited reactivity, but not to the extent of jugalone. 

The results of these studies thus far indicate that reductive transformation by zero-
valent iron is a surface-mediated process. The requirement that the substrate of interest 
contact the iron surface in order for electron transfer to take place, however, can be 
circumvented by the addition of appropriate water soluble electron-mediators. Recent 
studies have suggested that sulfur species can accelerate the iron-mediated reductions 
(Cipollone et al., 1993; Lipczynska-Kochany et al., 1994). Work is now in progress to 
determine whether added sulfur species (e.g., sulfide) act simply to "clean" the iron 
surf ace, resulting in an increase in reduction sites, or by some other reaction with Fe0 or its 
corrosion products to form water soluble reductants. 
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Recent work by Gillham and co-workers (Gillham et al., 1993; Gillham and O'Hannesin, 1994) has shown 
that zero-valent metals such as Fe(0) offer great promise in remediating contaminated groundwater 
through their ability to promote abiotic reductive dehalogenation reactions. These researchers have 
demonstrated that a variety of zero-valent metals can reduce chlorinated methanes, ethanes, and ethenes 
at rates that are sufficiently fast to be useful for treatment purposes. In field trials, a permeable wall 
containing iron filings that intercepted a plume of groundwater contaminated with tetrachloroethylene 
and trichloroethylene successfully reduced contaminant concentrations by 90% (Gillham and O'Hannesin, 
1993). The mechanism of reduction was not, however, investigated in these studies. Since reaction 
mechanism has important implications to reactivity and product distribution, insight into the reduction 
mechanism is essential before the use of zero-valent metals can be optLf!IJze-d in remediation schemes. 

Matheson and Tratnyek (1994) have conducted further investigations ofCC14 reduction by iron (0). They 
have hypothesized that reduction could occur by one of three possible pathways: direct reduction at the 
surface of the metal; reduction by ferrous ion formed during metal corrosion by water or oxygen; or 
reaction with hydrogen, also produced from metal corrosion. These researchers felt that the first 
explanation was the most plausible, since amending systems with FeC12 or with H2 had little effect on 
reaction rate; furthermore, acid cleaning of the iron and an increase in mixing rate both accelerated the 
rate of CC14 reaction. It was suggested that reduction proceeded by transfer of a single electron, resulting 
in the formation of a carbon-centered radical. 

In principle, reduction may occur via either free radical or by two-electron pathways (Eberson, 1987). 
For example, CC14 may undergo a one-electron reduction to yield a trichloromethyl radical, which can 
subsequently abstract H• to form CHC13, couple to yield hexachloroethane; or react with oxygen, 
eventually resulting in phosgene (Criddle and McCarty, 1991): Alternatively, a net two-electron reduction 
of CCl4 produces a trichloromethyl carbanion, which can be protonated to form CHC13 or undergo a.-
elimination to form dichlorocarbene, which can then react with water to result in formate and carbon 
monoxide (Criddle and McCarty, 1991). In the environmental chemistry literature, reduction of 
contaminants is generally held to follow a free radical pathway (Schwarzenbach et al., 1993; Larson and 
Weber, 1994). Nevertheless, thermodynamic calculations (presented in Table I) indicate that two-electron 
reductions should be favored over free radical pathways for chlorinated methanes. For reaction ofCCl4 
with many reductants, Criddle and McCarty (1991) have shown that a two-electron reduction to 
dichlorocarbene should be favored over reduction to the trichloromethyl radical. These researchers have 
further suggested that whether CC14 undergoes reaction primarily to CHC13 versus to the more 
environmentally benign formate and carbon monoxide products may depend on whether the initial 
reduction step takes place by initial transfer of a single electron versus transfer of two electrons in a near-
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simultaneous fashion. If single electron transfer reactions really predominate under environmental 
conditions, this may simply reflect a greater availability of single-electron reductants, such as metal ions, 
relative to two-electron reductants. In the case of zero-valent metals which undergo a net oxidation by 
two electrons, however, the intermediate oxidation state is typically relatively unstable, and the possibility 
that these reductants could transfer two electrons in a more-or-less concerted manner should not be ruled 
out. 

In order to shed light on the question of how electrons are transferred during reductive dehalogenation 
reactions promoted by zero-valent metals, we have been exploring evidence derived from the 
stereospecificity of the reductive j3-elimination ofvicinal dihalide stereoisomers synthesized in our 
laboratory. The rationale underlying these experiments is illustrated in Figure 1. If a vicinal dihalide were 
to undergo reduction by a pathway involving a more-or-less concerted transfer of two electrons, the 
requirement for an antiperiplanar conformation would dictate that the reaction should proceed with a high 
degree of stereospecificity: reduction of a D,L isomer should yield a cis olefin, while reduction of the 
mesa isomer should proceed to the trans olefin. A one-electron reduction, however, would yield a free 
radical, which could experience rotation about the carbon-carbon bond, resulting in a mixture of cis and 
trans product regardless of the identitity of the starting material. Moreover, since the bond rotation is 
governed by the conformational equilibrium of the rotamers, the ratio of cis to trans product should be 
identical for both the mesa and D, L dibromoalkanes, resulting in stereoconvergence. 

An example of the results we have obtained to date is shown in Figure 2. Our experiments have shown 
that mesa 2,3-dibromopentane is debrominated by zinc metal to yield > 95% trans-2-pentene, and D, L 
2,3-dibromopentane is debrominated to > 95% cis-2-pentene. These experiments convey a great deal of 
information concerning the mechanisms through which reductive dehalogenation takes place in aqueous 
solutions containing zero-valent metals. Because Zn(II), unlike Fe(II), is incapable of further oxidation, 
the reaction cannot be mediated by metal ions resulting from corrosion. In addition, since the reaction 
does not involve hydrogenolysis, reaction with hydrogen can be dismissed. Reduction therefore must take 
place at the surface of the metal. Furthermore, the very high degree of stereo specificity indicates that the 
metal is transferring two electrons in an essentially concerted fashion: the reaction is thus unlikely to 
involve a free radical intermediate. Preliminary results indicate that reaction rate is first order with respect 
to vicinal dihalide concentration and is dependent on zinc metal loading. Studies are currently under way 
to determine the effects of mixing rate, pH, and zinc surface area on reaction rate, as well as reactivity 
and stereospecificity of reduction promoted by other metals. 
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Table I: One- and Two-Electron Reduction Potentials for Chlorinated Methanes in Aqueous 
Solution at 25°C. Calculations assume {Cl-} = 10-3 Mand {H+} = 10-7 M; activity of all other 
species == 1 M. 

Reactions: 

R-X + e- • R• +X- Eot 
R• + W + e- • R-H Eo2 
R-X+W+2e- • R-H+X- Eo3 

Alkyl Halide Eo1 Eo2 Eo3 
CCl4 0.23 1.04 0.64 
CHCI3 -0.36 1.45 0.54 
CH2CI2 -0.54 1.54 0.50 
CH3Ct -0.70 1.64 0.47 

Sources of thermodynamic data: 
-

Dean, J. A. Handbook of Organic Chemistry. Mc-Graw-Hill: New York, 1987. 
Luke, B. T.; Loew, G.; McLean, A. D. J. Am. Chem. Soc. 1987, 109, 1307-1317. 
Mackay, D., W. Y. Shiu, and K. C. Ma. Illustrated Handbook of Physical-Chemical Properties and 

Environmental Fate for Organic Chemicals. Vol. 3. Lewis: Ann Arbor, MI, 1993. 
O'Neal, H. E., and S. W. Benson. "Thermochemistry of Free Radicals." Free Radicals. J. K. Koehl, ed. 

Wiley and Sons: New York, 1973. 
Wagman, D. D.; Evans, W. H.; Parker, V. B.; Schumm, R. H.; Halow, I.; Bailey, S. M.; Chumey, K. L.; 

Nuttall, R. L. J. Phus. Chem. Ref. Data 1982, 11, suppl. 2. 
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Figure 1. Stereoselectivity in reduction of vicinal dibromides by (a) two-electron pathways and (b) 
free radical pathways. M: represents a metal reductant. 
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Figure 2. Reduction of D, L 2,3-dibromopentane to cis-2-pentene by 10 g of 30-mesh zinc granules 
at 25°C, pH 7. Reaction with zinc is carried out in 5 mM deoxygenated NaCl solution in.1000 mL 
(nominal volume) round-bottomed flasks. Solid line indicates exponential fit to D,L-
dibromopentane data; dotted line indicates predicted concentration of cis-2-pentene, assuming it 
represents the sole reaction product 
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An elemental iron cathode was used to promote the electrolytic dehalogenation of carbon 
tetrachloride at set potentials ranging from -0.6 to -1.0V (vs. SHE). Part-per-thousand levels 
of CC14 were reduced to chloroform in a matter of hours. Reaction kinetics were sensitive 
to the applied potential and solution pH. The latter observation suggests that hydrogen is 
formed by the reduction of H+ in the cathodic cell and serves as an intermediate for CC14 
hydrogenolysis. In the range of Sxl0-4 to 5x10·3 min•1, the effective first order rate constant 
for carbon tetrachloride reduction was correlated to the overall free energy change in the 

.reaction. 

Keywords: reductive dehalogenation, hydrogenolysis, halogenated aliphatics, zera:valence 
metals, carbon tetrachloride. · 

Introduction 

The industrial and agricultural use of halogen~ted aliphatic compounds has led to the 
widespread contamination of groundwaters. There are strong environmental and economic 
incentives for improving upon. existing methods of remediation. Although heavily 
halogenated aliphatics are particularly resistant to aerobic transformations, they are 
sometimes conveniently dehalogenated under reducing conditions. Consequently, one. 
approach to remediation is to dehalogenate or partially dehalogenate organic halides under 
reducing conditions to yield intermediates that are more amenable to in situ aerobic 
treatments. 

Zero-valence metals were identified as agents for abiotic dehalogenation reactions by 
Sweeney and Fischer [1], who used granular zinc to enhance the degradation of pesticides. 
Gilham et al. [2], Matheson and Tratnyek [3], and Warren et al. [4] further explored the 
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chemistry and limitations of zero-valence metals as agents for the reductive transformation of 
halogenated aliphatics including carbon tetrachloride (CT). The minimum reactive system in 
these investigations consisted of elemental metal, distilled water and the target compound. 
Observed rates of reaction generally proceeded in the order expected based on reaction 
thermodynamics. That is, the more heavily halogenated targets and more reducing metals 
produced faster reactions. 

Criddle and McCarty [5] electrolytically reduced CT and 1,1,1-trichloroethane (TCA) using a 
silver electrode at potentials between -0. 71 and -0.93 vs. SHE. Observed rates of reaction 
were dependent on the set potential in the cathodic cell as well as the identity of the target · 

· compound. 

Here we explore the use of an electrolytic cell with a cathode consisting of elemental iron for 
the reductive dehalogenation of part-per-thousand levels of carbon tetrachloride. The system 
under study offers the advantages of extremely fast reaction rates and no Fe(II) or Fe(Ill) 
residuals in the liquid phase. Such products could eventually precipitate causing aquifer 
plugging during remediation applications in the field. Voltage can be manipulated to 
minimize the production of H2 at the cathode. Elemental iron appears to provide an 
effective, low-cost surface for this class of reactions. 

Materials and Methods 

The experimental reactor consisted of a two-part glass vessel with a Nafion-117 proton-
permeable membrane. The cathodic cell had ports for sparging the solution with pure inert 
gas (argon or helium), withdrawing gas~ or liquid:.phase samples, and installing the working 
and reference electrodes. The chamber itself, Nation disks and a platinum counter electrode 
were supplied by Electrosynthesis Corporation. The reference electrode was a single-
junction Ag/ AgCl (saturated) electrode (Orion 90-02) that was positioned proximate to the 
cathode to minimize voltage drops arising from buffer resistance. The 25x21-mm 
rectangular cathode, or working electrode, was manufactured in house from elemental iron 
(Puratronic grade, Johnson Matthey Corp.) and silver-soldered to a glass-sheathed silver 
connecting wire. The platinum anode was used without treatment; the iron cathode was 
lightly sanded with 400-grit paper between experiments to remove corrosion products and 
~rovide a consistent regenerated surface. 

A potentfostat (Electrosynthesis Corp., model 410) provided a constant voltage of -0.6, -0.8, 
or -1.0V (vs. SHE) to the working electrode. Amperage through the cell was measured · 
during the course of each experiment. The 370-ml cathodic cell was half-filled with Milli-Q. 
water containing 0.2 M NaCl. CC14 was added to desired ·concentration and equilibrated for 
at least 1 h pefore reaction was initiated by lowering the cathode into the liquid phase. No 
conversion of CT was observed in the reactor headspace prior to that point. Throughout 
each experiment, the aqueous-phase pH was maintained at specified levels from 2.0 -to 6.0 by 
adding dilute HCl using a Brinkmann autoburette (Metrohm 665 Dosimat) and controller 
(Metroh~ 614 Impusomat) linked to a combination electrode (Beckman, model. 39849) that 
was positioned in the cathodic C01"}partm~nt. The liquid contents of the reactor were 
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Headspace samples were withdrawn at 5-10 min intervals for the measurement of gas-phase 
carbon tetrachloride and chloroform. Mass-balance considerations strongly suggest that 
CHC13 was the only major transformation product and that the distributions of reactants and 
products between the gas and liquid phases were at equilibrium throughout each experiment. 
Rate parameters were generally determined from the chloroform data assuming that · 
equilibrium was maintained. Halomethanes were analyzed using a Hewlett-Packard 5890 gas 
chromatograph with DB-1 column and FID. 

Results and .Discussion 

Observed rates of electrolytic reductive dehalogenation of carbon tetrachloride were first 
order in CC14 and dependent upon both the aqueous-phase pH and the cathode potential 
(Figure 1). Pseudo-first-order dependence on the concentration of carbon tetrachloride was 
reported in non-electrolytic systems by Matheson and Tratnyek; [3], as was an inverse 
dependence of the reactio,n. rate constant on pH. Reaction rate dependence on solution pH 
disappeared at the most negative cathodic voltage used in our experiments, suggesting that 
overall rates of reaction· were limited by rates of mass transport under those conditions. 

In order to compare reaction kinetics reported by Matheson and Tratnyek with our own it is 
necessary to normalize the apparent rate constants based on the specific surface areas of 
Fe(0) in the respective reactors. To that end, it is estimated that the specific surface area of 
elemental iron in their reactors was about lOOOx our own (1.2x10-2 vs. 1.2x10-s m2/ml 
solution). At a pH of 6.0 (the only comparable pH used in the two studies), their apparent 
first order rate constant of 0.09 min-1 was only 20 to lOOx our own, depending upon which 
potential is selected for the comparison. That is, the second-order rate constants measured in 
this study were 10-50x the corresponding rate constants of Matheson and Tratnyek. 
Differences suggest that reaction energetics is an important determinant of transformation 
kinetics. · 

Despite differences in the pH ranges of the two investigations, it is possible to compare 
resul~ on the basis of slopes of the pH-dependent reaction-rate constants. In both studies, a ·· 
unit-order dependence on the solution pH was observed. Furthermore, the coefficient 
representing the linear relationship between rate constant and pH in our study (b=6.5xlo-4 
per min-pH unit; cathodic potential= -0.SV) was approximately 36x the corresponding, area-
adjusted figure from Matheson and Tratnyek [3]. Although there were significant differences 
in the conditions of the two studies-most notably, temperature and stirring rate, it is likely 
that only the applied potential could account for differences in rate of the magnitude 
observed. Because of the consistent, linear dependence of rate constant on pH in both 
studies, it also seems probable that the mechanism of CC14 reductive dehalogenation did not 
change over the pH range 2-10. Under the conditions of the two sets of experiments, no 
change in the rate-limiting step was apparent over the entire range~ · 

In order to establish a common basis· for the rate dependence on cathode potential and 
solution pH, variation in the.hydrogen ion ~ctivity was conv~rted to differences in half-
reaction potential usirig the Nernst equation. It was assumed that the (hydrogen ion) 
stoichiometric coefficient for a one-electron transfer to H+ was -1 (negative since hydrogen 
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ion is a reactant). Under those conditions, a 2-log change in the hydrogen-ion concentration 
results in about a 0.1-volt change in the half-reaction potential. A 4-unit change in the 
solution pH would be required to bring about the change in reaction potential that is 
produced by decreasing the cathode potential from -0.8 to -1.0V. Interestingly, the increases 
in reaction rate constant that were attributable to a 4-unit decrease in pH (from 6.0 to 2.0) 
and a 0.2-volt decrease in the fixed potential were about the same (Figure 1). 
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\.Vhen considering the abundance and the reduction potentials (Fig. 1) of naturaliy 
occurring reduced iron species, it seems likely that such species play a pivotal role as 
electron donors or electron transfer mediators in the reductive transformation of organic 
pollutants (e.g., reductive dehalogenations, reduction of nitro- and azo compounds) in 
anaerobic environments. In earlier work, it has been demonstrated hat in homogeneous 
aqueous solution, polyhalogenated methanes and ethanes (Perlinger, 1994, and references 
cited therein), as well as nitroaromatic compounds (Schwarzenbach et al., 1990) are 
readily reduced by Fe(II)porphyrins. In parallel work, (Heijman et al. 1995), we have 
postuiated that in a laboratory aquifer column, the reduction of a series of substituted 
nitrobenzenes occurred by a reaction with surface-bound iron species which served as 
mediators for the transfer of electrons originating from microbial oxidation of organic 
material (Fig. 2). This hypothesis was partly based on the results of Heijman et al. ( 1993), 
and on the work presented in this paper. 

In a series of batch experiments, the reduction kinetics of .10 monosubstituted 
nitrobenzenes were studied in aqueous suspensions of a variety of mineral oxides (i.e., 
magnetite, goethite, lepidocrocite, y-aluminum oxide, amorphous silica, and titanium 
dioxide) in the presence of Fe2+. For all iron (hydr)oxides investigated and exemplified by 
Fig. 3 for the magnetitefFe2+ system, fast reduction of the nitroaromatic compounds was 
observed at pH values above about 6.5. In the case of non-iron mineral oxides, reduction 
rates were much smaller but increased with time due to the formation of iron (hydr)oxide 
coatings on the surfaces of these oxides. 

Figure 4 illustrates, that the reduction rates -generally were strongly pH-dependent. 
Furthermore, it was found that the reduction rates decreased with increasing compound to 
solids concentration ratio. This may be interpreted by the presence of reactive Fe(m-sites 
of very different reactivities. In addition, in a given suspension, a decrease in reactivity 
was observed over longer time periods, which was attributed to changes in the surface 
properties of the iron (hydr)oxides due to physical a.rid chewJcal changes of the solids. 
Finally, from the analysis of the relative reduction rates of the 10 nitrobenzenes, it is 
concluded that adsorption of the compounds to the reactive sites, and, depending on the 
solution conditions, also regeneration of reactive sites are the rate-limiting steps. 
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iron(III)/iron(II) couples (middle), and of some biogeochemically important redox 
couples (right side). Indicated are standard reduction potentials, Ea(w), at 
environmentally relevant conditions, i.e., T = 25°C, pH= 7.0, [Cl·]= [HCO3] = 10-
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(1995). 
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using only the first few data points. Data from Klausen et al. (1995). 

...... 2.0 ... 
I 

C 

1 
VI 
.tJ 
0 1.0 ::.! 

5.5 · 6.0 6.5 7.0 
pH 

7.5 8.0 8. 

Figure 4. Influences of pH on the rate of reduction of nitrobenzene (50µM) in a magnetite 
suspension (11.2 m2.L-1) containing 1.5 mM Ft2+. Data from Klausen et al. (1995) 

719 



"PREPRINTED EXTENDED ABSTRACT" 
Presented Before the Division of Environmental Chemistry 

American Chemical Society 
Anaheim, CA April 2-7, 1995 

PROCESSES AFFECTING NITRO REDUCTION BY IRON MET AL: 
MINERALOGICAL CONSEQUENCES OF PRECIPITATION 

IN AQUEOUS CARBONATE ENVIRONMENTS 

Abinash Agrawall,2, Paul G. Tratnyek2, Patricia Stoffyn-Eglil and Liyuan Liang3 

I Atlantic Geoscience Centre, Geological Survey of Canada, 
P.O. Box 1006; Dartmouth, N.S. B2Y 4A2, Canada 

2Department of Environmental Science and Engineering, 
Oregon Graduate Institute, P.O. Box 91000, Portland, OR 97291-1000, USA 

3Environmental Sciences Division, Oak Ridge National Laboratory, 
P.O. Box 2008, Oak Ridge, TN 37831-6038, USA 

In aqueous systems, zero-valent iron metal is readily oxidized by many substances to 
ferrous iron. These reactions may be considered as corrosion processes in which oxidation of Fe0 

to Fe2+ is the anodic half-reaction. In anoxic pure aqueous media the only available cathodic 
half-reactions involve H+ and H2O as electron acceptors (oxidants). Rapid corrosion requires 
more favorable cathodic reactions, of which the reduction of dissolved 0 2 is certainly the most 
important. However, other electron acceptors offer additional cathodic reactions that can 
contribute to iron corrosion. Possible oxidants of primary interest in groundwater remediation 
include anthropogenic contaminants such as chlorinated solvents, nitro aromatic compounds, and 
chromate. In addition, most contaminated waters contain substantial amounts of secondary 
solutes that are also oxidants relative to iron metal and, therefore, must be considered in any 
process-level interpretation of field performance. Among these solutes, carbonate is certainly one 
of the most important. 

Carbonate may effect metal corrosion in several ways. The acceleration of metal 
corrosion by dissolved CO2 is well-established largely due to studies of corrosion in the 
anaerobic, carbonate-rich condensates that occur during oil and gas production. This 
phenomenon involves adsorbed H 2CO3 and HCO3 species that react as oxidants to drive metal 
dissolution [1]. 

FeO + 2H2CO3 (ads) Fe2+ + 2HCO3 (ads) + H2 (g) 

FeO + 2HCO3 (ads) Fe2+ + 2CO~- (ads) + H2 (g) 

(1) 

(2) 

Equilibration with water restores the original carbonate speciation, so the net result of equations 
1 and 2 is catalysis of H2 evolution by corrosion of iron mediated. with carbonate. Decreased 
corrosion rates are expected when carbonate precipitation forms a protective layer on the metal 
surface, as it frequently does in water distribution systems [2]. Similar behavior may occur where 
iron is used in an effort to remediate contaminated groundwater. Although formation of FeCO 3 is 
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thermodynamically favored under conditions of environmental interest (Fig. 1), the kinetics of 
this reaction are generally slow, so the effect of carbonates on contaminant reduction by iron is 
likely to vary with temporal as well as chemical conditions. 

In our investigations of nitro reduction by Fe0 [3], we have gained insight into the effects 
of carbonate by using an aqueous model system buffered with CO2. Batch experiments were 
performed in anaerobic bicarbonate buffer medium (CarbonateTota1= l.SxI0- 2 M) using 33.3 g/L 
Fluka iron turnings (18-20 mesh, specific surface area= 0.02 m2/g) and nitrobenzene as an 
organic oxidant. Preliminary handling of the Fe0 and mixing rate during the experiments were 
carefully controlled. 

First-order rate constants for nitro reduction, kobs, were obtained routinely and provided 
our first evidence for interactions between Fe0 and carbonate (Figs. 2-3). Values of kobs declined 
with increased carbonate concentration (Fig. 2) and with extended exposure of the metal to a 
particular carbonate buffer (Fig. 3). The appearance of a gray precipitate in these batch studies 
(long after the nitro reduction experiments were complete) suggested that formation of 
microcrystalline carbonate mineral phases at the metal surface may be occurring throughout the 
reaction time of our experiments. 

The effect of carbonate precipitation at the metal surface is being further investigated by 
Scanning electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDS). SEM of 
clean iron samples (Fig. 4 a-b ), and those subsequently exposed to aqueous bicarbonate medium 
(Figure 4 c-d), has revealed the formation of a non-uniform layer on the metal surface consisting 
of crystalline aggregates. EDS analysis has confirmed that these aggregates are predominantly 
iron carbonates (FeCO 3). The formation of FeCO3 (s) on the metal surface occurred only in 
bicarbonate medium, and was not observed on metal surfaces exposed to deoxygenated water for 
equal duration. One important variable that remains to be investigated is the effect of mixing 
(and, in particular, abrasion) on the development of the FeCO3 surface film. 

It can be concluded that the observed decrease in nitro reduction rate is due to 
accumulation of non-reactive iron carbonate aggregates that inhibit mass-transfer of reactants 
and products to and/or from the reactive sites on the metal surface. Further characterization of 
metal surf ace evolution in the presence of natural groundwater solutes will be necessary to 
reliably predict the field performance of remediation installations involving iron metal. 
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and possible FeCO3(s) formation. See Fig. 3 for effect on nitre reduction kinetics during the period. 

-
-
-

0.035 t-

"" 
"" -,- ,.. 

I 
C "" §.. 0.030 t-

II) .c ... 
,.. 

0.025 I 

0 

• 

l 

I I I 

0.02 0.04 
I 

• • • • • • 
I 

0.06 

CarbonateTotai• M 
Figure 2: Effect of [HCO3] on the rate of nitro 

_ reduction by FeO in batch systems. Decrease in 
FeO reactivity is due to formation of FeCO3 on 
the metal surf ace. 

0.035 • 2 hr 

• 25 hr 

- 0.030- • 48 hr • 56hr 
,-

I 
C ·e -II) .c 

0.025"" • 78hr 

722 

102 hr • 
0.020 ,...__,_,_.__,_,_,__.,~ ...... •---•~__,_,___,, _ _._, __.,..__. 

0 20 40 60 80 100 
Incubation, Hours 

Figure 3: Gradual decline in the rate of nitro 
reduction by FeO (following metal incubation 
in a bicarbonate buffer for 5 days at CTotal = 
1.5x10-2 M). See Fig. 1 for Eh-pH variation 
over the experiment duration. 



Figure 4: Scanning electron micrographs showing changes on the iron metal surface during exposure to a 
deoxygenated bicarbonate medium: (A) clean metal sample following washing in dilute Ha (10% v/v) prior 
to incubation in bicarbonate buffer; magnification: x700. (B) same sample as in 'A' at magnification: 
2000x. (C) iron metal sample from 'A' exposed in bicarbonate buffer (Ctotal= 0.1 M) for 18 hours; 
magnification: x700. (D) same sample as in 'C at magnification: x3000. EDS analysis confinned that the 
crystalline aggregates are predominantly siderite (FeC0:3). 

723 



"PREPRINT EXTENDED ABSTRACT" 
Presented Before the Division of Environmental Chemistry 

American Chemical Society 
Anaheim, CA April 2-7, 1995 

FORMATION OF HYDROCARBONS FROM THE REDUCTION 
OF AQUEOUS CO2 BY ZERO-VALENT IRON 

Leslie I. Hardy and Robert W. Gillham 
Department of Earth Sciences 

University of Waterloo, Waterloo, Ontario 

Zero vaient iron has recentiy been shown to rapidiy dechiorinate a wide range of chlorinated 
hydrocarbons in laboratory batch and column experiments (1,2), and has been successfully used 
to dechlorinate trichloroethylene and perchloroethylene in a field demonstration of a reactive 
barrier system (3). Zero valent iron is a very promising reactive medium due to its effectiveness, 
low cost and ability to handle large concentration ranges; however, the reaction mechanism 
remains elusive. Studies to date have confirmed that the reaction is reductive, abiotic, and 
heterogeneous. While it has been proposed that the reduction proceeds by direct electron 
transfer from the iron surface to the chlorinated organic, the possibility that adsorbed hydrogen 
from the reduction of water is involved in a catalytic reaction on the iron surface has not been 
eliminated (2). The purpose of this study was to show that Cl to CS hydrocarbons are formed 
by the reduction of aqueous CO2 by zero valent iron, and that the products have an Anderson-
Schulz-Flory (ASF) distribution. 

Methane, ethene, ethane, propene, propane, 1-butene, cis-2-butene and the three pentene isomers 
were detectable in batch and column experiments using only iron and water. The concentrations 
of the various hydrocarbons in one of the batch experiments are shown in Figure 1. The 
concentration data is presented on a weight per volume basis for evaluation of the product 
distributions. Three possible reasons for the generation of detectable hydrocarbons are 
proposed: they are being released from the commercial iron by corrosion; they are transformation 
products of unidentified hydrocarbons in the source water; or, they are produced by the 
reduction of aqueous CO2• Experiments have eliminated the first two possibilities, leaving the 
reduction of aqueous CO2 as the most probable mechanism.· 

The formation of long chain hydrocarbons from the reduction of aque0us CO2 was first reported 
by Japanese electrochemis_ts in the mid-1980's. When copper electrodes were used in an 
electrolysis cell containing water and CO2, significant amounts of H2, alkenes, alkanes, and 
alcohols were formed. In Fischer~ Tropsch synthesis, hydrocarbons are formed by contacting gas 
phase CO and H2 with a heterogenous catalyst such as iron or nickel. The analogy between the 
electrochemical reduction of aque.ous CO2 and Fischer-Tropsch synthesis was first suggested by 
Hori et al. (4) in 1989. In 1993, Kudo et al. (5) showed that the hydrocarbons formed by the 
electro-reduction of aqueous CO2 by iron, nickel or cobalt electrodes have ASF distributions 
which are well known in Fischer-Tropsch synthesis. Equation 1 describes the product 
distribution as given by Schulz, 
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M 11 - (ln 2 a)na" (1) 

where n is the number of carbons in the chain, M0 is the weight fraction (not mole fraction) of 
hydrocarbons with carbon number n, and a is the probability of chain growth. The products of 
a reaction have an ideal ASF distribution if the plot of log(Mofn) versus n is linear, and the value 
of a as determined from the slope (loga) and the intercept with the y-axis (log(ln 2a)) are 
approximately equal. 

The hydrocarbons detected in these studies with iron and water have ASF product distributions, 
and the observed probability of chain growth increases with time. Batch experiments with 
untreated commercial iron have an average probability of chain growth of 0.17 after 
approximately 140 hours. ASF plots of the batch experiment data are linear, and the values for a 
determined from the slope and intercept are very close; therefore, the hydrocarbons have an ASF 
distribution. After one year of continuous operation of the column experiment, the probability of 
chain growth was found to be a= 0.53 which is comparable to the value of a= 0.56 calculated 
from Kudo's data for an iron electrode. 

Pre-treating the commercial iron used in the batch experiments with H2 increased the measured 
hydrocarbon concentrations and the observed probability of chain growth. After approximately 
140 hours, the average and standard deviation of the total hydrocarbon concentrations in seven 
tests using un-treated iron was 3.8±1.2 µg/L, versus 7.9±2.4 µg/L for five tests using 
hydrogenated iron. The average probability of chain growth in the batch experiments was a -
0.17 for the untreated iron and a= 0.25 for the hydrogenated iron. These results indicate that 
adsorbed hydrogen is a reactant in the reduction of aqueous CO2• 

The formation of long chain hydrocarbons has implications for studies of iron enhanced 
degradation of chlorinated organics, including the carbon mass balance and the rate of the 
dechlorination reaction. According to Equation 1, as the value of a increases for an ideal ASF 
distribution, the weight percent of heavy hydrocarbons also increases. As shown in Figure 2, if 
the probability of chain growth is less than 0.3, virtually all of the hydrocarbon mass in the 
system will be in the form of Cl to C4 hydrocarbons. However, if the steady state value of a is 
0.54, then approximately 80% of the hydrocarbons will be present from Cl to C4, with the 
remainder in the form of heavier molecular weight hydrocarbons. Analyses are usually not 
conducted for the heavier hydrocarbons, and their increasing hydrophobicity makes it unlikely 
that they will be detectable in the water as they will tend to remain attached to the iron surface. 

It is thermodynamically impossible for alkanes to re-incorporate into a growing hydrocarbon 
chain; however, alkenes readily re-incorporate (6). As the carbon chain length increases the 
mobility of the compound decreases due in part to the increasing octanol water partitioning 
coefficient, Kaw· As the carbon chain becomes less mobile the probability of it being removed 
from the iron surface decreases, and the probability of chain growth increases. This conceptual 
model of transport-enhanced alkene readsorption (6) implies a deviation from an ASF 
distribution because of the increasing probability of chain growth with increasing carbon length. 
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Therefore, the expected deviation from an ASF distribution will result in even more carbon 
remaining attached to the iron surface as long chain hydrocarbons. The final step required in a 
heterogeneous reaction is for the product to desorb from the surface; however, if long chain 
hydrocarbons are forming on the iron surface they will tend to remain there, and this could 
become the rate-limiting step in the reaction. 

Kudo, et al, proposed a reaction mechanism for the reduction of aqueous CO2 with nickel 
electrodes based on their experimental data and the reaction mechanisms known from Fischer-
Tropsch synthesis. They concluded that the electro-reduction of aqueous CO2 proceeded 
through electron transfer to form either HCOOH or CO(ads)· The carbon monoxide either 
desorbs as CO(g)• or reacts with H{ads) from the reduction of water to form carbene groups, 
-CH 2-, which grow on the electrode surface to form hydrocarbons. Their reaction scheme 
appears to be applicable to the iron and water systems of this study with the slight modification 
that the electrons are provided by anaerobic corrosion, rather than the application of an electric 
current. 

Having successfully applied ASP distributions to iron and water systems, this can now be applied 
to iron and water systems with chlorinated organics present. Deviations from ASP distributions 
can be evaluated in relation to the proposed mechanism for the reduction of aqueous CO2, and 
the conceptual model of transport-enhanced alkene readsorption. An important consideration 
will be to determine if there is a concentration dependence for the observed probability of chain 
growth, a, and its affect on the carbon mass balance. While this work does not reveal how iron 
metal removes chiorines from chiorinated organics, it does indicate that catalysis has important 
effects on the product distribution, the carbon mass balance, and, possibly, the reaction rate. 
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Figure I: Hydrocarbons detected in a batch experiment with commercial 
iron. The iron was pre-treated with IO atm of hydrogen gas, and the 
water was simulated groundwater (10 mg/L calcium carbonate). 
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Zero-valence metals and bimetallic systems have been found to be effective in reductive 
degradation of halogenated pesticides under acidic and neutral pH conditions (Sweeny and 
Fischer, 1972, 1973; Sweeny, 1980, 1983). In recent years, reports on reductive dechlorination 
of chJorinated solvents (Gillham and O'Hannesin, 1992) have generated renewed interests in 
applying the technology to the in-situ remediation of contaminated groundwater (O'Hannesin and 
Gillham, 1992; Vogan, et al., 1994). Published results to date have shown the disappearance of 
halogenated solvents, such as trichloroethene (TCE), but little data are available regarding the 
byproducts of the reaction. Benign byproducts of the reaction, however, are vital for application 
of the technology. 

As part of a collaborative research program, we conducted laboratory experiments, 
focusing on the reaction kinetics and by-products of dechlorination ofTCE with elemental iron 
filings. Batch reactions were carried out in zero-headspace extractors (ZHE). GC-MS was used 
to identify the byproducts, and GC-FID with a Tekmar 3000 purge-and-trap was used for 
quantifying the carbon. Attempts were also made to achieve carbon balance with C-14 labeled 
TCE. In batch studies, three sources of iron filings were used: Fisher Scientific, Columbus 
Chemical Industries, Inc. and Master Builders, Inc For most of the work, an iron solid to 
solution ratio of 1 :5 was used. The TCE concentration varied from 0.5 to 20 ppm. 

Figure 1 shows the results from C-14 labeled TCE. The hypothesis was that the C-14 
would be conservative even th_ough the reactions "'111 change the chemical composition. Thus, it 
was anticipated that the treated sample results "'ould overlap with the control sample. Any 
physical loss ofTCE would be evaluated using the de-;.iation of the data from a no-loss theoretical 
line. Instead, both control and treated samples showed loss in TCE; the treated sample showed 
greater loss than the controlled sample. Evidentlv. the C-14scintillation cocktail used was not 
able to prevent TCE volatilization, and it was e\ en less effective in keeping the reaction 
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byproducts in solution. 
With the ZHE apparatus, physical loss of TCE through volatilization was greatly 

minimized. The concentration of TCE without addition of iron filings remained constant in the 
ZHEs for the duration of the experiments. With addition of iron filings, reproducible results were 
obtained . Figure 2 showed typical results of the aqueous chemistry change with time and the 
chemical composition as the reactions proceed. The decrease in the logarithmic concentration of 
TCE versus time was constant (Figure 2a), indicating that the reaction is a first order with respect 
to TCE concentration, as previously reported (Gillham and O'Hannesin, 1992). The rate 
constants varied within a factor of 2 for three sources of iron filings. TCE reduction in the 
. presence of Master-Builder iron filings did not resemble first order kinetics. 80% of the TCE 
disappeared in the first two hours of reaction, with a large lag in time before substantial 
concentrations of byproducts were observed. These observations were attributed to sorption of 
TCE on the iron surface, followed by the chemical reduction. When the Fisher filings were pre-
cleaned with HCl, the reaction half-time is somewhat reduced (from 7 to 5 hours). The rate 
constants also changed with different TCE to iron ratios, indicating the dependence of the 
reaction on iron. GC-MS indicated that the primary end product is ethene, with minor quantities 
of other alkanes/alkenes. 1, 1-dechloroethene (DCE), cis-DCE and vinyl chloride (VC) were also 
detected in the batch studies (Figure 2a). For a typical experiment period (1 week), 1,1-DCE was 
only an intermediate; cis-DCE increased to a maximum, then started to decrease; VC persisted, 
showing no sign of decrease. 

It is a general trend that pH increased and dissolved oxygen decreased as the reductive 
dechlorination progressed (Figure 2b ). The ferrous iron concentration however, increased 
initially; then it declined. The decrease of ferrous iron coincided with pH of near 10; 
Precipitation ofFe(OH) 2 is considered a key process in removing Fe2+ from solution (Johnson and 
Tratnyek, 1994). Preliminary tests indicated no obvious aerobic and anaerobic microbes. The 
geochemical interaction of iron filing with subsurface soil and groundwater is expected to affect 
(1) the reaction kinetics through changes in pH; (2) reaction capacity due to fouling of iron 
surfaces; and (3) the application of the technology due to possible soil and iron media clogging 
Studies are underway to better understand these issues. 

Supported by the Environmental Restoration Programs, U.S. Department of Energy, under 
Contract No. DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc. 
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Figure 1. 14C measurements for a controlled sample ( diamond) and a sample treated with 
elemental iron (triangle). The line is drawn for a theoretical non-loss situation. It is evident that 
the byproducts from the treated sample are more volatile than the TCE in the control sample. 
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Figure 2. The change ofTCE and byproducts. and aqueous chemical parameters with time in the 
presence of iron filings. (a) TCE decreased linearly in the logarithmic concentration. Reaction by-
products: ethene, VC, and DCEs are plotted with time. (b) pH increased from 6.8 to 9.8, 
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Carbon tetrachloride (CC14) has been shown to be abiotically dechlorinated in our laboratory and elsewhere [1, 2) using iron 
powder (Fe0

) to yield chloroform (CHCl3) and methylene chloride (CH2Cl2), which did not undergo further dechlorination. 
CCl4 dechlorination was rapid and approximated first-order kinetics. Initial dechlorination rate coefficients for anoxic 
batch reactors increased with iron surface area (initially 2.4 ± 0.2 m2/g). Dechlorination also occurred under oxic 
conditions, although rates were significantly slower. Typical reaction conditions and rate coefficients are shown in Table 1. 
Rate coefficients increased with time under all reaction conditions, presumably due to an increase in reactive surface area 
from pitting and dissolution of the iron surface, as seen in electron micrographs and shown schematically in Figure I. A 
rapid pH increase was synchronous to dissolved oxygen consumption, and the pH remained constant after oxygen depletion. 
This was attributed to tlle proton and oxygen consuming aerobic corrosion of the Fe0 surface. Recalcitrant CH2Clz was 
decreased in the presence of dissolved oxygen, which reacted with dechlorinated intennediates to yield less environmemaiiy 
onerous products such as formic acid and carbon monoxide. 

Table 1 
Pseudo First-Order Decay Coefficients (K 1) for Removal of CCl4 

in the Presence of FeO 

Reaction Conditions half iife (hr)C 

Anoxic Reactors 

1 g Feo, early 
1 g Fe0, late 
10 g FeO, early 
10 g Fe0, late 

Initially Oxic Reactord 
1 g Fe0, oxic 
1 g FeO, early anoxic 
1 g Feo, late anoxic 

18 
il 
4 
7 

5 
16 
5 

Number of data points used to determine K 1. 

0.290 ± 0.009 
0.448 ± 0.047 
1.723 ± 0.078 
2.212 ± 0.037 

0.085 ± 0.041 
0.147 ± 0.008 
0.227 ± 0.035 

a) 
b) 

c) 

Values reported are the slope of -ln [CCl4] versus time± one standard deviation. 
ln(2) 

Calculated as tt/2 = K 
1 

2.39 
1.55 
0.40 
0.31 

8.15 
4.57 
3.06 

d) Oxygen was rapidly consumed during this experiment (Figure 2(b)). The rapid depletion of oxygen with 

10 g FeO precluded collection of data under oxic conditions. 

The net reductive dechlorination reaction has been hypothesized to be~]: 
I 

CCJ..i + Fe0 + H+ • CHCh + Fe2+ +Cr 
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At least two significant reaction pathways for CC14 are hypothesized to be occuring simultaneously using iron as a 
reductant. After its initial formation, the trichlorometl1yl radical reacts either by losing another chloride to form 
diclllorocarbene (4) or by abstracting hydrogen to form CHC13 (1), as described by equations (1) and (2), respectively. 

CC13 · + e- • CC12: + Cr 

CCl 3 · + e- + H+ • CHCl 3 

(1) 

(2) 

Electrophillic dichlorocarbene can then react rapidly, for example with dissolved oxygen to yield phosgene, which is then 
rapidly hydrolyzed to ultimately yield noncblorinated products [4]. Equation (3) illustrates this potential pathway. 

(3) 

Conversely, CHC13 bas been shown to undergo further reductive dechlorination, although at a slower rate, to form CH 2Cl2, 

which was recalcitrant under the conditions employed. In all experiments, chlorinated methanes accounted for less than 
stoichiometric amounts of the converted CC14 (e.g., Figure 2(a) for 1 g Fe0

), suggesting either the operation of alternative 
pat11ways such as an a-elimination or significant adsorption or inclusion of products on the iron surface. 

Thus, the addition of oxygen may provide an alternative reaction pathway leading away from production of recalcitrant 
0-hCl 2. Although aerobic corrosion produces ferric hydroxide precipitates, the initial amount of dissolved oxygen in the 
iron system under examination produced only minor amounts of oxides relative to Fe0 surface area. In addition, the 
dissolution of the surface apparently counteracts such fouling, as demonstrated by the increase in rate coefficients over time. 
The efficacy of larger doses of oxygen to control product formation is in progress. Preliminary results regarding product 
distribution of organic and inorganic species and dechlorination kinetics provide encouraging evidence of the beneficial role 
of oxygen in avoiding recalcitrant reductive dechlorination products. 
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2H2 + 2CCl4 --, 2CHCIJ + 21-1+ + 2C1· 
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2FeO Surface chemical reaction: FeO + CCt4 + H+ --, Fe2+ + CHCt3 + ct· 

Figure 1. Reduction of Carbon Tetrachloride to 
Chloroform by Cathodic Depolarization 
of an Iron Surface. 
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Halogenated hydrocarbons are a class of major environmental contaminants of worldwide 
concern. Among the individual organic chemicals, the most prevalent at Superfund sites are 
trichloroethylene (TCE) and perchloroethylene (PCE) (1]. The use of metallic iron for treatment 
of such compounds in waste waters has been the focus of research over the last few years (2-7]. 
Reaction rates and products formed were thoroughly investigated in this research but a 
mechanism that satisfactorily describes the process has not been reported. Matheson and 
Tratnyek [8] attributed the reductive action of iron to three possible mechanisms-- direct 
electrolytic reduction, reduction by hydrogen produced by iron corrosion with water, and 
reduction by the produced ferrous ions. Senzaki [4], and recently Matheson and Tratnyek [9], 
have pointed out the importance of the iron surface for the dechlorination process. We have 
investigated the role of sulfur in initiating the dehalogenation of organic compounds in aqueous 
media [10]. The present communication reports some observations on the dehalogenation 
mechanism. 

The role of sulfur: 

Initially, two grades of iron were used to investigate the reduction of TCE and PCR 
Results indicated that laboratory grade iron filings, whose average particle size was 420 um and 
sulfur content was > 180 ppm, were reactive and resulted in production of appreciable amounts 
of ethyne, ethene, and ethane within 24 hours of reaction. Extra pure iron, at a particle size of 
6 to 9 um and a sulfur content of 22.1 ppb, proved unreactive even after 1 month of reaction 
time. This result suggests that, in spite of the large surface area of the extra pure iron relative 
to laboratory grade variety, it is not effective in reducing these two halogenated hydrocarbons. 
Inclusion of sodium hydrogen sulfide in the reaction medium containing the extra pure iron, 
however, resulted in very fast production of the ethyne, ethene, and ethane. Other inorganic 
sulfur compounds produced the same effect but with varying lag times. Therefore, it was 
concluded that sulfur plays an important role in the dehalogenation reaction . 
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The role of zero valent iron and iron sulRde: 

Experiments were carried out to investigate the reductive capability of iron sulfide alone 
without zero valent iron. Results indicated that neither freshly prepared iron sulfide nor 
commercial iron pyrite alone was capable of dehalogenation of TCE or PCE. However, the 
inclusion of extra pure iron in these experiments resulted in dehalogenation of both TCE and 
PCE. The reaction products were ethyne, ethene, and ethane. Inclusion of magnesium metal 
instead of the extra pure iron in these experiments also resulted in dehalogenation. In the latter 
case, however, the reaction product was mainly ethyne. In another experiment, hydrogen gas was 
bubbled into an aqueous solution of TCE in the presence of iron sulfide. Reduction of TCE took 
place and ethyne was detected in the head space. 

The resuits of these experiments indicated that, for dehalogenation to occur, both iron 
sulfide and hydrogen must be present in the reaction medium. In fact, sulfur is a common 
impurity in iron and its content varies according to the purity grade. The following reactions 
occur when iron, with sulfur impurities; reacts with ,.vater leading to the fonnation of hydrogen 
and iron sulfide (both-are necessary for the dehalogenation process): 

Fe• + 2 H20 --> Fe (OHh + H2 
Fe (OH)2 ---> Fe2+ + 2 OH· 
S0 (impurity) + H2 --> H2S 
H2S --> s2-+ 2 H+ 
Fe2+ + s2- --> FeS 

(1) 
(2) 
(3) 
(4) 
(5) 

Because dissolution of iron in water increases in acidic media, lowering the pH was found 
to accelerate the dehalogenation reaction. Inclusion of sulfur compounds was recently reported 
to increase the rate of reduction of carbon tetrachloride (11]; this may be attributed to increased 
iron sulfide fonnation. 

Other transition metal sulfides: 

To further investigate the mechanism, the effects of using the sulfides of other transition 
metals in place of iron sulfide were examined. These experiments were carried out in the same 
way as the iron sulfide studies using magnesium metal as the source of molecular hydrogen. 
Sulfides of nickel, copper, zinc and cadmium were tested. The results indicated that both nickel 
and copper sulfides were able to reduce TCE and PCE, leading to the formation of ethyne, ethene 
and ethane in addition to a relatively large amount of an unidentified gas. The amounts of the 
dicarbon atom gases are about 1 to 2 orders of magnitude less than those produced from iron 
sulfide under the same conditions. Zinc and cadmium sulfides did not react. 

According to Harris (12], the separation of the d orbital of the transition metals from the 
p orbital of sulfur in metal sulfides decreases from left to right across the periodic table. It 
appears that this same trend was followed in the reaction of the tested metal sulfides as 
dehalogenating agents. In this respect, nickel and copper occupy middle places to the right of 
iron and their sulfides are less reactive than iron sulfiQe. Zinc and cadmium occupy places at 
the far right of the first and second rows of the transition metals and their sulfides were not 
reactive. This trend coincides with our experimental results using the metal sulfides. 

736 



REFERENCES 

1. Abelson, P.H., 1986. Science, 233 (4763), 509. 
2. Senzaki, T. and Kumagai, Y., 1988. Kogyo Yosui, 357, 2-7. 
3. Senzaki, T. and Kumagai, Y., 1989. Kogyo Yosui, 369, 19-25. 
4. Senzaki, T., 1991. Kogyo Yosui, 391, 29-35. 
5. Cipollone, M, Wolfe, N.L., Hassan, S.M. and Buris, D., 1993. Book of Abstracts, 205th ACS 

National Meeting, Denver, CO., March 28-April 2, 1993; Vol. 33(1), 8. 
6. Gillham, R.W., 1993. US Patent 5, 266, 213, November 30, 1993. 
7. Gillham, R.W. and O'Hannesin, S.F., 1994. Ground Water, 32, 958-967. 
8. Matheson, LJ. and Tratnyek, P.O., 1993. Preprints of papers submitted at the 205th ACS 

National Meeting, Denver, CO., March 28-April 2, 1993; Vol. 33(1), 3-4. 
9. Matheson, LJ. and Tratnyek, P.O., 1994. Environ. Sci. Technol., 28, 2045-2053. 
10. Hassan, S.M., Wolfe, N.L., Cipollone, M. and Buris, D., 1993. Book of Abstracts, 205th 

ACS National Meeting, Denver, CO., March 28-April 2, 1993; Vol. 33(1), 9. 
11. Lipcznyska-Kochany, E., Harms, S., Milburn, R., Sprah, G. and Nadarajah, N. 1994. 

Chemosphere, 29, 1477-1489. 
12. Harris, S., 1982. Chemical Physics, 67, 229-237. 

737 

' I 



"PREPRTh~ EXTENDED ABSTRACT" 
Presented Before the Division of Environmental Chemistry 

American Chemical Society 
Anaheim, California April 2-7, 1995 

ABIOTIC ASPECTS OF ZERO-VALENT IRON INDUCED DEGRADATION 
OF AQUEOUS PENTACHLOROPHENOL · 

C. Ravary and E. Lipczynska-Kochany 

University of Waterloo, Department of Chemistry 
Waterloo, Ontario, Canada N2L 3Gl 

Halogenated aromatic compounds are widely distributed in the natural environment as pesticides, 
intermediates in organic synthesis, wood treatment agents, and as by pro-ducts in the pulp and paper 
mill effluents and in the chlorination of municipal water supplies. The large use of halogenated 
aromatic compounds has resulted in considerable concern over their environmental fate and 
toxicological effects. Some of those compounds, including chlorophenols, have been placed on the 
priority pollutants list by the US EPA [l]. 

Highly halogenated compounds are relatively resistant to microbial degradation thus tend to persist in 
the environment. Since t.'1ey often behave as Lewis acids, they cannot be treated efficiently by 
advanced oxidation processes (AOPs). Two technologies, based on the reductive dehalogenation of 
pollutants have been proposed: (i) treatment of contaminated waste water or groundwater with 
photolytically generated hydrated electrons [2] and (ii) dehalogenation by means of zero-valent iron 
. [3-8]. The latter· method seems to be particularly interesting since it can be applied · for in situ 
treatment of groundwater. 

The purpose of our research is to investigate the abiotic degradation of aqueous pentachlorophenol 
(PCP), induced by zero-valent iron. Experiments to date were conducted under aerobic conditions 
using laboratory batch systems containing electrolytic iron, finer than 100 mesh, (5g/20ml). It was 
observed that the kinetics of PCP degradation were dependent on a number of factors, such as t.'1e 
means of the preparation of the metal surface, concentration of the pollutant, temperature, pH of the 
solution and the presence of inorganic compounds. 

It was found that zero-valent iron mesh, used without any pre-treatment, was not a very effective 
mean~ of dehalogenating PCP. At concentrations in the order of 10-SM, a 10% yield of degradation 
was obServed over the course of six hours. The rate of reaction increased up to 25 % when the 
concentration of PCP was reduced by factor of 18 (from 5 x 10-5M to 2. 7 x lo-6M). As it can be seen 
from Figure la, the initial rate of the reaction between PCP and Fe0 exhibited a first-order dependence 
but the process slowed down significantly in time due to the increase in pH value (Fig.lb), resulting 
from the cathode decomposition of water {2}: 
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Fe0 (s) ---c:,> Fe2+ + 2e {1} 

{2} 

When the electrolytic iron was pre-treated with a dilute (0. lN HCl) acid solution, the degradation rates 
were drastically improved (Fig. la). Within the course of six hours, 60-70% of the PCP (c = 2.7 
x 1Q-6M, temp. 25°C} appeared to be degraded. The pH of the solution did not increase but it 
remained relatively constant (Fig. 2b). 

From Fig. la and lb one could postulate that in order to improve the degradation of PCP, the pH 
must be controlled at a value near neutral pH. However, Fig. 2a and 2b clearly show that this 
criterion is not sufficient. When HCl was added to the Fe0/PCP mixture, the pH remained at near 
neutral values during the course of the experiment,· however, rio major improvement on the 
degradation rate was observed when compared to the rate of the untreated Fe0/PCP degradation. 

The presence of anions, common contaminants of natural waters, clearly influenced the rate of the 
reaction. Experiments were carried where Na2SO4, NaHC~, NaCl and NaNO 3 were added to the 
reaction mixture. Some of the studied anions (e.g. HCO3) demonstrated accelerating effects while 
others (for instance Cl") retarded the degradation. 

In all the cases investigated, an increase in temperature (in the range of 25-55°C) had a minimal effect 
on the initial rate of the dehalogenation. The beneficial effect of temperature on the overall rate of 
degradation was more evident. It was also observ~ that an increase of temperature hastens the rate 
of the step {2}, producing large amounts of hydrogen. 

Summarizing, the application of untreated zero-valent iron for the treatment of water contaminated 
with pentachlorophenol seems to be questionable. Satisfactory results may be obtained if pre-treated 
iron is applied. However, on a large scale, such a technology would be difficult to control and 
expensive, since an additional water purification step would be required in order to treat acidic 
effluents contaminated with dissolved iron. 
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In addition to being an important groundwater contaminant (MCL of 0.5 µg/L is anticipated), to our 
knowledge 1,2,3-trichloropropane (1,2,3-TCP) is the first C, compound to be evaluated with respect to 
its potential for dechlorination in the presence of zero-valent iron. The purpose of this study was 
therefore to determine the potential for iron-enhanced remediation of groundwater contaminated by 1,2,3-
TCP and to provide an initial basis for comparison of the response of c; compounds with the results of 
previous studies [1-4] that ~ave focused primarily on C1 and Ci chlorinated compounds. Aqueous 
concentrations of 1,2,3-TCP were passed through six bench-scale flow-through reactive columns 
containing various amounts of zero-valent iron and silica sand. The dechlorination process was studied 
at two initial concentrations, 50 and 93 mg/L, and with three inorganic water chemistries 40 mg/L 
CaCO3, 40 mg/L NaCl, and water prepared to simulate the groundwater at a particular industrial site. 

The dechlorination rate of 1,2,3-TCP in aqueous solution, as confirmed by the increase in chloride 
concentration, was significantly enhanced in the presence of zero-valent iron. The degradation process 
was consistent with a pseudo first-order model, with the rate increasing in proportion to the iron surface 
area to solution volume ratio. Apparent half lives for iron surface area to solution volume ratios of 1.16, 
3.70, and 8.00 m2/mL were 17.6, 6.6, and 3.0 hr, respectively. Normalizing to 1 m2/mL gave consistent 
half lives of 20.4, 24.4, and 24.0 hrs. Flow velocity and initial concentration of 1,2,3-TCP, over the 
ranges investigated, appeared to have little effect on the degradation rate. 

The degradation process resulted in the dechlorination of 1,2,3-TCP to propene and chloride, the 
corrosion of Fe·, and an initial increase followed by a decrease in pH (Figure 1). Trans-1,3-
dichloropropane, which showed an increase from 2.5 to 4.3 µg/L, was the only chlorinated breakdown 
product identified. The trans-1,3-dichloropropene also degraded within the column to below detection. 
This increase represented only 0.004% of the 1,2,3-TCP degraded. The complete dechlorination of 1,2,3-
TCP was confirmed by chloride mass balances of 82 to 109%. Aqueous concentrations of propene 
accounted for a carbon mass balance of 61 to 85%. The carbon mass unaccounted for may have left the 
column in the H2 gas phase produced through the corrosion of iron by water. The amount of gas leaving 
the columns was not quantified. 

The degradation of chlorinated organics by zero-valent iron is generally accepted to be reductive 
dechlorination. As proposed by Matheson and Tratnyek (2] the reductive pathway may involve either 
the corrosion of Fe• to Fe2• by the chlorinated compound, the further ~idation of Fe2• to Fe3•, or 
surface catalyzed hydrodechlorination. However, these processes would result in propane as the primary 
product of 1,2,3-TCP degradation, rather than propene as observed in the tests. Three processes known 
as ~-eliminations may account for the formation of the propene carbon-carbon double bond. The first 
two, also reductive processes, are dihalo-elimination and dehydrodehalogenation. The third, 
dehydrohalogenation, is not a reductive process, but results in the elimination of HCI. 
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Dihalo-elimination occurs between two vicinal chlorides: 

Cl Cl "" / -c-c- + 2e-

/ "" " / c=c • 2c1 
/ "" (1) 

However, supplementary tests using the monochlorinated propanes 1-chloropropane and 2-chloropropane 
also fonned propene. 1-chloropropane was found to degrade to 78% propene and 22% propane, while 
2-chloropropane degraded to 55% propene and 45% propane. The total amount of propane and propene 
represented only about 36% of the carbon mass degraded. Although the majority of breakdown products 
could not be accounted for, propene was formed from the monochlorinated propanes at significantly high 
concentrations, leading us to discount dihalo-elimination as a probable degradation pathway. 

Dehydrodehalogenation is consistent with the results of degradation of the monochlorinated propanes: 

Cl H H '- / -c-c- • 

/ '\ 
-c1 '\ / •c-c-

/ '\ 
'\ / 

-.. C=C + H• 
/ '\ 

(2) 

However, this process has not been shown to occur, even though it was initially proposed in 1979 [5]. 

Dehydrohalogenation is consistent with the results of degradation tests of the three chlorinated propanes, 
and is viewed as the most probable degradation mechanism: 

Cl H " / -c-c-
/ " " / c=c + c1 

/ ·" + H + (3) 

The dechlorination of monochlorinated propanes ((;H 7CI)-to propene (c;HJ requires the removal of 
HCL Similarity, dechlorination of 1 mole of 1,2,3-TCP would produce 1 mole of HCL The production 
of HCI is believed to be partially responsible for the lower pH values (Figure 1) for the c~Jumn with the 
greater amount of 1,2,3-TCP degradation, adding credibility to the dehydrohalogenation mechanism. 

In particular, the pH profiles within the columns rapidly increased to 9 or 10 (Figure 1) as a result of 
iron corrosion by water, resulting in the production of H2 and accumulation of OH·. The pH profiles 
for similar experiments using C1 and c; chlorinated compounds generally rise to 9 or 10 near the influent 
end of the column and remain relatively constant with further distance along the column. The behaviour 
during degradation of 1,2,3-TCP is markedly different with the pH declining after the initial rise, and 
the degree of pH decline increasing with higher influent concentrations of 1,2,3-TCP. This is believed 
to be the result of HCI released through the dehydrohalogenation process. 

742 



The half lives obtained in the study increased over time (Figure 2), at rates ranging from 5.0 to 13.9 
minutes per pore volume. The conditions which showed the fastest increases had the highest pH values. 
The cause of the increasing half lives is believed to be formation of iron precipitates. Even at the low 
pH values, the concentration of iron in the effluent was much lower than expected from the measured 
corrosion rate of iron. Unlike the C1 and C2 compounds that have been studied, degradation of 1,2,3-
TCP was much more sensitive to the formation of precipitates. The reason is unclear, though it may be 
that the larger molecular size of 1,2,3-TCP limits its ability to move from the bulk solution, through the 
precipitate layer to the iron surface. 
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Reductive dehalogenation of polyhalogenated organic compounds by zero-valent 
iron metals (1-3) and dehydrohalogenation using H2 and Pd catalysts (4) are technologies 
studied for either in situ or above-ground treatment of groundwater. In this study, zero-
valent iron powder (Fe0 ) was shown to reductively dehalogenate DBCP completely under 
sterile (abiotic) buffered and unbuffered conditions. Palladium catalyst with H2 gas as 
the reductant were also shown to rapidly dehydrohalogenate DBCP in groundwater. 

In the Fe0 system, DBCP transformation was evidenced by the appearance of 
bromide and chloride. The amount of measured Br- indicates that both bromine atoms 
had been removed from DBCP. The c1- measurements made at the end of the 
experiment show that one chlorine atom was also removed, indicating that DBCP was 
completely dehalogenated by iron powder. The kinetic data indicate that the reaction was 
pseudo-first-order with respect to DBCP. Initial studies of the influence of pH between 6 
and 9 show that there was little pH effect on the DBCP transformation rate up to pH ~8. 
However, a solution with pH = 9 inhibited the reaction (Table 1). Moreover, in the 
TRICINE-buffered system (pH 8), a small amount of white precipitate was observed. 
The role of pH is not yet fully understood. 

The effect of solution mixing (mass transport of DBCP from the bulk solution to 
the iron surface) was investigated at ~22°C'using an orbital shaker (Fig. 1). The half-life 
of DBCP transformation using ~36 g Fe0 /L decreased sharply from a few hours with little 
or no shaking to a few minutes when shaken at 325 rpm. Increasing the shaking speed 
between ~340 and 400 rpm _did not further decrease the half-life. This suggests that mass 
transport was no longer a factor at > 340 rpm orbital shaking speed. . 

The DBCP transformation was proportional to the iron content in the batch 
system (Fig. 2). In the presence of dissolved oxygen, the DBCP transformation rate 
decreased linearly with increasing oxygen content (Fig. 3). Specifically, an increase in 

· dissolved oxygen from O mg/L to 41.6 mg/L resulted in a 27% decrease in the pseudo-
first-order rate constant. For water containing 10 mg/L 0 2, the decrease is 18%. These 
data may indicate an inhibitive or competitive effect. The effect of SO42- and NO3· on 
the DBCP transform,ation rate was also investigated since SO42- and NO3· are commonly 
found in ground water. Nitrite (NO2-) was also included since it is an intermediate in the 
denitrification process. Table 2 shows that adding 4.3 mg/L NO2- to the system resulted 
in a 15% decrease in the pseudo-first-order rate constant. However, sulfate did not 
significantly affect the rate of DBCP transformation. Adding nitrate to the system 
delayed the onset of DBCP degradation (Fig. 4). The delay-time increased with 
increasing NO3· concentration, from approximately 8 min at 3.3 mg/L NO3- to 
approximately 20 min at 28.3 mg/L NO3-. The dependence of the delay-time on the 
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nitrate concentration suggests a competitive process between NO 3- and DBCP 
transformation. 

The transformation of nitrate by iron was also studied. Specifically, nitrate 
having an initial concentration of 56.5 mg/L, was reduced to nitrite by ~36 g iron/L with 
a half-life of 3.3 min. The final products are unknown. Presumably, NO2- might be 
further reduced to nitrous oxide (N2O), ammonia (NH3) or nitrogen (N2). This system 
appears to be able to effectively treat DBCP, nitrate and/or nitrite containing water. 

Figure 5 depicts a comparison of DBCP transformation ( ~ 10 µg/L or ~40 nM 
initial DBCP concentration) in Fresno site water using Fe0 and H2/Pd/Al2O3 catalysts. 
The iron system (36 g Fe0 /L) has a pseudo-first-order rate constant of 0.017 min- 1 and 
half-life of 41 min. The H2/Pd/AJiO3 system (0.0027 g Pd/L) has a zeroth-order rate 
constant of 1.01 nM/min and half-life of 17.5 min. The performance of the H2/Pd/AhO 3 
system appears to be less sensitive to environmental conditions. The observed slower 
reaction in the Fe 0 /groundwater system may be due to competitive reactions with other 
electron acceptors such as nitrate. Such competing reactions do not seem to significantly 
affect DBCP transformation in the H2/Pd/Al 2O3 system. 
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Table 1: Pseudo-first-order rate constants and half-lives in unit of hours of the 
DBCP transformation reaction in a 25°C water-bath without shaking versus a mild 
· • 1 h ki · · 1so· · rec1proca s a ngat 11 om. 

Aqueous pH kobs (hr 1) kobs (hr 1) t112 (hr) t112 (hr) 
phase (no shaking) (mild (no shaking) (mild 

shaking) shaking) 
Milli- 7 .099 .132 6.99 5.23 

Q™water 
0.1 M 6 .341 .482 2.03 1.44 
MES 
0.1 M 7 .393 .513 1.76 1.35 

HEPES 
0.1 M 8 .259 -- 2.67 --

TRICINE 
0.1 M 9 * -- * --
CHES 

* : no apparent DBCP degradation 
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Table 2: Effect of ions on the pseudo-first-order rate constants and half-lives in unit 
of minutes of DBCP transformation using 0.1 M HEPES buffer solution at pH 7.0. 
The solution mixture was shaken by an orbital shaker at ~400 rpm and ~22°C. 

No sulfate or nitrite kobs (min· 1) 
added 

0.0 0.300 
Sulfate concentration 

(mg/L) 
3.7 0.273 
19.8 0.266 
27.6 0.270 

Nitrite concentration 
(mg/L) 

4.3 0.255 . 

Figure 1: Variation of the observed 
pseudo-first-order DBCP transformation 
rate constants with increasing orbital 
shaking speeds at ~22°C. Note that the 
line drawn is only to guide the eyes. 
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Background 

Cindy G. Schreier ~d Martin Reinhard* 
Western Region Hazardous Substance Research Center 
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Stanford, CA. 94305-4020 

The dehydrohalogenation (replacement of halide by hydrogen) of organic compounds using 
hydrogen gas and a noble metal catalyst is a widely used process in chemical synthesis (I). The 
procedure effectively transforms a broad range of compound classes, including chlorinated aliphatics, 
olefins, and aromatics, which constitute the majority of the halogenated environmental contaminants. 
Despite this apparent versatility, the potential use of this process to treat hazardous waste or 
contaminated water has not received wide attention in the research literature although two US patents 
(2,3) were awarded and a European patent (4) applied for in 1993. Exceptions include Marques and co-
workers (5,6) who demonstrated that chlorinated benzenes could be dehalogenated using Pd on carbon 
(Pd-C) and H2, aqueous base, and a phase-transfer catalyst; and Sell et. al. (7) who recently showed that 
nitrate could be removed from drinking water using Pd-Co and H2, but who also reported that organic 
compounds were not affected by the procedure. In this paper we describe the reduction of tetrachloro-
ethylene (PCE) by supported palladium and H2. The supports included alumina pellets, granular carbon 
(4-8 mesh), activated carbon powder, and polyethylenimine-coated silica beads (PEI-silica). Palladium 
content was 0.5-1 %. 

In the presence of Pd and H2, a halogenated vinylic compound, 1, may undergo dehydro-
halogenation and hydrogenation of the double bond to yield the alkane, 4, as shown in Scheme 1 below 
(based on (8)). The first step of the transformation may be either dehydrohalogenation, to yield 2, or 
hydrogen~tion to yield 3. Compounds 2 and 3 may then react further via hydrogenation and 
dehalogenation, respectively, to give 4. Both pathways are possible and are presumably competitive, 
because Pd is capable of dehalogenating alkyl halides even though they are more difficult to transform 
than vinylic, benzylic, or aryl halides (I). For polyhalogenated ethylenes, the scheme can be extended 
with competitive pathways after each dehydrohalogenation step. · 

\ H 
I c=c 

\ ,x/ I \ I r 2 c=c. -c-c-
I\~ X / I I 

1 I I 4 -c-c-
I I 

3 
Scheme 1 

Experimental 
Experiments were conducted in 125mL glass bottles equipped with cork-style Mirunert™ valves. 

The bottles were filled with 60mL of water which had been deoxygenated by purging with N2, filled 
with 0.05-0.5g of catalyst, capped, spiked with 1.0-1. lµmoles of substrate, and. immediately placed on 

749 



an orbital shaker (400rpm). Hydrogen (typically 5mL (200µmoles) was added at various stages of the 
experiment. In some cases, the bottles were filled in a glovebox containing a 90%Nz/10%H 2 
atmosphere resulting in an initial H2 partial pressure of 0.1 atm. Headspace samples were analyzed 
periodically for chlorinated ethylenes (GC/ECD) and ethene and ethane (GO'FID). Hydrogen additions 
were made by injecting H2 into the aqueous phase via a syringe. For some experiments, the catalyst was 
pre-reduced (exposed to hydrogen prior to reaction) by storing it in the glovebox for at least 12 hours. 

Results and Discussion 
The reduction of PCE to ethane by Pd/H2 in water was facile at room temperature. When Pd-

PEI-silica was used, first order disappearance of PCE was observed with a rate constant of 0.034min-I 
(t112=20min.). The concomitant appearance of ethane was also first order and accounted for 65% of the 
PCE transformed (Figure 1). The rate of ethane appearance Was approximately equal to the· rate of PCE 
disappearance (assuming that only 65% of the PCE was converted to ethane), indicating that the slow 
step in PCE transformation was the initial reaction of PCE (or possibly mass transfer of PCE to the 
catalyst surface) rather than the reaction of intermediates or mass transfer of hydrogen. Ethene was also 
produced in this system, but it accounted for only about 2% of the PCE transformed. Its formation 
indicates that at least some of the PCE was completely dehalogenated before the double bond was 
reduced (upper pathway, Scheme 1). No other products were observed. 

If alumina pellets, granular carbon, or activated carbon powder, rather than PEI-silica was used 
as the Pd support, PCE was >99.99% transformed within 10 minutes and rate data could not be obtained. 
This is illustrated in Figure 2 for Pd-alumina. As with PEI-silica, ethane was produced, generally 
acc.ounting for between 65-80% of the initial PCE. Ethene was also formed,· but in these systems it was 
a reactive intermediate whose maximum amount was less than about 5% of the initial PCE. 

Sorption of PCE onto carbon was significant, but did not hinder transformation using Pd-
activated carbon powder (Figure 3). Although the mass of PCE decreased rapidly regardless of whether 
the system initially contained H2, no ethane was produced in the bottle without hydrogen until hydrogen 
was added at 40min. Then, the amount of ethane rapidly increased to aooroximatelv the same level as in 
the bottle initially containing H2. In contrast, sorption ·onto granular carbon may hinder transformation 
(Figure 4). After sorption of PCE, sufficient hydrogen was added to consume the oxygen in the system 
and to allow for transformation. Ethane production began immediately, but was slow, and after 120min. 
(t=225min.) iess than 10% of the PCE couid be accounted for as ethane. This slow transformation may 
be due to intra.particle diffusion which is insignificant on the much smaller particles of the activated 
carbon powder. 
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FIGURE 1. Removal of PCE and formation of ethane in N2"'purged milli-Q water containing 0.05g ..of 
1 % Pd-PEI/silica and 200µmole initial H2. Conditions: room temperature, 400rpm shaking. 

FIGURE 2: Removal of PCE and formation of ethane in N2-purged tap water containing 0.5g of 0.5% 
Pd-alumina (pre-reduced) and 0.1 atm (250µmole)initial H2. Bottle respiked with PCE after 30 minutes 
and after 50 minutes. Conditions: as in Figure 1. 
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FIGURE 3: Removal of PCE and formation of ethane in N2-purged milli-Q water containing 0.05g of 
1 % Pd-activated carbon powder and 200µmole initial H2. Bottle respiked with PCE after 20 minutes. 
Conditions: as in Figure 1. 

FIGURE 4: Removal of PCE and formation of ethane in air-purged tap water containing 0.5 g of 1 % 
Pd-C (pre-reduced), and no initial H2. 30mL H2 added after 110 minutes; additional 10mL H2 supplied 
after 160 minutes. Conditions: as in Figure L 
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Nie Korte, Environmental Sciences Division, Oak Ridge National Laboratory,* 
Grand Junction, Colorado 81502 

Rosy Muftikian, Carina Grittini, and Quintus Fernando, University of Arizona, Tucson, 
Arizona 85721 

Jay Ciausen, Martin Marietta Energy Systems, Paducah Gaseous Diffusion Plant, 
Paducah, Kentucky 42001 

Liyuan Liang, Environmental Sciences Division, Oak Ridge National Laboratory,* 
Oak Ridge, Tennessee 37830 

The exposure of some halogenated hydrocarbons to zero-valence base metals results 
in dechlorination of the hydrocarbon. Gillham and O'Hannesin (1992) originally proposed 
use of this reaction for remediation of contaminated groundwater. The reaction is believed 
to be abiotic, reductive dechlorination. Highly reducing conditions and metallic surfaces are 
required. Research published to date has focused on use of iron because it is readily 
available, inexpensive, and more acceptable environmentally than metals such as zinc or 
manganese. The evaluation of other metals and metal combinations, however, is a 
potentially fruitful avenue for additional research. 

The full-scale field application of zero-valence metal reduction has a number of 
uncertainties. Most notable is the uncertainty regarding the mechanism. One research 
group (Hassan et al. 1993) has suggested that sulfur impurities are responsible for the 
reaction. Surface analysis by proton induced X-ray emission (PIXE), however, demonstrated 
that the reaction occurs when the iron is free of sulfur. Other researchers believe that the 
reaction is a direct electrolytic reduction (~fatheson and Tratnyek 1994) during which 
dehalogenation occurs by means of formation of a free radical, but this has not been 
confirmed. Other uncertainties reported by various investigators are that the reaction is 
either slow or ineffective for less-chlorinated compounds such as dichloromethane (Gillham 
and O'Hannesin 1994), the dichloroethenes (DCEs), and vinyl chloride. Consequently, 
research was undertaken in order to extend zero-valence metal reduction to a greater variety 
of systems containing chlorinated hydrocarbons. In particular, bimetallic processes have 
been evaluated as a means of increasing the rate of reaction. Laboratory studies 
demonstrated that the dehalogenation reaction for trichloroethene can be increased by two 
orders of magnitude using palladized iron instead of iron alone (Fig. 1). Moreover, 
palladized iron extends the process to less reactive compounds such as dichloromethane 

* Managed by Martin Marietta Energy Systems, Inc., under contract DE-AC05-840R21400 
with the U.S. Department of Energy 
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(Fig. 2). Evaluation of additional bimetallic combinations is proceeding, and various 
techniques for scale-up are being tested in the laboratory. Preliminary results and the scope 
of these activities are described in this presentation. 
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ORNI./MMES RESEARCH INTO REMEDIAL APPLICATIONS OF 
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Chlorinated hydrocarbons such as trichloroethene (TCE) are prevalent groundwater 
contaminants. At the Paducah Gaseous Diffusion Plant (PGDP), large quantities ofTCE have been 
used for degreasing metal machinery over the past 40 years. During process operations, 
radionuclides, including 99'fc, accumulate on equipment and are subsequently removed during 
degreasing. Past disposal practices have resulted in dissolved-phase groundwater contamination 
with TCE and 99'fc at PGDP. 

Reductive dechlorination of hydrocarbons with elemental iron (Gillham and O'Hannesin 1994; 
Matheson and Tratnyek 1994), as well as the potential for simultaneous 99'fc removal (Lee and 
Bondietti 1983; Vandergraaf et al. 1984; Statler and Ellis 1992) are of interest to PGDP and the 
U.S. Department of Energy for groundwater remediation. During the past two years the 
Enyironmental Restoration and Waste Management (ERWM) Department of the Paducah facility 
has led an ongoing collaborative effort with Oak Ridge National Laboratory (ORNL), ORNL/Grand 
Junction, ERWM-Portsmouth, and the University of Arizona to evaluate reductive d_ehalogenation 
of volatile organic compounds (VOCs) and precipitation of radionuclides using zero-valent metals. 
Our objectives are to establish the feasibility of implementation of a cost-effective, in-situ or ex-situ 
groundwater treatment technology using zero-valent metal for the dechlorination of organic solvents 
and the removal of radionuclides. Preliminary results of batch and column tests using zero-valent 
iron to treat contaminated PGDP groundwater are the focus of this paper. 

Batch experiments indicate the half-life of TCE ranged from 6 to 40 hours for PGDP-
contaminated groundwater using 40 mesh Master Builders, Inc., iron filings. Initial TCE 
concentrations ranged from 1 to 5.5 mg/L. The dechlorination rate of TCE was slower with higher 
concentration (Figure 1). The dechlorination rate is also dependent upon the degree of 
chlorination of the organic solvent (Figure 2). The half-lives of czs-1,2-dichloroethene {DCE) and 
vinyl chloride (VC) are 25 hours and greater than 200 hours respectively. Ethene and ethane 
generation is evident, as is hydrogen evolution. Chloride ion concentrations and pH increased with 
time, whereas dissolved oxygen and Eh levels declined. The concentration half-life of 99-'fc ranged 
from less than 1 to 8 hours (Figure 3). Data suggest the occurrence of initial precipitation of 99-'fc 
followed by sorption onto the iron metal surface. 
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A field column experiment demonstrated the removal of TCE and 99-fc from contaminated 
groundwater. Effluent from the column showed non-detectable levels of TCE and ~c. The 
primary degradation products DCE and VC were not detected in the column effluent. 
Concentrations of ethylene and chloride in the column effluent increased with time. fofluent pH 
of groundwater was approximately 6.2 and increased to approximately 9.2 upon contact of 
groundwater with iron. After 18 hours of operation, the column effluent pH stabilized at 8.7. A 
yellow-brown precipitate, believed to be iron hydroxide, formed in the effluent tubing leaving the 
column. 

In summary, batch and field column experiments conducted with TCE- and 99-yc-contaminated 
groundwater suggest zero-valent iron as a potential treatment reagent for site remediation at PGDP. 
Based on the results of the field evaluation, implementation of a year-long Comprehensive 
Environmental Response, Compensation, and Liability Act (CERCLA) treatability study with iron 
filings as part of an interim record of decision (IROD) is planned. Issues to be resolved during the 
CERCLA treatability study and other ongoing research activities include: 

• determination of the dechlorination mechanism for 1- and 2-carbon chlorinated solvents; 
• removal mechanism for 99-J'c; 
• evaluation of iron type, iron impurities, and-addition of co-metals and impact on kinetics; 

effects of contaminant mixtures, concentrations of contaminants, and addition of solution 
components ( e.g., surfactants, co-solvents) on kinetics; 
measurement of hydrogen, chlo'ride, iron, and degradation product evolution; 

• cost analysis and conceptual design of a potential in situ treatment system. 
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Fig. 1. Comparison of the dechlorination rate of TCE using 40 mesh (Master Builders, Inc.) 
elemental iron with MW66 and MW186 groundwater. 
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Gillham and O'Hannesin2, Vogel and coworkers3 and Reynolds and coworkers4, have reported 
on the transfonnations of halogenated aliphatic compounds in the presence of metallic particles of 
several metals (especially transition metals). In particular, iron (steels), galvanized metals, al1:1minum, 
copper, and brass were studied. Their intriguing studies showed that in some cases ovq 80% decline 
in concentration of chlorocarbon occurred over, for example, 336 hours. Galvanized metal (zinc) and 
mild steel consistently gave the highest rates of ·degradation, and 50% reductions in chlorocarbon 
concentrations were sometimes found in as little as 45 minutes.5 

These very encouraging results prompted our interest in exploring the underlying chemistry 
involved, with the hope of determining all products formed, clarifying reaction kinetics and mechanism, 
and finding metal samples that would completely detoxify the chlorocarbon (rather than convert it to 
another toxic compound). In fact, several research groups have taken up this challenge as judged by 
very recent oral and poster presentations. "7~ 

Further Rationale . 
· The chemistry of metals reacting with chlorocarbons in water medium is rather a new concept 

for chemists. In the past, it was generally thought that water would preclude such chemistry. Indeed, 
ever since the time of Franklin' and Barbier11, the reactions of organohalides with metals have been of 
great interest and usefulness, but an important tenant of this work was to avoid water contamination at 
all costs, otherwise either the reactions could not be initiated, or products would be destroyed. · 

· However, as we have seen, recently a different thought process has been necessary •. Due to long 
term widespread use of chlorocarbons in commerce and industry, there are huge quantities of ground 
water that are now contaminated by chlorocarbons. It is becoming clear that· new approaches need to 
be developed for the decontamination of these water supplies, either in".'situ or by pump-and-treat 
methods. · · ··· 

Ultrafine metal particles offer a promising new approach to this problem. Their high reducing 
potential is a desired property since the contaminants (o~ohalides, nitrocompounds, etc.) generally 
have reasonably·high electron affinities. For example, we can consider the zinc/CO. reaction from a 
thermodynamic point of view. · · 
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2 Zn(s) + CCJ..(l) - 2 ZnCli(s) + C(s) • L1F=an = -702 kJ 

This is a very exothermic reaction. However, under t.'1.e circumstances described, there are two 
problems: (1) this is solid/liquid reaction, and so surface area and possibly morphology of the metal 
would play a major kinetic role, and (2) water will be present. 

Of course, water potentially changes everything. Metals with high reducing potentials are often 
thermodynamically unstable in water, eg: 

• aHm,. = -10 kI 

On careful consideration of these thermodynamic values, and knowing that metal particles can form 
protective oxide and/or hydroxide surface layers, it seems at least possible that a metal such as Zn could 
react with CCJ,. faster than with water. 

EXPERIMENTAL 
The reactions have been carried out in a 280 ml 3 neck reaction vessel. Water volume was 100 

ml and headspace volume was 180 ml. Dissolved oxygen was removed by purging with argon, before 
metal particles and chlorocarbon were introduced. 8 x 10-2 or 8 x 10-3 mol of metal were added under 

- the stream of argon and 100 µl (10-2 mol) was injected beneath the water surface. The reaction mixture 
was magnetically stirred. The pH- measure~ents and GC static headspace analysis were used to follow 
the reaction progress •. The reaction headspace was also analysed by GCIMS, Fr-IR methods and solid 
products were studied by powder XRD. 

RESULTS AND DISCUSSION 
A. Choice of Metal and Metal Morphology 

Our data clearly show that the choice of metal (Mg, Sn, Zn) is very important. As might be 
expected, high. surface area is beneficial. In addition nonoxidized, noncrystalline IIJetal particles are 
best, and these observations are also not surprising considering the substantial body of literature 
publishe4 on the chemistry of "activated metals". n,u However, what is particularly intriguing regarding. 
the use of such metal particles in aqueous media is that a balance must be struc~ between reactivity with -
water ll chlorocarbon~ In the case· of Mg, oxidation of the metal by water tends to defeat its high 
reactivity with the chlorocarbon. Therefore, tin and zinc appear to be better choices since their 
reactivity with water is lower, and yet they still are sufficiently reactive with the chlorocarbons. · 

Of course the chemistry involved is complex. Metal oxide that forms on the surface ~f the metal 
tends to protect it from further water oxidation. In the best scenario, the chlorocarbon would still be 
capable of attacking the metal even in the presence of this protective oxide coating. These 
considerations suggest that kinetic parameters will be controlling features. 

B. Dominant Chemical Reactions 
. · Perhaps the most striking finding from this work is that the chemistry of the M/CC4/H2O system 

can change dramatically depending on the metal. The two metallic elements that were successful ·in 
degrading CCI. over time were Sn and Zn. However. the final product in the case of Sn/CCLIHiO was 
CO2. while tlte final product in the case of Zo/CClc/H,O was CJL. Obviously, these products are 
"complete opposites" in terms of oxidation .n reduction. How can this be rationali:red? · 

With Zn the stepwise production of CH2Cl2, CHC13 and ev~tually ·GB. was rather evident by 
following product formation with time. It is possible that CCJ.. oxidatively adds to Z.n . forming 
Cl3CZnCl, a reactive intermediate that wouid be SllSCCptible to protonation by water. In a simUar way,_ 
CHC13, CH2Cl2, and CH3Cl could be attacked and protonate.d. -~, · a balanced equation for 
complete reaction could be written as follows: 
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4 Zn(s) + CC4(l) + 4 H2O(t) - 2 ZnC12(aq) + 2 Zn(OH)2(s) + CH.(g) 
Note that no HCl is formed according to this equation. Thus seems reasonable since the pH of the 
solution did not fall very ~uch (pH - 6 after reaction). Also, the formation of ZnCli(aq) wo-µld explain 
the copious amounts of Cl precipitated by addition of AgNO3• And Zn(OH)2 was also found as a solid, 
fine precipitate. . 

With Sn a similar reaction could begin the sequence. Oxidative addition of CC4 to Sn could 
yield Cl3CSnCl. This species would also be somewhat susceptible to protonation by water, but it would 
be expected that this would be less favorable since Sn-Cl bonds are less ionic than Zn-Cl bonds . 

. If the protonation Qf Cl3CSnCl is slower, then an expected decomposition pathway might 
dominate, that of CC12 elimination. If this happened the.reaction of CC12 with water would expected 
to be very fast forming an unstable alcohol, which would eliminate HCl and Cl2CO (phosgene). 
However, phosgene would be susceptible to hydrolysis by excess water in the same way that other 
organic acyl chlorides are. The final products would indeed be CO2 and more HCl. 

An overall balanced equation might be written as follows: . 
Sn(s) + CCJ..(l) + 4 H2O(l)-. SnOz(s) + 4 HCl(aq) + CO2{g) + 2 H2(g) 

This reaction is supported by the observation of SnO2, COz and the development of low pH (between 
1 and 2 after reaction, Figure 2). We haye not yet confirmed the presence of hydrogen. Of course 
these balanced equations are idealistic. In the tin system, small amounts of CHC13 and CH2Cl2 were 
also observed, and occasionally two carbon products such as CzH..Cl2 were also detected. 

Still, it seems that the formation of Cl3CMC1 as an initial reactive intermediate is a reasonable 
working hypothesis. The competition between protonation by water, or elimination of CC12 can be used 
to rationalize product mixtures observed. 

CONCLUSIONS 
1. Sn (mossy, granular, cryo-particles) causes the degradation of CCI. in water solutions 

with CHC13, SnO2, CO2 and HCl as the main products. 
2. Zn (dust, cryo-particles) is more reactive than Sn and causes the degradation of CCI., 

CHC13 and CH2Cl2 in water solutions. The final products are CH3Cl, CU., ZnC12 and 
Zn(OH)i. 

3. The different products found in the Sn and Zn reactions possibly indicates different 
mechanisms of the chlorocarbon degradation. 

4. The ability of Zn and Sn particles to decompose the chlorocarbons depends on the 
quantity of the metal and it surface properties and increases in the order: 
Sn (mossy) < Sn(granular) < Sn(cryo-particle) Zn(dust) < Zn(cryo-particles) 

5. _The metal particles obtained by the cryo-method (cryo-particles) allowed the shortest 
induction time and the most rapid degradation of chlorocarbons. 

Further work on complete material balances, kinetics, other metals and other organic substrates 
is ongoing. 
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Hydrodehalogenation reactions compared to other detoxification methodsla-c, 2a-d 
are gaining in importance because they allow polyhalogenated aromatics to be reduced to 
the parent hydrocarbons without the production of waste. Moreover, they may selectively 
remove halogen from the aromatic ring, thus providing new methods for organic synthesis. 

Previous results in our laboratory showed3-S that operating in a two-phase system 
(apolar organic solvent and 50% KOHaq. solution) in the presence of Aliquat 336 

. (methyltricaprylammonium chloride, l) as Phase-Transfer (PT) Cataly~. with H2 at 
atmospheric pressure and 5% Pd/C Catalyst; the hydrodehalogenation of polyhalogenated 
aromatics follows zero-order kinetics in the substrate and first-order kinetics in the •pdfc 
catalyst; the related rate constants were detennined for o-, m-and p-bromotoluenes, o-, m-
and p-chloroalkylbenzenes (methyi ethyl and propyl derivatives) and other aryl ·halides. 

Reaction rates, depending on the aromatic to be reduced, may be strongly improved 
· by the presence of quaternary onium salts: the isomeric chlorethylbenzenes were reduced 50 
times faster when operating in the presence of l. 

The co-catalyst onium salts operate by being adsorbed on the Pd/C surface, as 
shown by the pattern of kinetic constants in function of the amount of onium salts, which 
are arranged like classical Langmuir adsorption isotherms. 

The presence of the onium salt amount may also influence selectivity in the reduction 
of the isomeric aryl halides: when l is present, p-dichlorobezene reacts in diethyl ether at 
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20 °C, 5-fold slower than the ortho isomer; whereas the reduction rates of the two 
compounds are almost the sai"lle in its absence. 

These reaction conditions allow a very rapid hydrodehalogenation on sterically 
hindered compounds such as 2-chloro-m-xylene and PCBs (Aroclor 1254); they easily yield 
m-xylene and bipheny~ respectively. 

Moreover, we reported6 that variyng the metallic catalyst under such multiphase 
conditions, the onium salt considerably induces different reaction outcomes in the 
dehalogenation ofpolychloro- and polybromobenzenes. 

It has been observed that in the hydrodehalogenations of 1,2,4-trichlo-and 1,2,4-
tribromobenzene catalyzed by Pd/C ( or Ni-Raney) with hydrogen; the reaction proceeds to 
benzene through a rapid and progressive displacement of the halogen atoms (Equation 1 ). 
The selectivies observed derived from the adsortion of the substrates on the surface of the 
metal catalyst coated with the PT agent. 

X 

· l _x TI Y H2, 5% Pd/C « NI-Raney, KOH..q. ¥ Aliquat 336, O<g, solvent 

X 

X= Cl or Br 
X 

(eq. 1) 

In the competitive hydrodehalogenation of isomeric o-, m- and p-dichloro (and 
dibromo) benzenes, with H 2 at atmospheric pressure and Pd/C or Ni-Raney, operating un:der 
the same conditions, we observed that the selective removal of the halogen atoms are 
influenced by the presence of a bulky quaternary onium salt: both the catalytic activity and 
the selectivity changed in relation to the halogen to be removed and the metal catalyst used. 

In particular, the Ni-Raney catalyst becomes effective in the reduction only if an 
onium salt is added. Similarly, the onium salt effects the catalytic hydrodehalogenation of 
1,2,4-trichloro-arid 1,2,4-t.ribromober..zene. 

· The · reported reactions represent useful decontamination procedures for · halogen 
removal from aromatics: in particular, the conditions described may extend the appli~tion of 
Ni-Raney as an hydrodehalogenation catalyst. 

More recently, we observed that operating under this two-p~ system (apolar 
organic solyent and 50% KOHaq.) and in the presence of _Aliquat 336, the reduction of 
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halogenated aromatic ketones over 5% Pd/C and H2 at atmospheric pressure, affords 
selectively pure aromatic ketones; only the dehalogenation takes place while the carbonyl 
group is kept unchanged.7 On the contrary, operating without Aliquat 336 the product is the 
corresponding alkyl benzene. 

Accordingly, in isooctane solvent at 50 °C, 4-chloropropiophenone, 4-
bromoacetophenone and 4,4'-dichlorobenzophenone give the corresponding ketones with 
selectivity~ 95% (Equation 2). 

~-R 

X= Cl and Br 

Pd/C., Aliquat 336 

KOHaq.,H2 

R = -CH3, -CH2CH3, Ph 

with Aliquat 336 

without Aliquaf33 6 

(eq. 2) 

Q-]-R 

In order to investigate such a selectivity observed with the haloketones, the reduction 
of propiophenone and benzophenone was carried out in different solvents, either in the 
presence or in the absence of Aliquat 336 .. 

Under multiphase' conditions in hydrocarbon solvents, the unfunctionalized ketones 
only give the corresponding alcohols; that is, the reduction of the carbonyl group. proceeds 
selectively to the alcohol fonnation and no aromatic hydrocarbons are observed. However, 
in the presence of Aliquat 336, the reaction is slowed down considerably or even completely 
inhibited (for benzophenone). 

In fact, the presence of the onium salt also lowers the reduction rate of the 
haloketone, so that both the corresponding alcohol and the alkyl benzene fonnation are 
practically avoided. However, an important ·difference arises: operating in the multiphase 
system, 4-chloropropiophenone is promptly dehalogenated to propiophenone (with only a 
trace amount of the corresponding alcohol) or reduced to propylbenzene; instead, the 
reduction of the propiophenone always selectively gives the alcohol. . 

Instead, in the absence of the onium salt, alkyl benzenes are the sole products as 
occurs when the reduction is carried out ov:er Pd/C in an ethanolic solution, under already 
reported classical conditions. 
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Operating in a two phase system, the Aliquat 336 plays a decisive role in the 
dehalogenation of the haloaromatic ketones: a selective removal of the halogen(s) from the 
aromatic ring occurs without any reduction of the carbonyl group. This effect may be due to 
the fact that, as we previously reported, 5 in an apolar solvent, the polar onium salt is 
adsorbed on the surface of the metal catalyst and thus may constitute the medium in which 
the reaction actually takes place. 

In addition, this may also explain why in the absence of the onium salt halogenated 
ketones give the corresponding hydrocarbons under multiphase conditions. However, it 
remains unclear why under the same conditions with or without the Aliquat 336, 
unhalogenated ketones only produce the respective alcohols ( a possible rationalization is 
currently under investigation). 

In this way, the presence of the onium salt influences both the reaction outcome and 
the selectivity. Nevertheless, the reported results may open the way to a new approach in 
organic synthesis for the utilization of halogens as protective groups for functionalize.d 
aromatic ketones in aromatic rings. 
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ABSTRACT 
Atrazine undegoes rapid reductive dehalogenation in the presence of 

nanosized Fe-particles. Atrazine as such is fully decomposed at pH 1.5 under 
sunlight irradiation ( AM 1) within a 2 hour period as seen by high presure liquid 
chromatography (HPLC). The total elimination of Cl- proceeds under the same 
conditions over a 20 hour period indicating the generation of long lived 
intermediates during the generation process. Total organic carbon (TOC) indicates 
that 25% of the initial carbon remains in the form of intermediates produced 
during the degradation process after all c1- has been eliminated. The most 
important factors controlling atrazine degradation under light are the surface 
area and the nature of the iron used. No degradation is observed in the dark 
showing the importance of sunlight in the natural cycle. The mechanism found 
involves iron corrosion with electron transfer from the metal surface to the 
supstrate. 

INTRODUCTION 

Switzerland is beginning to . suffer from a chronic atrazine pollution in 
lakes (Greifensee) and rivers showing values in water reservoirs of 4 to 8 times 
the allowed level of 0.lug/1. This effect is specially meaningfull in July/ August 
after atrazine is used as a pesticide in cornfields and the problem is a growing 
matter of concern since there no degradation of this substrate over long time 
periods is known to take place. Recently, TiOz has shown to partially degrade this 
substance to cyanuric acid 1. Tratnyek2 even more recently has shown reductive 
dehalogenation of halocarbons with zero-valent iron. This study was undertaken 
to find out if such a process could be applied to atrazine a persistent non 
biodgradable pe~ticide of practical importance. 

RESULTS AND DISCUSSION 

Figure la shows the amount of chloride evolved in the dark up to 25 hours 
by an aereated solution containing 0.41 mM atrazine when 0.5 ml-Fe0 (Johnson 
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Matthey 23179 lOmg/ml, BET area> 60 m2/g) is added at pH 1.5. Trace lb shows 
the chloride-ion evolved when sunlight lO0mw / cm2 is applied. The chloride 
released in the latter situation corresponds to 100% of the maximum possible 
over 20 hours. The chloride was identified in a Tecator titrator. The~ sample 
containing chloride is mixed with reagent consisting of Hg(II) thiocyanate and 
Fe(III) nitrate. The released thiocyanate ions react with Fe (III) to give a red 
colored complex and this is measured photometrically at 463 nm. Ethylene as gas 
is released but no CO2 was observed by gas chromatograhic techniques. When 
Fe+2 (4;5 10-S M) is added to the same solution the decomposition of atrazine 
under light is accelerated as shown in Figure le. This observation suggests that a 
direct reduction mechanism involving reductive dissolution of FeO to the 
ferrous condition2. This electron transfer type of reaction is common at the 
surface of metals with high cathodic overpotentials like Fe-metal3. Figure ld 
shows even more rapid degradation when under the conditions stated before 
H2O2 is adeed indicating that peroxides are active oxidative intermediates being 
generated during the degration. Besides ethylene also CO2 is evolving during this 
reaction in gas phase. This experimental observation coupled with the results 
shown by Figure le shows a Fento_!"l like system bein.g active i..11. the contaminant 
degradation. Moreover, when this solution is purged with Ar the degradation 
slowed down considerabiy indicating that oxygen is reduced to some form of 
peroxide during the reaction. Therefore a 02 + e --> type process is also catalyzed 
in our reaction at the FeO-surface3,4. 

Figure 2 shows that dark processes as followed by total organic carbon 
measurements (TOC) do not reduce the carbon content of the soiution, while 
sunlight activated systems degrade about 75% of the initial C-content over 24 
hours. The nature of the end product remaining in solution has not been 
identified but cyanuric acid was not observed as is the case when TiO2 is used as 
photocatalystl. In effect the peaks in the HPLC spectrogram are dose to the. 
atrazine peak and suggest close in nature to our substrate like simazin~ or 
terbutylazine. The dissapearance of atrazine during the photoinduced 
degradation is shown in a rather fast process. It occurs within 2 hours as shown 
by the insert in Figure 2. This atrazine was identified in a Spherisorb 5 um 
Amino column (HPLC Technology Ltd) with an isocratic eluent composed of 70% 
acetonitrile and 30% ammonium acetate. 

In Figure 3 visible light resembling the sun spectrum (pTi Mod A 500, 
Photon Technology international) but ten times stronger has been used to test the 
effect of light intensity on atrazine degradation. A solution like the one used in 
Figure 2 took only 30 minutes to degrade. This process is about four times faster 
than the degradation induced by a lamp 10 times weaker as shown by the insert 
in Figure 2. In the dark no degradation was observed. The TOC values in mg C/1 
are referenced on the right hand side of Figure 3. These values show that 
persistent intermediates are formed during atrazine photodegradation that do 
not decompose to gaseous hydrocarbons within 300 minutes. This experimental 
result suggests that the large amount of Fe+2 available at higher light intensities 
promote a degradation of the atrazine adsorbed on the catalyst when dissolved 
oxygen and water are present: 
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Figure 4 shows the evolution of Fe+2-ion as a function of irradiation time 
for a solution with the same make up as used previously in Figure 3. In our 
closed system ferrous-ion contributes to the dechlorination of atrazine as shown 
by the ferrous iron release in Figure 4. In separate experiments 0.SmM EDTA, a 
known iron-ion complexing agent was added and it had no effect on the atrazine 
dehalogenation rate. Therefore it is suggested that oxidative dissolution of FeO-
metal is one of the processes taking place under the conditions worked in this 
study. We did not observe meaningfull degradation of atrazine at pH values 
above 2.5. This points out to the participation of protons during the degradation 
reaction. It is known3 that Fe0 increasingly corrodes at low pH. Moreover above 
this pH iron hydroxide precipitation4 involving Fe+2 in the presence of 02 is 
known to be: 

Fe(Il) + 1/4 02 + 2 OH- +1/2H2O-> Fe(OH)3 (s) 

Finally, the nature and BET area of the Fe0 seems to be the controlling 
factor during light induced degradation. Iron with 3m2/g (Alfa-Ventron) had no 
effect as well as iron powder (325 mesh or 50 micron with 33m2 / g, Johnson 
Matthey) or sol-gel preparations of iron supercritically dried at 250 °c in 
methanol with an area of 50 to 60 m2 / g. These iron varieties either did not 
corrode enough during the photodgradation or did not have enough surface area 
with the adequate pore structure to affect the degradation process. 

LITERATURE CITED 

1 Pelizzetti, E.; Maurino ,V.; Minero, C.; Carlin,V.; Tosato,M. Environ. Sci. 
Technol., 1990, 24, 1559. 
2 Matheson,L.; Tratnek, P. Environ. Sci. Technol., 1994, 28, 2045. 
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LEGEND TO FIGURES 

1 Chloride-ion evolution from a solution containing atrazine 0.41 mM and 5 
mg/ml Fe0 in 40 ml solution a) Dark reaction b) solution irradiated with 100 
mW I cm2 solar simulated irradiation (AM 1) c) adding Fe+2 ( 4.5 10-S M) and d) 
adding H2O2 ( 10-2 M). 
2 Total organic carbon (TOC) vs. time for solutions as used before in Figure la in 
the dark and under light. The insert shows the dissapearance of atrazine as 
detected by HPLC. 
3 Left hand ordinate: HPLC for a solution with the same make up as in Figure 2 
but irradiated with the equivalent of 10 suns or in the dark. Right hand ordinate: 
values found for TOC as a function of time. · 
4 Appereance of Fe+2 for a solution with the _same make up as in Figure la 
irradiated with AM 1 solar irradiation as a function of time 

769 



-E 
a. .e: 
C: 
0 

-; u 

; ~:• 

-:: 
c:> 
0 
,-

. .;... 
• 

Cl) 
C: 
N 
al ... -<t 

20~--------------~ 

10 
_,,d 

(// 

y;,· 1.·1gure 1 

b--

a 

0 ---.---.---.-"""T""-r---r--...---.---.---l 
0 5 1 0 15 20 25 

reaction time (hours) 

0.5 .40 
\p Figure 3 

0.4 - Dark 
0 

:::: 
Cl 

0.3 E -
() 
0 0 
I-

0.2 

0 
0.1 

Light 
\ 

o.o-~-------------------1 o 0 10 20 30 60 120 240 300 

reaction times {hours) 

770 

40.----------------~ Figure 2 

30 

:::: 
Cl 
E 20 -

() 
0 
I-

10 

.-------------=---.... Dark 

o., 

0.3 

I 0.2 

• O.t 

o.o.i---.---......-,--=:o-..-

(HCtlOfl thn• (hour•) 

...._ ______ Light 

0 +-------.-----,----,------,---! 
0 10 20 30 

time reaction (hours) 

2~----------------. 
Figure 4 

-:: 
It> ,. 
0 ,- 1 -• 

N 
+ 
Cl) 

LL 

0 
0 1 0 20 30 60 120 240 300 

time reaction (minutes) 



"PREPRINT EXTENDED ABSTRACT" 
Presented before the Division of Environmental Chemistry 

American Chemical Society 
Anaheim, CA April 2-7, 1995 

ZERO-VALENT IRON-PROMOTED DECHLORINATION OF 
POLYCHLORINATED BIPHENYLS (PCBs) 

Fei-Wen Chuang and Richard A. Larson• 
University of Illinois 

Institute for Environmental Studies 
1101 West Peabody Drive 

Urbana, IL 61801 

Zero-valent metals have been observed to dehalogenate some organic compounds in aqueous 
solutions (1-3). Matheson and Tratnyek, for example, reported that halogenated aliphatic 
compounds such as CC4 may be reduced by iron metal due to redox reactions in which transfer 
of electrons from the metal to the organic molecule initiates the reduction (2). Less information 
is available on the reactions of halogenated aromatic compounds with zero-valent metals, 
although copper has been reported to dechlorinate dibenzodioxin and dibenzofuran derivatives 
(4). 

We report that polychlorinated biphenyls (PCBs) undergo dechlorination at elevated temperatures 
in the presence of air and iron powder in sealed borosilicate glass ampoules (no solvent). Figure 
1 shows the trend of reactions between a representative PCB (Aroclor 1221, a mixture of 
biphenyl and mono-, di-, and trichlorobiphenyl isomers; Aroclor 1254, which is more heavily 
chlorinated, underwent similar reactions) and Fe0 at temperatures in the range of 2oo·c to 
600°C. At 200°C, no significant reactions occurred. Thermal dechlorination was observed 
above 300°C. The most efficient formation of the fully dechlorinated product, biphenyl, was 
observed at 400°C. At 500°C and 600°C, the yield of biphenyl in these samples began to 
diminish and the total amount of all biphenyl isomers decreased. Therefore, not only 
dechlorination but also other reactions must have taken place at higher temperatures, giving rise 
to compounds undetectable by GC-MS. 

Control experiments without iron (data not shown) indicated, at less than 3oo·c, a similar 
component distribution to that of unheated controls. At 400°C, the proportion of PCB 'isomers 
was about the same as the initial reactants (no obvious dechlorination), but the total quantity of 
PCBs decreased to about half the starting concentration. At soo·c and 60o·c, PCBs were totally 
converted to compounds undetected by GC. 

Figure 2 shows the reactions occurring at 4oo•c at different reaction times. Most of the 
dechlorination reactions took place within 10 min. The lower chlorine-containing PCBs were 
more efficiently dechlorinated. (Biphenyl is stable at 4oo•c under these conditions.) 

The source of the hydrogen that replaces the chlorine substituents on the aromatic ring during 

771 



the reaction is still uncertain. To determine whether an impurity on the Fe0 surface participated 
in the thermal reactions, we extracted Fe0 with water, methanol, or methylene chloride before 
use. Reactions with pre-extracted Fe0 were performed under the same conditions as experiments 
with unextracted Fe0

• The sole product observed in the 500°G samples was biphenyl; all the 
PCBs were completely dechlorinated, and the biphenyl yield was higher than in the experiments 
with unextracted Fe0

• The same trend took place in the 300°C samples; the samples with Fe0 

pre-extracted by methylene chloride generated more products (biphenyl and monochlorobiphenyl) 
than the samples with unextracted Fe0

• Deliberate addition of water to the reaction mixture also 
led to complete dechlorination and the amount of the major product, biphenyl, in these samples 
was slightly larger than the samples without water addition. This suggests that adventitious or 
trapped water may be.able to act as a proton or H-donor at high temperatures. 
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INTRODUCTION 

The degradation of the chlorinated solvents ( e.g., perchloroethylene [PCE] and 
trichloroethylene [TCE]) by reduction on the surface of zero-valent iron has emerged in 
recent years as a potentially viable approach to the remediation of chlorinated solvent-
contaminated groundwaters (Gillham and O'Hannesin, 1992 and 1994; Matheson and 
Tratnyek, 1994). The sorption of PCE in a batch reactive zero-valent iron system was 
examined in this study. Sorption can be to either reactive or non-reactive sites. It is 
believed that sorption to reactive sites is a crucial component of the reduction mechanism. 
Sorption to the non-reactive sites has the impact of sequestering a portion on the 
contaminant mass in an area where the reduction reaction will not occur. The role of 
sorption is particularly relevant in flow-through systems (Hatfield et al., in review). In 
flow-through systems, significant sorption to reactive sites will increase the time within the 
system in which the contaminant can react, allowing more degradation to occur within the 
system. Sorption to non-reactive sites, however, should not increase the extent of 
degradation within the system. 

EXPERIMENTAL SECTION 

The batch system consisted of 15 ml serum vials with Teflon-lined septa. 5.0 g 
iron (acid pretreated, 40 mesh, Fisher Scientific) and 0.1 g pyrite (ground with mortar and 
pestle, Ward) was added to each Ar-purged vial. The pyrite was added to stabilize the pH 
to 6.5 to 7.0 for the duration of each experiment. Ar-purged Milli-Q water was spiked with 
PCE in methanol, and allowed to dissolved. The vials were filled with spiked water in an 
anaerobic glovebox using a separatory funnel to minimize volatilization losses. The vials 
were crimped shut with no headspace. Two controls (no iron or pyrite) and two sample 
vials were used for each sampling event. Duplicate aqueous samples were obtained for 
analysis by withdrawing 10 µI for the vial and adding it to hexane containing an internal 
standard. After sampling the aqueous phase, the entire vial was extracted with hexane 
containing an internal standard. The samples were analyzed by GC with ECD detection. 

The time-series results for a run using a relatively high initial PCE concentration is 
shown in Figure 1. The aqueous results show rapid initial decline which was due primarily 
to degradation and not sorption since the total system mass results were similar to the 
aqueous. Rate plots are shown in Figure 2. The rate appears to be psuedo-first order after 
24 h. The results appear to indicate that either two degradation mechanisms may occur in 
the initial time period (with one becoming inactivate by 24 h) or that a single degradation 
mechanism exists and a certain portion of its sites becomes inactive by 24 h. 

Figure 3 shows the PCE sorption isotherm obtained using the data set from Figure 
1 plus data from a 10\yer concentration time series experiment. Sorbed· concentration was 
calculated by subtracting the mass of PCE present in the aqueous phase from the total mass 
of PCE in the system at each time point, then dividing by the mass of iron. The isotherm 
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indicates Langmuir sorption behavior, which is consistent with a model of PCE sorption to 
a finite number of available sites on the iron. The proportion of reactive to nonreactive sites 
can not be determined from the data presented. If the reaction is zero order in the plateau 
region of the isotherm, that would indicate that a substantial portion of the sorption sites 
would be reactive. The data points in the plateau region of Fig. 3,however, were from the 
very rapid initial reaction phase of Fig. 1 

CONCLUSIONS 

The degradation kinetics of PCE in batch zero-valent iron reaction systems was 
characterized by a rapid initial rate followed by a slower pseudo-first order rate process. 
Sorption behavior can be determined in a reactive system by determining aqueous and total 
concentrations. Sorption of PCE to zero-valent iron follows Langmuir-type isotherm 
behavior. Knowledge of sorption to reactive and non-reactive sites is of importance to 
gaining a thorough understanding of the performance behavior of the flow-through reactive 
systems envisioned for remediation technologies. 
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Figure 1. Degradation of PCE in batch zero-valent iron system. Squares and cirles 
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The effects of mass transfer on the reductive dechlorination of trichloroethene 
(TCE) were investigated by pumping aqueous solutions of the solvent through 
laboratory column systems packed with mixtures of granular iron and pyrite to simulate 
a groundwater treatment process. Permeable beds of zero-valent metals have been 
proposed as the basis for an in situ groundwater treatment method to dechlorinate 
common groundwater contaminants such as TCE. The development of this method into 
a viable groundwater remediation process depends on the accurate characterization of 
nar-amo+er-S +ha+ ;...,fl, 18...,,..8 +h9 ,-1,..,..,1-,i,.,,.;..,,.,+;,...n '"""t" t-' 1 11 w• I u I • II II IU I I~ ~I I UC~I IIVI II ICHIV I IO I::. 

The effects of fluid velocity, particle size, iron/pyrite ratio, and influent 
concentration on the dechlorination rate of TCE were measured for oxygenated and 
deoxygenated conditions in continuous flow experiments. A Plackett-Burman statistical 
experimental design was followed. The experiments were performed in stainless steel 
columns to minimize losses of analyte from sorption or volatilization. Columns 
measuring 50 cm in length by 3.8 cm in diameter were designed with sampling ports 
along the length so that samples could be collected in gas-tight syringes for 
subsequent analysis. Flow to the columns was provided by HPLC pumps capable of 
delivering volumetric flow rates from 0.01 to 10.0 ml/min. The quantitative 
determination of chlorinated organic compounds was performed by capillary gas 
chromatography using electron capture detection. 

Initial experiments performed for different flow velocities at constant ratios of 
reactant flow rate to packed column volume demonstrated the mass transfer 
dependence of the reaction. Subsequent experiments were conducted with different 
particle sizes to characterize this mass transfer dependence of the overall conversion 
rate in greater detail. Mixtures of iron and pyrite were shown to be effective in 
maintaining the system near neutral pH where the conversion rate of TCE was 
maximal. In the absence of pyrite and for high iron/pyrite ratios the pH increased over 
time with a corresponding decrease in conversion rate. This behavior was similar to 
that observed in batch reaction systems. 
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Experimental results were compared to model predictions for operating 
conditions corresponding to kinetic, mass transfer, and mixed control of the reaction. A 
sequential two-step model was used to describe the transport and reaction of TCE at 
the reactive metal surface. A rate expression was obtained by fitting kinetic data 
gathered under conditions of kinetic control. This kinetic rate constant was combined 
with a mass transfer resistance term estimated from existing correlations for fluid 
flowing through beds of solid particles to produce an overall rate constant. Results of 
this model compared favorably to the experimentally observed overall rate expression 
for a range of operating conditions. 

The application of these results to the design of in situ groundwater treatment 
systems was investigated through model simulations using the experimentally 
determined rate expression in a coupled reaction-transport model. The starting point 
for modeling the transport and reaction of groundwater contaminated with TCE was the 
advection equation for flow through porous media. A material balance for TCE within 
the reactiye zone introduces a reaction term to the advection equation. The rate of 
accumulation of TCE over an element of the domain was described in terms of the net 
convective flux, dispersive flux, and the reaction term. The resultant hyperbolic-
parabolic equation was solved numerically. The necessary initial and boundary 
conditions for these simulations included the specification of the inlet concentration as 
a function of time and the convective efflux at the outlet (zero gradient). The 
degradatory products of TCE were not considered although introduction of additional 
mass balance equations would have simply generated a system of coupled PDE's. 

The chemical speciation program, MINTEQA2, was also used to investigate the 
interaction of an in situ groundwater treatment system with its local geochemical 
environment. Computer simulations were performed using pH and Eh values 
determined from the column experiments. MINTEQA2 simulations provided estimates 
of the effects on subsurface water quality for different operating conditions. Changes in 
the solubility of dissolved species, including the formation of precipitates and the 
mobilization of bound metals were possible results. These simulations suggest that the 
presence of pyrite in the granulated iron mixtures provides a beneficial level of pH 
control. The operation of such a system minimizes the effects of discharging alkaline 
groundwater while maintaining high conversions of contaminants. Such simulations 
may be usefully applied in the design of proposed in situ groundwater treatment 
processes such as the permeable wall or funnel-and-gate designs. 

This study supports previous investigations of the reductive dehalogenation 
reaction mechanism that indicated the solid metal surface is directly involved in the 
conversion of contaminants. The results suggest that the conversion rate of 
chlorinated volatile organic contaminants within a subsurface plume flowing through a 
porous bed of reactive solids may be limited by mass transfer at the low velocities 
typical of groundwater flow. The presence of pyrite within the reactive zone could 
provide a buffering capacity to maintain a near neutral pH for an in situ groundwater 
treatment system. 
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In-situ permeable reactive walls are an alternative treatment method for removing contaminants from 
groundwater. Reactive walls are installed in the path of a moving plume of contaminated groundwater. 
Geochemical reactions occurring in a reactive wall are engineered to result in the destruction or 
attenuation of contaminants. Reactive walls have been proposed for treating inorganic contaminants (i,2), 
halogenated organic compounds (3), gasoline derivatives· (4), acid-mine drainage contaminants (5), 
nutrients derived from domestic septic systems (6,7), and combined organic and inorganic contaminants 
(8). To be suitable for treatment, the contaminant must be sufficiently reactive to lead to its removal 
within the vicinity of the reactive wall under the groundwater flow conditions typical of a field site. The 
reactive material must be sufficiently active to allow contaminant transformation under typicai flow 
conditions and sufficiently stable to remain in place, under in-situ aquifer conditions, for an economically 
viable period of time. The degree of stability required will depend on the nature of the contaminant, and 
the potential cost associated with alternative treatment systems. In addition, the formation of secondary 
reaction products and t.'1e potential for wall clogging must be considered. 

Methods 
We have conducted a series of laboratory experiments intended to assess the potential for removal of 
hexavalent chromium (Cr(VI)) from contaminated groundwater using zero-valent iron (Fe0

). These 
experiments included batch reactor experiments, and flow-through column experfrnents. fa the batch 
experiments 100 g of reactive mixture consisting.of 50 wt% Fe0 (as fine-grained iron filings), 49 wt% 
quartz sand, and 1 wt% calcite, was mixed with 500 g of Cr(VI) solution. A second mixture consisted 
of 50 wt.% Fe0 and 50 wt.% quartz sand. Loss of Cr(VI) from an initial.solution concentration of 25 
mg/L was monitored versus time in both experiments. The reaction products from the batch experiments 
were analyzed using mineralogical techniques, including optical microscopy, scanning electron 
microscopy and energy-dispersion analysis, x-ray diffraction and Debye-Scherer analysis, and electron 
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microprobe. In the column experiment a 15 cm-long column was used. The bottom 10 cm contained 50 
wt.% Fe0 and 50 wt.% quartz sand; an additional 1 wt.% calcite was added to the mixture for the top 
5 cm of the column. The experiment was conducted by flowing simulated groundwater containing 20 
mg/L Cr(Vl) upward through the base of the column. Effluent concentrations of dissolved Cr(VI), and 
major ions were monitored versus time. Measurements of effluent pH, Eh, and alkalinity were made 
during the column experiment. 

Results and Discussion 
The batch experiments showed removal of Cr(VI) from initial concentrations of 25 mg/L to < 0.05 mg/L 
(detection limit) within three hours (Figure 1). Removal of Cr(VI) in the batch experiments where calcite 
was present and where calcite was absent was similar. Similar rates of Cr removal were observed by 
Powell et al. (in press; 9). Monitoring of the reaction flasks for 80 hours showed no indication of 
secondary release of Cr. Measurements of the solution pH indicated that the pH remained near neutral 
or slightly acidic throughout the experiment The reactive material derived from the batch experiments 
was dried and analyzed mineralogically to evaluate the mechanisms resulting in chromium attenuation. 

Mineralogical examination indicated that the most abundant secondary phase_was goethite, with -
lesser amounts of lepidocrocite, maghemite, and hematite. No discrete Cr-bearing solids were detected. 
Most of the Cr detected was within the goethite; phases other than goethite were characteristically low 
in Cr. Chromium-rich zones within the goethite contained up to 27.3 wt.% Cr, expressed as Cr(OH) 3• 

It is not known whether Cr was taken into the goethite structure as a solid solution. Solid-solution 
substitution of Cr(lll) for Fe(III) has been demonstrated (JO). Eary and Rai (1988; 11) observed that 
reduction of Cr(Vl) to Cr(ID), coupled with the oxidation of Fe(II) to Fe(ID), resulted in the precipitation 
of a mixed Cr(III)-Fe(ill) hydroxide phase. Based on experimental water chemistry data, they proposed 
the following ·equation to describe the precipitation reaction: 

xCr(lll) + (1-x)Fe(lll) + 3H2O .. [Cr ,!'eci-.i~(OH)3C.r> + 3H+ 

and calculated an approximate stoichiometry of (Cr0_25Fe0.75)(OH)3<s> for the solid phase (J J). Eary and 
Rai further concluded that at pH values between 5 and 11, precipitation of a mixed Cr(III)-Fe(III) 
hydroxide phase generally will limit total dissolved Cr concentrations to values less than the drinking 
water standard of 10·6 M. The total dissolved Cr concentrations observed in our batch tests decrease to 
<0.05 mg/L within three hours. These low concentrations, and the stoichiometry of the Cr-rich portions 
of the secondary precipitates are consistent with the findings of Eary and Rai (1988; 11). 

In the column tests, the influent concentrations of Cr(Vl) were approximately 20 mg/L (Figure 
2). Analysis of the breakthrough curve for Cl, assumed to be a conservative tracer, resulted in a 
calculated .average linear velocity of 10 m/a. Determination of.solute transport parameters using the 
nonlinear least-squares program CXTFIT (12) indicated conditions that are consistent with a simple 
advection-dispersion formulation of the transport equation. Chloride breakthrough was complete within 
two pore volumes (Figure 2). After 140 pore volumes (approximately three years), no breakthrough of 
Cr has been observed. Dissolved Cr(Vl) and total Cr concentrations remain < 0.05 mg/L (Figure 2). 
Brown alteration coatings, assumed to be Fe(III) hydroxides or oxyhydroxides, are present throughout 
the column. Continued removal of Cr(Vl) suggests that these precipitates are not sufficient to inhibit 
Cr(VI) reduction at the experimental velocity. The experiment was terminated at 147 pore volumes. · 
Examination of the column packing immediately above the bottom end-plate indicated a significant 
accumulation of secondary reaction products. The effect of these reaction products on_ the transport of 
solution through the column has yet to be evaluated. 
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Conclusions 
The results of batch and column experiments indicate that removal of Cr(VI) from simulated 
groundwater is sufficiently rapid to be suitable for treatment of Cr(VI) contaminated groundwater using 
zero-valent Fe in a permeable reactive wall. Batch experiments indicated removal of Cr(VI) from 
simulated groundwater within 3 hours. Microscopic examination of the alteration products indicated the 
formation of a Cr(III)-bearing Fe(III) oxyhydroxide precipitate, which is consistent with previously 
observed precipitates. The results of a three-year column experiment indicate the potential for continued 
remediation of Cr(VI) contaminated groundwater. 
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Figure I. Results of batch tests showing removal of Cr(VI) from aqueous solution by reaction with zero-
valent iron. 
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rn/a by reaction with zero-valent iron. 
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Permeable reactive subsurface barriers are intended to prevent contaminant migration by sorption, 
precipitation, or biotransformation as the plume passes through the barrier and is exposed to altered pH, 
redox, sorptive substrates, or biotic activity (1-4). Chromate has been considered amenable to such a technique, 
with elemental iron as a component of the reactive barrier material (5). 

Chromium occurs in two stable oxidation states in the subsurface, Cr(VI) and Cr(1II) (6). Under oxic 
conditions chromium can exist as CrM> oxyanions, HCr04· {bichromate ion) below approximately pH = 6 and 
CrOi· (chromate ion) at pH > 6. These oxyanions are reduced to trivalent chromium forms when appropriate 
electron donors are present, with the precipitate Cr(OH)al> forming in the pH range 6.5 - 10.S. The oxyanions 
are of the greatest concern due to their toxic and carcinogenic properties and their greatly increased subsurface 
mobility compared to the relatively immobile and nontoxic Cr(1II) species. 

When dissolved Fe2+ is present, a mixed chromium-iron hydroxide solid solution (Crx,Fei-x)(OH)J(ss) 
can form (7). This is desirable from a remediation standpoint. When the components of a solid solution are 
homogeneously mixed and fit readily into the crystalline structure, without tending to be expelled, the 
components will have lower equilibrium solution activities than pure solid phases. This is because component 
activities at the su..-face of suc..11 a solid solution are les.; than unity (8). 03+ and meet these criteria. 
Measured aqueous Cr concentrations in equilibrium with (Crx,Fet-XHOH)a(ss) have been found to be several 
orders of magnitude lower than equilibrium concentrations with pure Cr(OH>:3 (9). 

This research was begun to determine whether reduction of chromate in the presence of elemental iron is 
due to corrosion and, if so, to elucidate the mechanisms of the process. This included an evaluation of the 
geochemical parameters that could impact such a remediation system incorporated into a permeable reactive 
subsurface barrier. 

Most methods used in this project have been descn"bed (10-12). These were primarily stirred batch 
reactor (SBR) and shaken batch bottle (SBB) experiments. Parameters evaluated were different forms and 
quantities of iron, differing n:aturaI aquifer materials and a silica sand with variable solid:solution ratios, and 
a range of sulfate concentrations. The aquifer materials were obtained from the US. Coast Guard Air Support 
Center, Elizabeth Oty (EC), North Carolina, and from Otis Air Force Base, Cape Cod (CC), Massachusetts. 
Solutions .simulated ground water composition for the site materials. Scrap iron filings (low grade steel) 
were obtained from Ada Iron and Metal (AI&cM), Ada, Oklaho~ and cast iron metal chips were obtained 
from Master Builder's Supply (MBS), Ohio. BET surface areas were 826 m2/ g for the Al&cM and 1.10 m2 /g for 
the MBS. Effects due to the presence or absence of kaolinite and montmorillonite have been evaluated, along 
with a separate batch experiment to determine the dissolution and fate of the clay materials under 
experimental conditions. 

Discussion; 
Results indicated that coupled corrosion processes were responsible for 0042· reduction and 

precipitation in these systems, with A..llt..M: Fe yieldll'.g much gro~ter reduction rates than MBS Fe. The lower 
surface area of the MBS chips, combined with their increased C and S contents may have limited exposure of 
the FeO to the aqueous phase. This also resulted in a brittle structure and potentially increased resistance to the 
movement of electrons through the iron (i.e. the external circuit) from the anodic to cathodic regions. In 
contrast, the central portions· of the AI&cM Fe were metallic and flexible and the surfaces were partially 
corroded, possibly providing .,active centers• due to .,unsaturated atoms"' (13) to enhance the corrosion process. 
Systems with EC aquifer solids also reduced chromate more quickly than those with CC or silica sand. The 
primary difference between. these materials was the presence of clay fractions in the EC material. 
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It can be concluded that the corrosion reactions are inhibited in systems where charge accumulation 
occurs due to the absence of appropriate electrochemical corrosion coupling species or nonconductive circuits. 
Such accumulation can be avoided when both internal and external circuits are conductive and reducible species 
are available in solution or on the Fe surface. It would seem logical to assume that reducible chromate, as a 
component of the electrochemical system, would suffice to maintain the corrosion reactions until the chromate 
itself was reduced. In fact, when other reducible species are not present, the reduction of chromate, even using 
the AI&M Fe, is slowed tremendously. Figure 1, a and b, shows the loss of solution chromate for duplicates of 5 
masses of AI&M Fe in the presence of EC and silica sand (SS), respectively. With 0.25 g of FeO, chromate was 
completely reduced during the experiment using EC aquifer material (pseudo-first order Kave= -5.66X102 hrl, 
t112 = 12 hr) but decreased by only 50% with the SS, an order of magnitude slower (pseudo-first order Kave= 
-5.83X103 hrl, t112 = 119 hr). Data showed chromate adsorption was not responsible for the differences. 

To understand these differences, it is useful to consider first the reactions occurring in the corrosion 
process under anaerobic conditions when chromate is present, then the structure of the physico-chemical 
environment in the vicinity of the corrosion cell domain on the iron filing. Simplistically, 

Fe() Fe2+ + 2e- Anode (1) 
2H+ + 2e- H2 (gas) Cathode (2) 
Fe0 + 2H+ ¢:) Fe2+ + H2 (gas) Net reaction (3) 

and 
FeO Fe3+ + 3e- Anode (4) 

Q042- + 4H:z() + 3e- Cr(OH)3 + SOH- Cathode (5) 
Fe0 + 0042- + 4H:z() Fe(OH)3 + Cr(OH)3 + 2 OH- Net reaction (6) 

As these reactions drive the pH higher, the corrosion reactions diminish due to the absence of the 
proton, a reducible positively-charged species. Indeed, it appears likely that direct cathodic surface reduction 
of chromate by electron transfer is a slow reaction in these systems, but may occur during rapid surface polarity 
reversals or when the chromate is adsorbed to the resultant positively charged Fe oxyhydroxides and held 
near the surface. Evidently, the rapid reduction is due to liberated Fe2+ at the anode and complexes such as 
FeS04 that may be formed and react in solution with the chromate. The physico-chemical cause for this result 
is depicted in Figure 2 as a conceptual electrical double layer analogue for the corrosion cell domain. 

This figure illustrates a corrosion cell at the surface of an iron filing, with electron movement occurring 
due to differences in the galvanic potentials of metals in the filing, other compositional variations, surface 
defects, grain structure orientation, stress differences, and/ or chemical variations in the surrounding electrolyte 
solution. Anodic and cathodic zones form in what are depicted as defined areas. This is possible, but Scully (14) 
states that the entire metal surface often consists of continuously shifting sites. 

Electronically unstable zones bounding previously reacted surface areas will be more susceptible to the 
fonM:tion of such domains than atomically perfect surfaces. Due to electron deficiency, the anodic region 
develops a net positive charge and surface Fe2+. The Fe2+ is then free to dissolve into the solution. In the 
vicinity of the positively charged anodic surface we propose that an analogue to the electrical double layer 
model will form in the solution. This situation would resemble that of a variabl~harge mineral surface at a 
pH less than its pHzpc• The surface/near..surface zone would resemble a Stem layer, having a swarm of anions 
(including chromate and sulfate) electrostatically drawn towards the positively charged surface and Fe2+. 
This would promote the formation of the FeS04 complex, as well as solution red.ox coupling of Cr042- to Fe2+ and 
FeS04, thus increasing the rate of chromate reduction. The Gouy layer would be simulated by a diffuse zone, 
dominated by positively charged ions as counterions to the Stern layer, gradating into the bulk solution. 

· The negatively charged cathodic region would resemble a variable-charge mineral at pH > pHzpc- The 
Stem layer analogue would be dominated by positively charged species drawn to the surface to accept electrons. 
Attracted species would include protons (H+) and other reduoble species, along with nonreducible ions such as 
Na+ and Ca2+. Since chromate is negatively charged, it would be unlikely to be attracted to the cathodic region 
of the domain for direct electron transfer. Hence our conclusion that this mechanism is slower in these systems 
than reduction by solution Fe2+ species. The cathodic region Gouy layer would be dominated by anions, including 
chromate, gradating into the bulk solution. At the cathodic surface, hydrogen ions are not strongly adsorbed, 
allowing some surface migration. When in close proximity they are reduced to the hydrogen molecule (H2,) and 
given off as a gas. H;z can potentially couple in the solution with Cr042- and cause its reduction, but H+ is 
probably most important for maintaining the corrosion reaction couple by preventing charge accumulation and 
allowing iron dissolution at the anode. It might be considered doubtful that hydrogen ions would be significant 
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in the corrosion process at neutral pH and above, due to their scarcity. However, certain constituents can be 
present in the system, notably clays, and continue to provide protons through a cyclic dissolution mechanism. 
These reactions are described by the following equations (15): 

Al2Si20s(OH)4(s) + SH20 ¢:) 2Hpi04 + Al20J•3H20(s) (7) 
Kaolinite Silicic Acid Gibbsite 

The Gibbsite can then solubilize sinc:e Al(OHk is the dominant Al species at pH > 7, yielding protons'. 
AlA•3H~s)+2H~(::) 2Al(OHk+2H+ · (8) 

Gibbsite 
Silicic acid reacts with minerals such as goethite (a-FeCX>H) releasing protons under alkaline conditions. 

•FeOH + Hpi04 •FeOSi(OH)a + H~ (9) 

•FeOSi(OH)a •FeOSiO(OH½ • + H+ (10) 
Reactions 9 and 10 are important since corrosion generates a large amount of reactive iron oxyhydroxide 

surface. Coordination of silicic acid with these surfaces would then reduce the solution ~i04 concentration, 
promoting additional alumino-silicate dissolution through disequilibrium. This would result in new protons, 
continued corrosion, and the formation of additional oxyhydroxides. Therefore, the alumino-silicates in the EC 
material may yield protons via multiple and cyclic mechanisms, lowering pH and promoting chromate 
reduction via proton coupling to iron corrosion electrons at the cathode. 

The significance of these clay reactions for our experimental systems was evaluated. Chromate 
reduction with varying masses of KGa-2 kaolinite and SYN-1 montmorillonite was tested. Both enhanced the 
reduction, but SYN-1 was much more effective. Results of a dissolution experiment are given in Figure 3. This 
depicts silicon dissolution from SYN-1 for duplicate systems that contained no FeO and were held at constant pH 
(6.5, 7.5, 8.3, and 9.2), along with data for systems containing FeO and Fe'> plus chromate at the reaction pH • 8.5 
(pH not held constant). The data show that clay dissolution did occur, but Si was removed from solution in 
systems containing iron due to coordination with the oxyhydroxide surfaces, as predicted by Equation 9. 

Dh:daimPr: 
Although the research descn'bed in this article was funded by the US. Environmental Protection 

Agency under Contract 68-C3-0322 to ManTech Environmental Research Services Corporation, and under 
in-house research programs, it has not been subjected to Agency review and therefore does not necessarily reflect 
the views of the Agency and no official endorsement should be inferred. 
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The remediation of contaminated ground water using extraction and surface treatment approaches 
(pump-and-treat) has repeatedly been shown to be an extremely costly proposition, and the results have 
been generally ineffective (National Research Council, 1994). New in situ treatment technologies are 
being proposed which take advantage of chemical or coupled biological-chemical reactions which are 
capable of transforming or degrading contaminants Into non-toxic and/or immobilized chemical forms. Prior 
research has demonstrated the feasiblity of using zero-valent Iron to remediate chromate (Powell and Puls, 
1993; Powell et al. 1994) and chlonnated -0rganic contaminated waters (Gillham and O'Hannesin, 1994; 
Matheson and Tratnyek, .1994). In aerobic waters, ferrous ions and hydroxyl Ions are produced, oxygen is 
consumed and amorphous ferric hydroxide precipitation is expected. Under anaerobic systems, ferrous 
ions and hydroxyl ions and hydrogen gas are produced and sulfide formation is also possible when sulfate 
is present. In either case, significant·downgradient geochemical changes are likely to occur with rather 
sharp geochemical gradients, depending on initial hydrogeochemical conditions and barrier composition. 

In this paper we present preliminary results of a small-scale field test which was recently initiated to 
evaluate the in situ remediation of ground water contaminated with chromate and chlorinated organics 
using a permeable reactive barrier. The barrier was composed of an iron metal-coarse sand-native aquifer 
solid mixture, and was installed using a staggered "fence• design through large hollow-stem augers. The 
objectives of the project were to evaluate the ability of the cylinders or "fence posts• to remove 
contaminants from solution immediately downgradient and adjacent to the iron cylinders, evaluate the 
resultant changes in aqueous geochemistry induced by the presence of the zero-valent iron, and identify 
chemical, physical and biological processes which may affect long-term performance of such remedial 
technologies. 

The field site is located at the U.S. Coast Guard (USCG} Support Center near Elizabeth City, North 
Carolina, about 100 km south of Norfolk, Virginia and 60 km Inland from the Outer Banks of North Carolina 
The base is located on the southern bank of the Pasquotank River, about 5 km southeast of Elizabeth City. 
Hangar 79; which is only 60 m south of the river, contains a chrome plating shop which had b~en in use for 
more than 30 years and discharged acidic chromium wastes and associated solvents through a hole in the 
concrete floor. These wastes infiltrated the soils and the underlying aquifer Immediately below the shop's 
foundation. 

The site geology has been described In detail elsewhere (Puls et al. 1994), but essentially consists 
of typical Atlantic coastal plain sediments, characterized by complex and variable sequences of surficlal 
sands, silts and clays. Ground-water flow velocity Is extremely variable with depth, with a highly conductive 
layer at roughly 4.5 to 6.5 meters below ground surface. This layer coincides with the highest aqueous 
concentrations of chromate and chlorinated organics. Th~ ground water table ranges from 1.5 to 2.0 m 
below ground surface. 

Two sources of Iron were mixed and used in the field test. Low-grade stainless steel waste stock, 
obtained from Ada Iron and Meiai {Ada, OK), was turned on a lathe (without use of cutting oils) using· 
diamond bits to produce 200 L of turnings. The other iron material was heated cast Iron In the form of iron 
chips obtained from Master Builder's Supply (MBS, Streetsboro, Ohio). The latter material was primarily In 
the 0.1 to 2 mm size range while the former was primarily In the 1 to 1 O mm size range. The MBS Iron also 
had greater total sulphur and carbon content The aquifer material used was native to the site. A coarse, 
uniform, washed sand (3/16 x 1 O mesh) was also added to the mixture for Increased permeability within 
the iron cylinders. The four materials were mixed In equal volumes on-site and poured through 16 cm i.d. 
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hollow stem augers. The estimated diameter of the emplaced cylinders was 20 cm and they were installed 
from 3 to 8 m below ground surface. A total of 21 slich cylinders were installed in three rows as indicated 
in Figure 1 a. The location of the treatment zone relative to a two-dimensional cross-section of the aquifer 
is shown in Figure 1 b. 

Twenty-one m·onitoring wells were installed within the approximately 5.5 m2 treatment zone, in' 
addition to up-gradient reference wells. These are 1.9 cm i.d. polyvinylchcloride (PVC) wells with 30 or 45 
cm long screens which are completed between 4.2 and 6.0 m below ground surface. Monitoring before and 
after "fence• installation was conducted for the following: pH, oxidation-reduction potential, dissolved 
oxygen, alkalinity, chromate, ferrous Iron, total Iron, sulfide, trichloroethylene, cis-dichloroethylene, vinyl 
chloride, and major cations and anions. In addition to the permanent well sampling points, temporary 
sampling points are utilized to Increase the spatial resolution of the data. Solids will also be recovered and 
analyzed using electron probe microscopy with energy dispersive X-ray analysis throughout the field 
project. 

Figure 2a shows the changes in aqueous concentration of some of the monitored constituents over 
time from well F9 following initial "fence• emplacement September 13-16, 1994. Initial conditions are 
indicated by the June and August sampling data Figure 2b shows changes in geochemistry over this 
same time period in this same sampling point. Wrth the disappearance of the monitored contaminants, 
there is the concomitant appearance of ferrous iron, decrease in oxidation-reduction potential and 
dissolved oxygen and slight increase in pH. Also, during the November sampling round, 0.31 mg/L sulfide 
was measured In tnls well. Sulfide was detected in four other wells, all immediately downgradient and 
within 30 cm of iron cylinders. Less reducing conditions were observed In wells located further 
downgradient and offset from the cylinders. Variation In effectiveness of contaminant removal from the 
aqueous phase Is directly correlated with changes in geochemistry and position of monitoring points 
relative to the Iron cylinders. Passive sampling techniques are also being employed to evaluate the 
potential mobilization of colloidal constituents downgradient of the iron cylinders. 
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A subsurface treatment wall (consisting of granular, zero-valent iron and gravell and low-
permeability slurry wall system was installed -as the final remedy at a former semiconductor 
manufacturing facility in the south San Francisco Bay area. The property has been vacant 
since 1983, and the former facility's lease recently exph'.ed. This treatment wall replaced a 
groundwater pump and treat.system that was installed as an interim remedy in 1987. While 
the pump and treat system may have been acceptable to regulatory agencies as a final site 
remedy, the treatment wall was proposed and eventually selected as the final remedy because 
it would eliminate above-ground treatment systems on the property and thereby have little to 
no effect on the property's future use; it would eliminate the necessity for weekly operation 
and maintenance and therefore avoid access issues that might arise aft.er the tenant's lease 
expired; and it would greatly reduce (otal remediation costs. 

The final· remedy for treatment of volatile organic compounds (VOCs) in shallow 
groundwater beneath the site combines a high-permeability subsurface groundwater treatment 
wall with a low-permeability slurry wall system. The subsurface groundwater treatment wall 

· is designed to passively treat voe-containing groundwater as it flows through the treatment 
wall, wh,ile the slurry wall provides hydraulic control, routing the ·flow of affected · 
groundwater through-the treatment wall. The treatment wall is located in the northeast · 
comer of the site and extends for a dis_tance of approximately 40 feet along the northern 
property line. The treatment wall is keyed into the slurry walls on the eastern and western 
ends· of the treatment wall. A site pl~ showing the alignment of the treatment and slurry 
walls is shown on Figure 1. The technology is a passive treatment of groundwater that does 
not require pumping or mechanical systems to operate. With the exception of monitoring 
wells, -no at or above ground structures are required to implement this technology. 

The primary VOCs in groundwater include 1,2-dichloroethylene, trichloroethene, Freon 113, 
and vinyl chloride. Results of laboratory treatability and column studies performed by 
EnviroMetal Technologies, Inc. (EnviroMetal) of Guelph, Ontario, Canada, and of on-site 
canister studies have shown the process to be effective in signifi~tly ·reducing the 
concentration of dissolved VOCs in shallow site groundwater. These results, along with 
results of site hydrogeologic investigations, were used to develop design parameters of the 
final remedy, and are discussed below. 
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The final remedy addresses VOCs in the shallow groundwater zone (the "A-zone). VOCs 
have not been detected in the next groundwater zone. The A-zone is generally found at 
depths between 10 and 15 feet bgs and consists of a locally continuous zone of interfingering 
sand, and sandy silt. The A-zone is generally 2 to 4 feet thick across the site but ranges 
from 1 to 10 feet thick. Figure 2 shows a geologic cross section along the approximate ·40-
foot alignment of the subsurface treatment wall. In the site vicinity, the groundwater flow 
direction has been observed to vary from northwest {approximately N40W) to north-northeast 
(approximately Nl0E). The estimated ground water velocity is approximately 1 ft/day. 

Cleanup standards that are to be met by the final remedy are equivalent to California 
Department of Health Services Maximum Contaminant Levels (MCLs) for the chemicals in 
groundwater. Where a California MCL does not exist for a specific chemical, the cleanup 
standard consisted of the U.S. Environmental Protection Agency (EPA) primary MCL for 
that chemical. 

The residence time of groundwater in the treatment media (defmed as the time groundwater 
takes to flow through the treatment wall) must be sufficient to reduce influent concentrations 
of VOCs to cleanup standards. The necessary residence time of groundwater in the treatment 
wall was evaluated by EnviroMetal using the results of laboratory batch studies and on-site 
canister studies. Th~ compound requiring the longest residence time to degrade to cleanup 
standards is vinyl chloride. The estimated required residence time to reduce site 
concentrations of vinyl chloride to cleanup standards is approximately 2 days. 

The fmal design of the treatment and slurry walls reflects the configuration and geometry of 
a subsurface treatment wall designed to achieve the residence time of 2 days for degrading 
site VOCs, while also providing sufficient safety factors for possible variations in the 
groundwater flow direction and for heterogeneity within the A-zone stratigraphy. 

The fmal design consists of the following (see Figure 1): 
1) The subsurface treatment wall is approximately 40 feet long and is located along the 

north property line in the northeast comer of the site. Forty feet was the maximum 
length available for construction between the oh-site building and the eastern property 
I~. -

2) Th~ iron zone within the subsurface treatment wall is 4 feet wide in plan view. Based 
on the estimated groundwater velocities, a 4-foot-wide zone of granular iron was 
constructed to achieve a residence time of greater than 2 days to treat VOCs to 
cleanup standards. 

3) The subsurface treatment wall was ins1;alled to a depth of approximately '20 feet bgs 
and extends to a depth of approximately 7 feet bgs. The vertical thickness of the 
granular iron (13 feet) is greater than the thickness of the A-zone along the treatment 
wall alignment. 

4) The iron is contained in a 4-foot-wide by approximately 40-foot-long section ·(in plan 
view) situated between upgradient and downgradient sections of 2-foot-wide by 
approximately 40-foot-long zones of higher permeability pea-gravel. This design is 
intended to allow uniform flow of groundwater through the iron and to decrease the 
potential for localized high-velocity zones and channeling to occur along the length of 
the subsurface treatment wall due to heterogeneous conditions in the A-zone.· 
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5) Slurry walls were constructed on the eastern and western sides of the subsurface 
treatment wall to provide hydraulic control, routing the flow of affected groundwater 
through the treatment wall. 

6) The eastern slurry wall extends 20 feet north of the subsurface treatment wall to 
reduce the potential influence of flow direction variability on groundwater velocity 
near ends of the treatment wall. 

7) Four monitoring wells were installed within the subsurface treatment wall near its 
downgradient side to collect groundw~ter samples for performance monitoring. 
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Figure 1. Plan view of subsurface treatment wall. 

Figure 2. Cross section along subsurface treatment wall alignment. 
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The dehalogenation of chlorinated solvents in water by reducing metals, and in particular 
zero-valent iron, has received much attention of late. Many laboratories are studying the 
fundamental aspects of these reactions and their application to groundwater remediation (Gillham 
and O'Hannesin, 1994; Matheson and Tratnyek, 1994; Johnson and Tratnyek, 1994; and references 
cited therein). In addition, several pilot-scale field studies have been initiated or are being planned. 
It is generally concluded that dehalogenation involves direct reaction at the metal surface via 
electron transfer from the iron to the adsorbed chlorinated species: 

FeO +RX+ H+ ---> Fe2+ +RH+ X-

In this work we designed a well-instrumented, pilot-scale system to study the dechlorination 
of trichloroethylene (TCE) and cis-, trans-, and 1,1-dichloroethylene (DCE) in water by iron metal. 
The goals of this pilot were: 1) to demonstrate the ability of this process to reach very low effluent 
levels(< 5 ppb), 2) to examine long-term lifetime issues (bifouling, mineral precipitation, 
corrosion), and 3) to identify any other key performance issues that may not be apparent from batch 
and laboratory column studies. 

Figure 1 shows the experimental set-up. The system contained a total of 148 lbs of VWR 
coarse iron filings. The amount of iron in each column and the corresponding velocities and 
residence times for a typical flow rate are also shown in Figure 1. Column dimensions were varied 
to more evenly distribute the extent of dechlorination, on a molar basis, to the various columns. 
Clean water was fed to the system and then spiked with a TCE/ DCE mixture using a Harvard 
Apparatus Model 22 syringe pump and a two-stage mixing system to achieve the desired feed 
concentrations. pH and conductivity were measured on-line. Pressure drop across each column was 
continuously monitored. Sample ports at the feed and after each column allowed for monitoring of 
the system as a function of residence time. Samples taken every 12 to 24 hours were analyzed for 
TCE/ DCE concentration (GC-ECD), dissolved ethane and ethene (purge and trap GC-FID), and 
chloride ion (LAZAR micro ion electrode/ Dionex ion chromatography). Samples were analyzed 
less frequently for dissolved oxygen, total iron, alkalinity, hardness, and bioactivity. Iron metal 
surfaces were analyzed by x-ray photoelectron spectroscopy (XPS) and scanning electron 
microscopy (SEM). 

The experiment was divided into two parts. Initial experiments were conducted with a 
buffered deionized water (40 mg/LCaCO3). The pH was adjusted to 7-8.5 via CO2 addition. 
Deionized water was used initially so that chloride ion mass balance could be measured and the 
potential confounding effects of other species in groundwater would be avoided. Later experiments 
used groundwater containing approximately 400 mg/L hardness as CaCO 3 and pH about 7-8. In all 
experiments, aging effects were accelerated by using flow velocities much higher than those typical 
of groundwater. 

* currently at Department of C-ivil and Environmental Engineering, University of Wisconsin, 
Madison, WI. 796 



Using the buffered deionized water, the experiment was run for over 1600 hrs, treating a 
total of 650 gal of water. The flow rate was sequentially lowered until the target effluent levels of 
< 5 ppb were reached. 

Variations in the feed concentrations due to the spiking procedure resulted in significant 
fluctuations in column effluent concentrations. However, efforts were made to identify "steady-
state" regions in which concentrations were fairly constant. Table 1 summarizes the steady-state 
feed and final effluent concentrations for each of the flow rates studied. The mass balance closures 
based on chloride and dissolved ethene/ethane are also given. 

Table 1. Summary of Steady State Concentrations and Mass Balances 

40 ml/min 20ml/min 12 ml/min 
feed effluent feed effluent feed effluent 

TCE 7.1 ppm 17 ppb 3.3 ppm <2ppb 3.4ppm <2ppb 
cis-DCE 7.4 ppm 1.1 ppm 152 ppb 123 ppb 208 ppb 24ppb 
trans-DCE 1.9 ppm 325 ppb 168 ppb 8 ppb 158 ppb <2ppb 
1,1-DCE 2.2ppm 753 ppb 231 ppb 29 ppb 250 ppb 4.5 ppb 
chloride mass balance 5)% 1() •+% -
ethane/ethene mass balance 26% 77% 95% 

Under appropriate operating conditions, the target effluent level of< 5 ppb was reached for 
all species except cis-DCE, demonstrating that the dechlorination chemistry is active down to these 
low levels. The very good chloride and dissolved ethene/ ethane mass balances confirm that TCE/ 
DCE disappearance is due nearly entirely to reaction and not sorption. 

In the steady-state regions, the effluent concentrations from each of the columns were used 
to calculate first-order rate constants for each of the species. The effluent concentration from a 
given column divided by the initial feed concentration was plotted as a function of cumulative. 
residence time in the system up to that sample port. On log-linear coordinates, such a plot is linear 
for first-order kinetics, with the slope equal to the rate constant. Decreasing flow rate results in 
increased residence time, so that a wide range of residence times (6 to 1100 min) was studied. 

For TCE, the same half life, approximately 36 min, was obtained for all three flow rates, as 
seen in Figure 2. This constancy of half life indicates that there was no significant degradation of 
chemical reactivity of the iron during the course of the experiment. As stated above, this test was 
meant to accelerate aging effects by using a high water throughput. An equivalent run time at 
groundwater flow rates through a 4 foot wall is estimated to be about 430 days. 

This constancy of half life also indicates that there are no major velocity effects on rate 
constant in this flow regime. In this study, the change in velocity from column 1 to column 4 (a 
factor of 16) is greater than the change resulting from the changes in flow rate (a factor of 3.3). 
Closer analysis of the TCE dechlorination rates across each of the columns at the various flow rates 
shows that there may be a much as a factor of 2 decrease in half life in going from the lowest 
velocities (low flow, large diameter columns) to the highest. Such effects have been attributed to 
improved mass transfer at higher velocities (Johnson and Tratnyek, 1994). 

The half life measured for trans-DCE was about 100 min and for 1,1-DCE about 200 min, 
although the first-order fits were not as good as for TCE. For cis-DCE, the fit was particularly poor. 
Reasons for this are being investigated. 
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The physical appearance of the iron in the columns changed dramatically during the course 
of the experiment. Initially the iron appears black. Over time, the iron in the bottom (entrance) of 
the first column beca..-ne brown (oxides) and a white precipitate appeared in the top of that column, 
throughout column two, and in the bottom of column three. SEM and XPS analyses suggest that the 
precipitate is siderite (FeC03). Further surface analyses of the iron in the columns are underway. 

Throughout the experiment, pressure was recorded as an indicator of pore blockage due to 
precipitates. Using the buffered deionized water, no real problems arose. Tracer tests were also run 
prior to the start of, during, and upon completion of the first part of the experiment (prior to 
switching to groundwater). In these tests, a non-sorbing tracer (20% D20 in water) was added to 
the feed and its breakthrough curve measured. Results showed that there was less than a 10% loss 
in porosity during the 1800 hrs of the experiment. 

At the completion of the buffered deionized water part of the experiment, the feed water 
supply was switched to groundwater, with high dissolved oxygen (5-7 ppm) and high bicarbonate-
alkalinity (~400 ppm). Almost immediately, a high pressure drop developed across the first 
column, symptomatic of pore blockage or iron bridging. Efforts to avert these issues will be 
discussed. 

Trends in dissolved oxygen, total iron (dissolved and suspended), alkalinity, hardness and -
bioactivity through the four-column system are currently being analyzed. Additional tests in 
progress, or to be conducted upon conclusion of the run, include: a final tracer test, batch studies 
with iron samples from the various columns to accurately compare aged-iron activity with virgin 
material, biological activity within the column, and further surface analysis of the iron. 

Our results confirm that excellent TCE/ DCE dechlorination rates can be achieved in pilot-
scale systems and that the chemistry is active down to drinking water levels ( < 5 ppb). Lifetime 
issues may be divided into two areas. The chemical activity of the iron appears to be retained, 
indicating a long chemical lifetime. However, retention of hydraulic properties appears to be very 
sensitive to the properties of the water treated, indicating potential issues with hydraulic lifetime. 
This is a key area that must be better understood prior to installation of either in situ or ex situ 
systems at a given site. 
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The use of zero valent metals for groundwater remediation was commercialized by the 
University of Waterloo in 1992, through EnviroMetal Technologies Inc. (ETI). Since that time, 
over 15 bench-scale treatability studies have been undertaken by ETI to examine the possible 
application of zero valent iron for remediation of groundwater containing VOCs at industrial 
facilities across the United States. Table I lists the compounds which have been evaluated in 
these tests. These results are valuable in that they are highly consistent with the results reported 
previously (Gillham and O'Hannesin, 1994). The degradation process appears robust, in that it 
appears relatively unaffected by the use of commercial grade iron, by stabilizing agents 
commonly added to industrial grade solvents and by inorganic groundwater chemistry. For 
example, half-lives for TCE determined in waters from six sites of highly varying conditions, 
all fell within a narrow range of 0.3 to 0.6 hr. In this paper, data from a typical study will be 
used to illustrate the methodology used in applying the results to subsequent field remediation. 

The treatability study was conducted using groundwater from a site in New Jersey. A thin layer 
of silty clay till (8-10 feet) overlies fractured bedrock. Groundwater containing VOCs is found 
both in the overburden near the bedrock contact, and in the shallow bedrock. Tetrachloroethene 
(PCE, ranging from non-detect to 50,000 µg/L) and trichloroethene (TCE, ranging from non-
detect to 3,000 µg/L) are the major VOCs present in groundwater, and total dissolved solids 
ranges from 425 to 450 mg/L. Initially, groundwater obtained from the site was pumped at a 
constant rate through two laboratory columns, one containing 100% metallic iron and one 
containing 50 wt % iron and 50 wt % silica sand. The iron used is available in large volumes of 
a consistent grain size and composition, at a price which makes it feasible to consider its use in 
"full-scale" field applications (i.e., where many tons of the material may be required). The 
columns were equipped with side sample ports which allowed profiles of VOC concentration 
vs. distance to be obtained. Using measured flow velocities, these profiles were converted to 
concentration vs. time profiles and first order degradation rate constants and corresponding half-
lives were calculated. Though reasonably good r2 values were obtain~d from most profiles, in 
some cases, only two data points were available for calculation of the rate constant due to the 
rapid disappearance of the voe. 
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Rates of degradation calculated from these profiles (Figures 1 to 4 and Table 2) indicate the 
dependence of degradation rate on reactive surface area, as half-lives in the 100% iron column 
were consistently higher than those measured in 50% iron. About 10% of the original summed 
concentration of TCE and PCE appeared as 1,2-cis-dichloroethene (cDCE), and about 1 % as 
vinyl chloride. Both of these compounds also degraded. Half-lives of PCE and TCE of about 
0.5 hours were measured in the 100% iron column, but increased to 0.7 and 1.1 hours in the 
column containing 50% by weight iron. Half-lives of 1.5 hrs and 1.2 hrs. were calculated for 
cDCE and vinyl chloride respectively in 100% iron. From these initial results, it became 
apparent that 100% iron would need to be used to construct a treatment zone of a realistic size, 
so a second test was conducted at a second flow rate using the 100% iron column to confinn the 
results of the first test. Similar half-lives for PCE and TCE were measured in the second test, 
but half-lives of cDCE (3.7 hrs) and vinyl chloride (0.9 hrs) varied considerably from the initial 
test. 

Major cation and anion analyses were performed on samples of column effluent. The results 
shown in Table 3 are typical of those observed over the entire test period. The corrosion of iron 
caused the pH of the groundwater to increase, promoting calcium carbonate precipitation. The 
amount of dissolved iron in the effluent was less than would be expected from independent 
measurements of corrosion rate, indicating that iron carbonate and/or iron hydroxide 
precipitation also occurred within the column. The groundwater was supersaturated with 
respect to calcium carbonate before entering the iron material, suggesting atmospheric contact 
and dissolution of CO2. Therefore, although mineral precipitation is clearly a potential 
impediment to application of the technology, precipitation at the site may be less than reflected in 
the laboratory tests. 

It was initially envisioned that collection trenches installed in shallow bedrock would direct 
groundwater to an in situ flow-through bed or chamber containing the reactive material. 
However, for purposes of a pilot-scale field trial it was decided to use an above-ground reactor 
where flow through the bed and changes in chemistry could be more accurately monitored (i.e., 
water would be pumped from the trench collection system to the reactor). Using conservative 
concentration estimates of PCE concentrations and flow of groundwater egressing the trenches, 
and the data from the laboratory test, the reactor design shown in Figure 5 was developed 
according to the calculations in Table 4. An estimated influent PCE concentration of 30,000 
µg/L was based on historical monitoring data from overburden wells in the vicinity of the trench 
system. This is a conservative approach, as PCE levels in shallow bedrock groundwater, 
which will also enter the collection system, are considerably lower. The key parameter in the 
design is the residence time required to degrade both the VOCs originally present (PCE and 
TCE) and any chlorinated compounds (cDCE or vinyl chloride) produced. Key assumptions in 
this design were that the time for PCB degradation would be sufficient for any TCE in the 
groundwater to degrade (as observed in the column tests), and that 10% cDCE and 1 % vinyl 
chloride would result from PCE and TCE degradation. A half-life of: 1.5 hours for cDCE was 
used in these calculations, as similar or higher cDCE degradation rates have been observed in 
several other studies. The final "design" residence time is 1.1 days. cDCE, though not present 
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in significant concentrations in the influent groundwater, emerged as the limiting parameter in 
the design. 

The reactor was built in November 1994, and will be tested at an initial flow rate of 0.5 gpm for 
three months. Side ports along the reactor allow concentration vs. time profiles to be obtained, 
permitting calculation of VOC degradation rates (and inorganic precipitation rates). After three 
months, the flow rate may be increased if the influent PCE concentration, as anticipated, is 
lower than 30,000 µg/L. The design of the reactor also allows experimentation with methods to 
remove precipitates, if these are indeed a serious problem in the field. 
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TABLE 1: COMPOUNDS EVALUATED DURING TREATABILITY STUDIES 

Successfully Degraded 
tetrachloroethene 
trichloroethene 

Unsuccessfully Degraded to Date 
1,2-dichloroethane 

cis- and trans-1,2-dichloroethene 
1, 1-dichloroethene 
vinyl chloride 
1, 1, 1-trichloroethene 
tetrachloromethane 
trichloromethane 
1,2-dibromethane 
1,2,3-trichloropropane 
1,2-dichloropropane 
freon 113 

chloroethane 
dichloromethane 

TABLE 2: OBSERVED voe DEGRADATION RATES, COLUMN TESTS _ 

Initial 100% Iron 50% Iron 
Compound Concentration (µg/L) Half-Life (hrs) Half-Life (hrs) 

PCE 4,000-12,000 0.4 a, 0.6b 0.7 
TCE 1,000 0.5a, 0.7b 1.1 
cDCE 400-475 I.Sa, 3.7b 
Vinyl Chloride 14 1.2a, 0.9b 

a - first test b - second test 

TABLE 3: OBSERVED INORGANIC CHANGES, 100% IRON 

Compound 

Calcium 
Magnesium 
Alkalinity 
Iron 

Influent 
Concentration (mg/L) 

81 
26 
242 
0.1 

Chan_$e 
(mg/L) 

-67 
-6 

-198 
+0.4 

TABLE 4: ABOVE-GROUND REACTOR DESIGN 

Compound 

PCE 
cDCE* 
Vinyl Chloride* 

Assumed Initial 
Concentration (µg/L) 

30,000 
3,000 
300 

* produced from degradation of PCE 
- Initial flow rate 0.5 gpm 
- Required reactor size ±256 ft3 

MCL(µg/L) 

1 
10 
5 

803 

Half-Life 
(hrs) 

0.6 
1.5 
1.0 

Required Residence 
Time (hrs) 

8.9 
12.3 
5.9 



Figure 1 :degradation of PCE, 100% iron 
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Optimal application of zero-valent iron (Fe0) in contaminant remediation requires an under-
standing of the mechanism by which the process occurs. An important first step towards developing 
such an understanding is determining the dependence of reaction rate on the concentration of each 
reactant. Previous efforts by Matheson and Tratnyek (1994) found that the first-order rate constant for 
reduction of CCl4 by Fe0 increased linearly with iron surface area. Similar results were obtained by 
Gillham and O'Hannesin (1994) for TCE reduction and Gould (1982) for chromate reduction. However, 
heterogeneous systems often exhibit more complex behavior, suggesting that the simple linear 
relationships previously reported may not fully reflect all of the potentially contributing processes. 

To investigate this possibility, further study of the effect of initial CCl4 concentration and iron 
surface area has been undertaken. Preliminary results reported here (Fig. 1) are based on work done with 
a system similar to that used by Matheson and Tratnyek except with the range of Fe0 concentration 
extended from 5 - 31 m2/L to 0.2 - 80.0 m2/L. 
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Figure 1. Rate of CCl4 reaction as 
function of Fe0 surface area 
concentration over the range 0.2 -
26.0 m2/L. All experiments were 
performed in batch systems using 
Fisher iron (without pretreatment, 
specific surface area= 0.2 m2/g) in 
unbuffered medium with {CC/4] 0 = 
170 µM. Mixing was achieved by 
rotation at 36 rpm. 
The data fit a hyperbolic kinetic 
model as described below. Above 
26.0 m2/L a sharp increase in rate 
was observed ( data not shown). 
The arrow marks the Fe0 surface 
area concentration under which 
experiments shown in Fig. 2 were 
performed. 

The greater range of Fe0 surface area reveals a hyperbolic relationship suggesting a possible shift in the 
rate limiting step. Preliminary data at even higher metal concentrations (up to 80 m2/L) displays a sharp 
increase in rate ( data not shown) indicating yet another phenomenon such as heterogeneous catalysis, 
electrical double layer effects, or abrasion effects during mixing of the increased mass of iron. 
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The effect of initial CCl4 concentration on degradation rate displays a similar pattern to that of 
iron surface area. Most studies have reported that solvent dechlorination obeys first-order kinetics, but a 
comparison of "first-order" rates over a wide range of initial CCl4 concentrations (Fig. 2) reveals a more 
complex relationship. 
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Figure 2. Effect of CCl4 initial 
concentration on the rate of 
degradation by Fe0 in deionized 
water. Experiments were done 
similarly to those in Fig. 1 ( see 
caption) but with [Fe0J = 17 m2fL. 

The hyperbolic trend in these data 
indicates the kinetics are not first-
order over a wide range of solvent 
concentrations. 
The arrow marks the initial 
concentration of CCl4 under which 
experiments shown in Fig. 1 were 
performed. 

In heterogeneous systems, hyperbolic relationships such as the one shown in Fig. 2 are often interpreted 
as the result of site saturation effects (Zepp and Wolfe, 1987). Considering the evidence supporting the 
reaction as surface mediated, it seems reasonable to apply these arguments to our system. There are, 
however, additional considerations that remain to be evaluated, including the possible passivation of the 
Fe0 surface at high solvent concentrations. - - -

A conceptual explanation of surface site saturation is represented by equation I. At low 
concentration of organic contaminant, mass transport to the surface sites is slow relative to the chemical 
reaction rate (kr >> k1 Cw), and therefore should be rate limiting. Since mass transport rates are 
proportional to concentration, it follows that first-order kinetics should be observed at low 
concentrations such as those typically found in the environment. 

k1 k, cw cs _.. p (I) 
k_, 

At high solvent concentrations, the chemical reaction rate is slower than mass transport to the site (kr << 
k1 Cw) and the overall rate should be independent of initial concentration. This is consistent with the 
leveling off behavior observed in Fig. 2 at high CCl4 concentrations. 

The results of this study suggest that site availability arguments can be applied to the effect of 
CC4 concentration but that the effect of Fe0 surface area is more complex. Future experiments aimed at 
understanding the processes controlling solvent dechlorination by Fe0 should be conducted under 
conditions where the availability and transport to reactive surface sites has been carefully considered. 
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Dechlorination of chlorinated hydrocarbons by metals is known. I Recent attention has 
been given to the ability of iron metal to dechlorinate trichloroethylene, TCE, as the 
reduction chemistry has potential applicablility for in situ groundwater treatment.2 Since 
the reaction of Fe(0) with TCE in water will likely be affected by corrosion at the metal 
surface, our initial goal was to determine if enhancing the corrosion rate of iron would 
increase the rate of dechlorination. It was found that the rate and efficiency of 
dechlorination of TCE by Fe(0) could be improved by addition of citric acid. 

Batch reactions employing 1.5-2.0 grams of electrolytic elemental iron per lOOmL 
aqueous sample containing 0.02mmoles of TCE ( 25ppm ) were used with constant pH 
maintained through use of sodium phosphate monobasic and potassium phosphate dibasic 
buffers. Citric acid was added with the iron in the amount of 1 weight percent based upon 
weight of iron used. Monitoring loss of TCE by sacrificial sampling provided the rate 
constants shown in Figure 1. First order behavior is observed for TCE and rate constants 
at pH 5.8 in the presence and absence of citric acid are calculated to be 5.37 hr-land 0.85 
hr-1, respectively. The corresponding half-lives are 7.74 minutes with addition of citric 
acid and 48.9 minutes in the absence of citric acid at pH 5.8. Chloride mass balance for 
these batch systems was determined by ion chromatography and ion selective electrode. 
Chloride mass balance typically achieved is on the order of 80-95%. Results of carbon-14 
labelling experiments to identify carbon - containing products will be presented. Since 
citric acid is an effective chelating ligand for iron, relevant reactions involving Fe+2 will 
also be discussed. 
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Figure 1: Reaction between TCE and electrolytic Fe(0) in the absence ( squares ) and 
presence ( circles ) of citric acid showing first order loss of TCE. 
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INTRODUCTION 

Metals are versatile and powerful dehalogenating agents and their utilization for dehalogenation 
purposes goes back to 1874, when a method using zinc(0) was devised for the promotion of the vicinal 
dehalogenation of dibromides (March, 1985). Other elemental metals such as magnesium, cadmium and 
lead, as well as metal couples such as zinc-mercury, zinc-copper, and zinc-silver have been also utilized 
(Baciocchi,1983). Titanium(0) has been used for the reduction of fluorotrichloromethane to · 
chlorofluorocarbene (Dolbier and Burkholder, 1988, 1990). When groundwater containing halogenated 
aliphatic compounds was exposed to materials used in the construction of groundwater monitoring wells, 

. contact with aluminum and galvanized steel was found to cause reductive dechlorination (Reynolds et.al., 
1990). More recently, reductive dechlorination for a variety of halogenated methanes, ethanes ·and 
ethenes by metals in batch and column tests resulted in half-lives ranging from a few minutes for carbon 
tetrachloride (CI) to a few _hours for perchloroethylene (O'Hannesin and.Gillham, 1992). Aluminum 
reduction of organic compounds in basic (NaOH) environment (Dalton and Gross, 1992) and reduction 
of CT via chloroform to methylene chloride with .fine-grained iron metal have also been reported 
(Matheson and Tratnyek, 1994). · 

In the present work, the goal was to test the ability of elemental zinc to act as reducing agent in the 
reductive dechlorination of CT and hexachlorobenzene (HCB) alone and in the presence of vitamin B 12 
(B 12). based on the fact that the combination of zinc and B 12 is common in B 12-catalyzed C-C bond 
forming organic syntheses (Scheffold, 1985; Scheffold et al., 1987). In this study, the reducing power 
of zinc was also tested in the absence of vitamin B 12, and experiments with other metals (Al, Cu) were 
also conducted. · 
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EXPERIMENTAL 

The dechlorination of CT was assayed as follows: 1 ml of a 10% ammonium chloride solution 
(Hogenkamp L., pers. comm.) was added to a IO-ml vial containing a preweighed mass of zinc powder 
(0. lg) under nitrogen. A volume of 145 ml of CT was introduced from a 0.062 M methanol stock, 
resulting in a final CT concentration of 2.2 mM and a 1 :7 volume ratio of methanol to ammonium 
chloride. In the case of aluminum, 0.1 g of aluminum foil was added to a 1-ml reac'tion medium 
consisting-of 0.01 N NaOH. A volume of 36 ml of CT was introduced from a 0.062 M methanol stock. 
The vials were wrapped with aluminum foil and ·seated with a Teflon-faced rubber septum and an . 
aluminum crimp seal. Dechlorination was monitored at different time points relative to controls and 
samples were sacrificed after each measurement Reactant and products were analyzed on a gas 
chromatograph equipped with an automatic headspace sampler and a Flame Ionization Detector. 

The dechlorination of HCB was assayed in a similar fashion, but in a 10-ml of a 3:1 
water/tetrahydrofuran medium at pH 8.0. Zinc powder, acid-washed with 10% HN03 and dried with 
acetone, was used in the ratio of 0.Sg/10 ml medium. When present, the B 12 concentration was 65 uM. 
In all experiments, HCB was adde.d at an Lr1itial concentration of 50 uM:. Dechlorination rates were 
detennined by removing subsamples (I-ml) every few minutes and compared to controls contaLQing 5 
mM titanium citrate which is known to be unreactive towards HCB. Analysis of the reactants and their 
products was done after extraction of the subsample with hexane. Internal standards were used for 
.sample quantitation. Reactant and products were analyzed on a gas chromatograph equipped with an 
Electron Capture Detector. 

RESlJLTS AN1) DISCUSSION 

Work with Aliphatic Compounds: 

Reductive dechlorination of CT in the presence of zinc and B 12 under nitrogen atmosphere led to a 
complete dechlorination of CT to methane gas. The CT concentration declined rapidly and an increase in 
the amount of methane gas formed was observed concurrently with a mass recovery averaging 50 %. 
Other dechlorination products (chloroform CF, dichloromethane DCM, and chloromethane CM) were 
formed in small amounts. The same experiment, when perfo~ed on CT in the absence of B 12, resulted 
in slower sequential dechlorination rates of CT to to the products CF, DCM, CM and methane gas, but a 
higher mass recovery averaging 80%. The lower mass recovery in the presence of vitamin B 12 can be 
explained by the formation of non-volatile intermediates between B12 and CT (Assaf-Anid, 1993). 

Experiments with aluminum, resulted· in an almost 100% mass recovery during the transfonnation 
of CT to CF, however, only partial (10%) dechlorination to CF resulted. One reason might be 
passivation sL'lce a black film was formed on the metal surface at the end of the experiment Experiments 
with copper did not result in reductive dechlorination of CT. 

Work with Aromatic Compounds: 

Reductive dechlorination of HCB with zinc resuited in the fonnation of the first dechlorination 
product pentachlorobenzene and occured at higher rates in the absence of B 12 with a pseudo-first order 
rate of 9 .6 hr 1, compared to a pseudo-first order rate of 6.3 hr 1 in the presence of B 12· This suggests 
that B 1~ is competing with HCB for electrons and that a direct electron transfer from zinc to HCB is more 
favorable in this situation. Moreover, the electron transfer from zinc might be a single step two-electron 
transfer whereas B12 might be mediating a slower two-step reaction (Nies and Vogel, 1991). · · 
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CONCLUSION 

'This work shows that metals in their zero valence state can facilitate the reductive dechlorination 
of chlorinated pollutants by acting as direct electron donors to chlorinated pollutants or as electron donors 
to organometallic mediators that facilitate the electron transfer from the metal to the chlorinated pollutant 
Reductive dechlorination with metals is environmentally significant and potentially suitable for both 
chemical and biological applications. 
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Halogenated hydrocarbons continue to be a major groundwater pollution problem. These 
compounds are produced and used in high volumes, and as contaminants are fairly stable in 
natural environments. To investigate the remediation implications of halocarbon metallo-
reductions, the reaction kinetics of metallic iron with several common halocarbons 
(predominantly trichloroethene and tetrachloroethene) in aqueous solutions by metallic iron was 
studied. Initial efforts were made to develop a Quantitative Structure Activity Relationship 
(QSAR) description of reduction behavior based on molecular descriptors such as estimated 
redox potentials, hydrophobicity, etc., and treatment of the iron as a general heterogeneous 
redox surface. This molecular descriptor approach was based on determining the disappearance 
rate constants of several selected compounds under similar conditions in static batch experiments. 
Attempts to correlate reactivity in such a manner were unsuccessful, however. This suggests 
that the molecular descriptors used were not appropriate or significant, and that the reaction rate 
limiting steps are of a more complex nature. 

To further elucidate the important factors that influence iron reactivity and evaluate the 
potential of adding iron as a remediation technique, we investigated the effects of variables such 
as temperature, pH, [sulfide], [OJ, and solvent interaction on the reaction rate constants. The 
relevance of mass transfer effects was illustrated by the use of numerical computer simulations 
and comparison of 'static' versus 'stirred' batch testing. 

Discussion: 
To investigate the reaction of metaUic iron with haiocarbons in water, we measured the 

relative reactivity of several structurally related compounds.under similar conditions. Aqueous 
solutions were incubated with a known quantity of laboratory0grade iron under static conditions 
and the concentration was monitored as a function of time to determine a pseudo-first-order 
disappearance reaction rate constant for 16 halogenated hydrocarbons. In general, the rates were 
surprisingly similar for most of the compounds with a few exceptions. Straightforward 
relationships between observed reaction rates and chemical and reactant properties were not 
apparent, and some peculiarities were observed. One unexplained observation was the vastly 
different reactivity of dichloromethane versus trichloromethane or tetrachloromethane. Also 
noted was the large difference in reactivity observed for 1, 1 dichloroethene or cis 1,2-
dichloroethene as compared to trans 1,2-dichloroethene. 
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Steric factors, which were presumed to play an important roll, were not clearly evident. 
Most likely, the observed rates are related to the formation of a complex, multistep, surface-
adsorbed event. Mass transfer events for this type of reaction can involve, as a preliminary 
step, the physical adsorption of the halocarbon from the solution phase onto the iron surface, 
accompanied by partial desolvation. These events can conceivably be correlated to molecular 
descriptors such as water solubility and partitioning behavior, but subsequent events that are 
possibly involved such as chemical adsorption mechanisms, adsorbed molecular distortion, and 
surface migration are more difficult to predict. 

An added complication is the fact that the reduction event is coupled to the oxidation 
chemistry of the iron in water. Knowing this, we believe it is unlikely that a generalized QSAR 
can be developed until further mechanistic information is available. 

A mass balance study was performed for PCB, and the concentration versus time data 
were used to test proposed reaction sequences. Step reaction sequences in the following equation 
were simulated via numerical computer techniques, and observed data versus simulations were 
compared. 

PCB _kt- TCE _k2_ cisDCE _k3_ MCE? _k4_ Ethyne _kS_ Ethene _k6- Ethane 

If we use the pseudo-first-order disappearance rate constants obtained from the individual 
kinetic runs of each compound in the simulation equations, we get a large discrepancy between 
the actual and simulated data. The simulated sequence predicts a much larger concentration of 
intermediates than is actually observed. In other words, the reaction intermediate products are 
actually being converted much faster than predicted by these calculations. Presumably, once the 
reaction begins, the reaction products are maintained in close vicinity to a reactive site on the 
surface, and subsequently undergo a more rapid conversion than they would if they were not 
adsorbed (i.e., in solution as the starting compound). This observation led us to conclude that 
a significant contribution to the disappearance reaction rates observed in solution is the 
adsorption or movement of the halocarbon onto an active site on the iron surface. To get a good 
fit between the simulated data and the actual data, we had to increase the reaction rate 
coefficients entered into the computer program for the intermediates by at least an order of 
magnitude. Kinetic experiments performed under dynamic conditions ('stirred-batch' 
experiments, for example) show higher reaction rates than static experiments, and this further 
illustrates the importance of mass transfer effects on the solution phase disappearance rates. 

Several variables have been identified that may play significant roles in determining the 
overall efficiency of the metallo-reduction technique under environmental conditions. We 
investigated the influence of temperature between the range of 6 and 37 oc, the effect of pH, 
and the effect of adding sulfide (as NaHS) on the reaction rates. Also, dissolved oxygen 
concentration was found to affect the reaction rate. 

The common oxidation reactions of iron in water are well known to result in an increase 
in solution pH. This is an undesirable effect for this technique because the halocarbon 
conversion reactions are significantly slower at high pH levels. To counterbalance the pH 
effect, pyrite can be mixed with the iron. Pyrite is known to undergo aqueous oxidation by 
dissolved oxygen, and to a lesser extent by dissolved ferric ions. The products of these reactions 
are acidic species. Selection of a stoichiometric optimum mixing ratio: necessarily involves the 
consideration of various iron and pyrite activities. We have found that, in general, higher grades 
of pyrite minerals are relatively more reactive. Surface area is also important, but the flexibility 
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to adjust particle size will uitimately be constrained by the iron size and porosity considerations. 
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Zero-valent iron has been shown to be an effective agent in enhancing the rate of 
degradation of a wide range of chlorinated organic compounds in aqueous solution (1-3). 
However, the possibility that t~e initial compounds could degrade to less chlorinated but 
equally toxic and persistent compounds could be a significant limitation to the practical 
applicability of the technology. Matheson and Tratnyek (2), for example, in studies of 
carbon tetrachloride degradation, found significant proportions of the initial compound to 
persist as dichloromethane. 

Trichloroethene (TCB) is a common groundwater contaminant, with four probable less-
chlorinated products of degradation, the three dichloroethene (DCB) isomers ( cl,2-DCB, 
tl,2-DCB, 1,1-DCB) and vinyl chloride (VC). Depending upon the pathway, other 
chlorinated products of degradation may also be possible. Because of its environmental 
importance, this study was undertaken to determine the degradation products of dissolved 
TCB in the presence of granular iron. This objective was pursued by performing both 
chloride and carbon balances during the degradation process. A further objective was to 
examine the effect of the initial TCB concentration on the degradation rate and on the 
product distribution. 

The experimental procedure involved column tests similar to those described in Gillham and 
O'Hannesin (1). The plexiglass columns (50 cm long x 3.8 cm I.D.) were packed with a 
mixture of 15 wt % Fisher electrolytic iron ( > 99% iron) and 85 wt % silica sand. After 
saturating with water, a solution at a particular TCB concentration was pumped through the 
column at a rate of about 0.1 mL/min. Sampling ports located in the side of the column 
allowed construction of concentration versus distance graphs which, using the flow rate and 
porosity, were converted to concentration versus time graphs. Analyses included TCB, DCB 
isomers, VC, Cl to C4 hydrocarbons and chloride. Tests were conducted for initial TCB 
concentrations of 1.3, 4.7, 10.2 and 61 mg/L. Full details of the methodology are given in 
Orth (4). 

Figure 1 shows In relative TCB concentration versus residence time in the column for all 
four initial TCB concentrations. Best-fit lines of the first order decay model (r > 0.98 in 
all cases) are included. The results provide strong evidence that the degradation process 
is pseudo-first order with respect to TCB concentration. Furthermore, the calculated half 
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lives fail within a narrow range (2.9 to 3.7 hr), with no apparent trend with initial TCE 
concentration. The mean half life (3.25 hr) normalized to 1 rrr iron surface per mL of 
solution (0.68 hr) is remarkably similar to the normalized value (0.67 hr) reported from the 
results of batch tests (1). 

Figure 2 shows the decline in TCE concentration (initial value of 4.7 mg/L) versus distance 
along the column, and the corresponding growth in non-chlorinated hydrocarbon products 
of degradation. Expressed in terms of the equivalent amount of TCE degraded, ethene 
accounted for about 40% of the TCE degraded, ethane about 18% and the remaining Cl 
to C4 hydrocarbons about 10%. This latter group included methane, propene, propane, 1-
butene, butane and isobutane. Thus about 70% of the TCE that was degraded could be 
accounted for in the non-chlorinated hydrocarbo:ns. 

The three DCB isomers were detected, as was VC. Of these, cl,2-DCE was the primary 
chlorinated product of degradation, though the sum of all chlorinated products could 
account for oniy about 3 to 3.5% of the TCE that was degraded, giving a total carbon mass 
balance of about 73%. The 27% of the carbon that was not accounted for may have been 
present in longer chain hydrocarbons (greater than C4) or some portion of the products may 
have escaped quantification in the gas phase that exited the column as occasional bubbles 
in the effluent line. The gas phase was principally resulting from dissociation of water. 
The chloride balance was generally between 98 and 100%, and thus it can be said with 
considerable confidence that the missing carbon is not present as a chlorinated compound. 

Though the residence time in the column of this study was not sufficient, previous studies 
(1) have shown the DCB isomers and VC to degrade in the presence of iron. Thus it is 
reasonable to conclude that degradation of TCE does not result in the significant 
accumulation of chlorinated or toxic degradation products. 

The process appears to be reductive dechlorination, and though the purpose was not to 
study mechanisms, the results would seem to be consistent with the surface corrosion model 
(2). Of particular note however, the relatively small proportion of TCE that appeared as 
chlorinated products and the simultaneous appearance of the products are compelling 
arguments against sequential dechlorination. 
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Overview 
With the advent of interest in reactive barriers and the reduction of chlorinated aliphatics by zero-
valent iron, there is also a need to clearly display the effectiveness of the technologies. This will 
involve verifying mass balance for the key reactions and identifying principle rate mechanisms for a 
variety of environmental conditions. Column testing is one essential tool for these verific~tions. 
One essential control for column testing is the determination of the mean retention time, or, more 
precisely, the characterization of the breakthrough curve of a conservative tracer. A conservative 
tracer will neither sorb nor react with the porous media and travels with the same velocity and level 
of dispersion as water. With knowledge of the tracer curves, reaction order, and contaminant 
breakthrough, one can make reasonable judgments on the operative reaction rates in the column. 
Conversely, one may incorrectly attribute performance loss to a decrease in reaction rate when the 
retention time of the column has been shortened by some other physici:i 1 or chemical mechanism. 
Such a loss in retention time could be checked by performing a tracer test. 

As addressed above, a conservative tracer will neither sorb nor react with the porous media. For 
investigations of the zero-valent iron reduction of chlorinated aliphatics, the tracer should not 
interfere with the oxidation or passivation of the iron. For this case, inorganic tracers containing 
chloride ion (or other free halide ions), nitrate or nitrite, excess carbonates, sulfide or sulfates, or 
phosphates can either increase oxidation rates of the iron, become reduced as a redox couple, or 
passivate the iron by forming meta;.stable ferrous iron surface precipitates. Whenever zero-valent 
iron is present in water, an oxide coating develops. Soluble ferrous and ferric iron, iron hydroxides 
and oxides of varying crystallinity are commonly present as well. The iron oxides, hydroxides, and 
oxyhydroxides can be effective sorbents for a variety of organic and inorganic compounds. Many 
soluble organics, which may be used as tracers in other cases, also sorb onto iron oxides. Therefore, 
the selection an acceptable conservative tracer for zero-valent iron column studies can be a difficult 
task. 

The purpose of this paper is to present tracer data on two suitable tracers for iron column studies, 
deuterium oxide (D20, commonly referred to as "heavy water") and potassium tetrafluoroborate 
(KBF4). Column tracer tests for a saturated sand column and an iron column were performed. We 
have investigated several organic tracers without success, such as 100 mg/L phenolphthalein in 50% 
ethanol and 40 mg/L Acid Yellow 17 (Aldrich). Other organics containing amine, azo, or acid 
functionalities were generally ruled out. Numerical fundamentals and critical issues and 
implications of tracer testing will be discussed. 

Background and Method 
Analytical solutions are available for one-dimensional solute transport in a saturated column for 
simple boundary conditions and for steady flow, Fickian dispersion, linear sorption, first-order 

1 Present address: University of Wisconsin, Civil and Environmental Engineering, 
Madison, WI 53706, (608) 263-3137. 
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degradation, and a zero-order rate source-sink term (van Genuchten, 1981). These solutions were 
used to predict the tracer breakthrough in reactive iron metal columns. In this case, the sorption, 
first-order degradation, and the zero-order source-sink term were ignored. Further detail on 
boundary conditions, solution technique, and assumptions are given in the above reference. 

The initial and (first-type) boundary conditions were applied: 

C(x,0) = Ci 
C(0,t) = Co 
C(0,t) = 0 ac OX (oo,t) = 0 

for 0 < t to 
for t > to 

(1) 
(2) 
(3) 

(4) 

where C(x,t) is the volume-averaged concentration at a given distance x and time t, Ci is the initial 
concentration and Co is the feed concentration applied over the time interval to. With these 
boundary and initial conditions, the solutions are (from van Genuchten, 1981): 

C(x,t) = CoH(x,t) + M(x,t) 
C(x,t) = CoH(x,t) + M(x,t) - CoH(x,t-to) 

o < t::; to 
t > to 

where the functions I:I(x,t) and M(x,t) are defined as: 

1 [ x-vt J 1 J vx ] [ x+vt J H(x,t) = 2 erfc 2(Dt) 112 + 2 ex11_ D erfc Z(Dt) 112 

{ 1 [ x-vt J 1 ( vx) [ x+vt ]} M(x,t) = Ci 1 - 2 erfc Z(Dt) 112 - 2 exp D erfc Z(Dt) 112 

(5) 
(6) 

(7) 

(8) 

The parameter v is the seepage velocity and D is the dispersion coefficient. The distance x is 
evaluated at the column length L. The nondimensional ratio of the advective flux to the dispersive 
flux, the Peclet number (Pe), is expressed as: 

vL 
&=~- 00 

The velocity is determined by the measured volumetric flow rate, q, divided by the product of the 
porosity n and column area A. The porosity is found by the general formula: 

n = VVvt = (Mp - Mw)/0 8 

CMw-Md Mx)/pw ' 
(10) 

where V vis the void volume, Vt is the total inner column volume, Mp is the mass of the saturated, 
packed column with end fittings, Mw is the mass of the column and end fittings filled with water, 0 8 
is the specific gravity of the packing solid, Mct is the dry mass of the column and fittings, Mx is the 
mass in the dead volume (found by the mass difference of saturated and evacuated, dry end fittings), 
and rw is the density of water (0.997 g/cm 3 at 20° C). The column area is determined by the ratio of 
the total inner column volume to the inner column length L. 
A combined tracer solution was used, 0.0816N KBF 4 in 20% (w/w) 0·20 in deionized water. 
Reagent grade chemicals were used. The KBF4 breakthrough was measured by a glass on-line 
conductivity electrode with a cell constant of 1.0 cm-I. Output from the conductance meter (YSI) 
was measured by a data acquisition system and stored on a computer. The D2O breakthrough was 
evaluated effluent sampling and off-line HPLC refractive index (RI) detection. Samples were 
injected directly to the detector (column bypassed), calibrations were linear, and the detection limit 
was estimated to be 0.1 % D 20 or less. The conductance of the feed (background corrected) was 
approximately 750 µS. 
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Glass chromatography columns (25 mm i.d. x 600 mm, ACE) with threaded PTFE endcaps and zlass 
frits were used in the coiumn studies. Columns were packed wet with either a uniform, fine, clein. 
Ottawa sand or VWR coarse iron filings. The specific gravity of the packing was 2.65 gicm3 for 
sand and within the range of 6.5- 7. 6 g/cm3 for the iron. Care was taken to achieve uniform packing 
and saturation. Columns and end fittings were weighed dry, wet, and packed (wet). The flow rate 
was set to roughly 9.2 cm3/min. with a FMI piston pump. While the flow was pulsed, the time-
averaged flow rate was relatively constant over the course of the tracer test. 

Once the column was judged to be sufficiently saturated, the tracer was introduced in the following 
manner: 

1. upward flow of deionized (DI) water through the column, flow rate determined. 
2. stop pump momentarily 
3. bypass valve at base (inlet) of column was diverted to waste 
4. tracer solution was pumped through to bypass valve, flushed, and tracer feed was sampied 
5. pump was turned off 
6. bypass valve at base of column was turned to place column on-line 
7. pump was turned on and timer was started 
8. effluent monitored and sampled 
9. pump was stopped at desired pulse width (approximately 1 pore volume) 

10. bypass valve at base was diverted to waste, feed line was flushed with DI water 
11. pump off, bypass valve placed on-line 
12. pumping commenced at previous flow rate after two minutes down time 
13. effluent was monitored and sampled 
14. column flow rate was checked and pumping continued until conductivity reached baseline 

The elapsed time for the tracer curves was adjusted for flow through dead volume and down time. 

Results 
Tracer curve results are shown for a sand-packed column at 90% saturation in Figure 1, and for a 
different sand-packed coiumn at nearly 100% saturation in Figure 2. For the unsaturated case, the 
agreement between the two experimental tracer curves was excellent, while both deviated from the 
theoretical curve (interpreted for 100% saturation). If saturation is taken into account, the theoretical 
curve would be shifted to earlier times to match the experimental curves. There was a slight tailing 
of the KBF 4 tracer, which could have been attributed to sorption or detector lag. For the saturated 
sand case, the D 20 tracer result matched the theoretical breakthrough curve very well. An erroneous 
result was obtained for the KBF4 tracer (although breakthrough times were clearly similar to the 
D20 tracer; and there was evidence of tailing). These two results show the importance of saturation. 
The relatively high Peclet number (fitted) means that advective fluxes dominate. 

Tracer curve results for the iron column are shown in Figure 3. Two theoretical tracer curves are 
presented to show the sensitivity to iron specific gravity. Excellent agreement for both tracers is 
shown, but some sorption of the KBF4 tracer is evident from a dLT.inished peak concentration and 
noticeable tail. The D20 tracer can be considered to be more conservative than the KBF4 tracer. 
However, one may prefer the KBF 4 tracer since it can be measured on-line. If the KBF 4 tracer 
curve is normalized to the theoretical peak height, the two incident front of the two experimentally 
determined breakthrough curves would coincide. 

Conclusion 
Two conservative tracers, D20 and KBF4, have been identified for iron column studies. These 
tracers (or suitable substitutes) as a control measure in reactive iron column testing. D20 may be 
preferred since it is more conservative and KBF4 may be preferred due to easier, on-line detection. 
Both tracers· appear inert are aren't expected to alter the oxidation state or corrosion rate of the iron. 

Reference 
van Genuchten, M.T. (1981). J. of Hydrology, 49, pp. 213-233. 
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Metals, long known as powerful dehalogenating agents, have found broad applications in organic 
synthesis. Recently, a great interest in the potential of metals to dehalogenate pollutants in 
contaminated water has been observed. Dehalogenation of pollutants by means of zero-valent iron has 
been proposed for above-ground and for in situ treatment of groundwater [l-6]. Unfortunately, not 
much is known about the fundamental mechanism of the iron promoted dehalogenation. Effects· of 
various factors, including the presence of contaminants -0f natural waters, on the efficiency of the 
proposed treatment is also very uncertain. 

In this paper, we present some results of our recent studies on the zero-valent induced degradation of 
selected chlorinated aliphatic compounds, including carbon tetrachloride as well as cis-and trans-
1,2-dichloroethylene. · 

Experiments were carried out to study the temperature, steric and pH dependence of the degradation. 
Reaction rates, overall activation energies and the Arrhenius pre-exponential factors were calculated. 
Influence of a number of inorganic compounds on the kinetics of degradation was investigated as well. 

Degradation reactions of the selected pollutants irl the presence of untreated iron powder (electrolytic, 
finer than 100 mesh) were perfonned in deionized water, under aerobic conditions. Determination 
of the degradation of the compounds was carried out by GC analysis of direct injections of the water 
samples. Concentrations of chloride anions were measured using an ion selective electrode, while 
those of ferrous and ferric cations were detennined by the standard colorimetric methods. 
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It was observed that the rate constants of the first stage (30 - 40 min) of the reactions were relatively 
high (Table 1). However, the process of the iron corrosion includes the reduction of water {3}. 

Fe0 (s) 

Fe2+ 

-->-# Fe2+ + 2e 

pe3+ + e 

---;>,... 2HO· + H2 

{1} 

{2} 

{3} 

As a consequence, during our experiments, pH usually increased to approximately 10.5 wi~in 30 -
40 min. As the pH of the solution increased, the rates of dehalogenation were greatly reduced, and 
so the times required for the degradation of 50% of pollutants (T50) were much longer than the half-
life times {T1n) calculated for the initial stage of the reaction (Table 1). 

Table 1. 

Degradation of carbon tetrachloride, cis- and trans-1,2-dichloroethylene in deionized water 
at 25°C and-55°C. Initial rate constants (k), half-life times T112 (T 112 = 0.693/k) 
and time Tso required for the degradation of 50 % of pollutant. 

Compound Temperature 25°C Temperature 55°C 

k (h·l) T112(h) T5o(h) k (h•l) T112(h) T5o(h) 

carbon tetrachloride 1.73 0.4 5 2.57 0.27 0.3 

cis-1,2-dichloroethylene 0.12 6 85 0.35 2 7.5 

trans-1,2-dichloroethylene 0.28 2.5 25 0.55 1.25 3 

An increase of the temperature resulted in accelerated corrosion (yielding higher concentrations of the 
dissolved iron and large amounts of hydrogen released) and an increase in the overall rates of 
dehalogenation. Decreasing the pH value of the solutions, by means of phosphate buffers, also 
resulted in an improvement in the rates of degradation. Presence of anions such as sulphate, 
bicarbonate or· acetate accelerated the degradation as well. 

As seen in Table 1, the iron induced dehalogenation of trans-1,2-disubstituted ethylene was faster than 
that of its cis isomer. lt'is generally assumed that the formation of intermediate free (open) radicals 
results in a lack of stereopecificity. Some anti stereoselectivity may be expected only in cases where 
the radical inversion is retarded and further reduction is rapid. 

We studied the effect of methanol, a known scavengers of free radicals, on the kinetics of the 
degradation of the investigated pollutants, and we found that the presence of this alcohol did not 
influence the rates of the reactions. The above fact, as well as the differences in the rates of 
degradation of the isomers cis and trans, suggest that free radical mechanism can be excluded. 
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Reactions promoted by metal which react as strong electron donors (like sodium or lithium) usually 
do not display any stereospecificit';. On the contrary, the zinc [7] or magnesium [8] induced reactions 
are usually stereospecific and many of them were suggested to occur by a concerted mechanisms, in 
which the transfer of two electrons from the metal to the substrate and the breaking of the C,.-X bond 
occur in the same step. 

Metal surface 

I 
X 

I 
I 

Cp-:-:--:-Ca 
I 

I 

X 

Formation of a short lived carboanion might also be involved in the metal-promoted dehalogenation 
"with an anti stereochemistry. Since the observed differences between the rates constants of the 
isomers cis and trans are not large (Table 1), the last possibility seems to be very likely. 

A number of factors appear to determine the stereochemical course of the redox reaction, namely, the 
electronic (orbital) and conformational preference for anti over syn elimination and the nature of the 
reduct.ant. . In addition, significant differences in the mechanisms of the reactions can be imagined, 
even in the case of the reduct.ants belonging to the same category. Thus, any conclusions should be 
drawn with caution. More investigations on the stereochemistry of the iron promoted dehalogenation 
would be certainly useful. However, as long as the formation of an ionic (or free radical) 
intermediate is not only directly detected by one of the modern spectroscopic techniques, but also 
proven to be the main pathway of the transformation, the fundamental mechanism of the process will 
remain the.subject of speculations. 
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Dehalogenation of organic pollutants by means of zero-valent iron, long known to organic chemists, 
has recently become the centre of attention [l-4] as a method of great potential, not only for the 
above-ground, but also for in situ treatment of groundwater. However, problems associated with 
controlling the pH of the process and the deactivation of the metal surface, make the practical 
application of this technique difficult. 

Aqueous corrosion proceeds by the coupled electrochemical dissolution of iron ( or another metal) and 
the reduction of substances present in its environment, for instance water, oxygen or chloroorganic 
compounds. 

2Fe(s) ---+> 2Fe2+ + 4e 

2H20 + 2e > 2HO· + H2 

RX + H+ + 2e > RH+ x-

{l} 

{2} 

{3} 

The overall corrosion process is very complicated as it involves a number of differen,t reactions and 
leads to a significant increase in pH. In the absence of aggressive corrodents, the rate of rusting is 
usually quite small, due to the formation of a protective film of iron oxyhydroxides. 

It has recently been suggested [5] that sulphur, usually present as an impurity in metallic iron, plays 
an important role in the reduction process. Since various organic and inorganic sulphur compounds 
are present in the environment, some of which are known to contribute to the fate of halogenated 
pollutants [6-8], an understanding of their possible impact on the efficiency of the 'iron treatment' 
is very important. In this paper we report results of studies on the influence of sulphur compounds 
representing two principal classes of sulphur-bearing minerals, sulphate and sulphide ions, on the rate 
of the iron-induced degradation of carbon tetrachloride (CT) under aerobic aqueous conditions. We 
also discuss the mechanisms of these processes and predict their influence on the efficiency of the iron-
induced dehalogenation of pollutants, both in situ and in above-ground treatment. 

It was observed that ali of the sulphur compounds investigated (NcizS04, Na2S, FeS, FeS2 and HEPES 
( 4-(2-hydroxyethyl)-l-piperazine-ethanesulphonic acid)) significantly accelerated the reaction. As can 
be seen from Fig. 1 and Table I, the rate k of the first stage of reaction between CT and Fe0 was 
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relatively high, and exhibited a first-order dependence on substrate concentration. However, as the 
pH of the solution increased, the rate of degradation was greatly reduced. The addition of sulphur 
compounds, for insta.1.ce sodium sulphate, to the system showed a slight effect on the initial rate 
constant k. At higher pH, however, the presence of the salt clearly accelerated the process, resulting 
in a significantly reduce4 time Tso (Table I) for iron-induced degradation of CT. 

Sulphate (SO4
2·) is known to remove iron oxides and hydroxides formed on the surface of iron: 

Fe(OH) 2(ads) + SOi- > FeSO4 + 2HO· {4} 

The effect of sulphate on the rate of the CT degradation,- shown in Fig.1 is probably due to 
destruction of the protective rust _film, and the formation of FeSO4, a more soluble corrosion product. 

Table I. Degradation of CT (l.108ppm) in the presence of various reducing agents*). Rate constant k, 
half-life time, 7'112 (7' 112 = 0.693/k), and time r50 required for the degradation of 50% of CT. 

Reductant k (h"l) 7112 (min) r50 (min) 

Fe0 1.77 + 0.07 23.5 > 240 

Fe0 + Na2SO4 1.82 + 0.05 22.9 - 90 

Fe0 + HEPES 2.45 + 0.08 17 - 25 

Fe0 + Na2S 3.98 + 0.07 10.5 - 12 

Na2S 1.89 + 0.05 22 - 24 

Feo + pe5a) 2.15 + 0.10 19.3 - 95 
pe5b) 1.73 + 0.05 24 > 240 

Fe0 + FeS2 c) 1.89 + 0.08 22 - 70 

Fe0 + FeS2d) 3.20 + 0.05 13 - 45 

FeS2c> 1.73 + 0.08 24 > 210 

•> Amount of reductant(s) in each vial (25ml): 
a) 5g of Fe0 and 0.199g of FeS (0.05 M), FeS/Fe0 =0.038; b) 5g of FeS; c) 5g of Fe0 and 0.15g (0.05M) 
of FeS2, FeS2/Fe0 = 0.029; d) 5g ofFe 0 and 0.6g (0.05M) ofF~, FeS2/Fe0 = 0.107;c> 5 g of FeS2. Iron 
powder (electrolytic, finer than 100 mesh) was used without any pretreatment. 

An addition of pyrite significantly reduces the time associated with the aerobic degradation of CT 
(Table I). Under aerobic conditions, pyrite undergoes oxidation to sulphate and ferric ion: 

---3>> 4H+ + 4SOl + 2Fe2+ 
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The pH of the solution decreases (Fig. 2), i.e. the pH effect of steps {5,6} is opposite to that observed 
during the oxidation of zero-valent iron { 1,2}. The ferric ion, Fe3+, formed both in reaction { 6} and 
during the corrosion of iron zero further dissolves pyrite {7}, leading to a further decrease in pH and 
the production of sulphate and a reducing agent (Fe2+): 

{7} 

Sulphide-induced transformations of halogenated pollutants are known to produce toxic sulphur 
derivatives [6-8]. Identification of products and determination of the accurate mass balance was not 
included in the studies described in this paper. However, analysis of our GC data suggest, that, while 
almost no chloroform was formed during the reaction between of CT and N32S, FeS or FeS2 (under 
oxic conditions), this compound was the main product of the reaction when mixtures of Fe0/FeS 2 or 
Fe0 /FeS were used. More detailed studies on this subject will be carried out in the near future. 

In summary, addition of any of the sulphur compounds investigated, namely: sulphate, 
organosulphonic acid (HEPES), sulphides (NaS2 and FeS) and pyrite, accelerated the iron induced 
degradation of carbon tetrachloride under aerobic conditions. Thus, it can be expected that the 
efficiency of such a treatment in sftu will be-significantly enhanced due to the presence of bacterial 
and fungal metabolism, that produce a large number of sulphur-bearing organic compounds. It is also 
anticipated that the degradation may be efficient in places rich with sulphur-containing minerals. 

In both above-ground and in situ treatments, some addition of pyrite to the zero-valent iron should 
aGcelerate the treatment. Processes involving pyrite would regenerate ferrous ions {7}, produce 
sulphate {5,7} (which would remove the deactivating oxide film from the metal surface {4}) and 

. control the pH of water. 

It should be taken into account that during the water_ treatment some toxic sulphur derivatives may 
be formed. Thus, a careful identification of intermediates and products would be required. 
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Figure 1.. Degradation of CT (l.108ppm) in the presence of: (I) -H-f+ Fe° (5 g/25ml); (II)~ Fe0 

(?g/25ml) and Na2S0 4 (c = 0.05M); (III) iJ-0 Na2S0 4 (c = 0.05M); (IV) • • • Fe° (5g/25ml) 
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Figure 2. pH changes observed during degradation of CT (c-= l.08ppm) in the presence of: (I) -
-H+ Fe0 (5 g/25ml);· (II)-~ FeS,, (5 g/25ml); (Ill). "' " Fe° (5g/25ml) and FeS2 
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FeS (5g/25ml); -& Fe0 (5g/25ml) + FeS 0.199g (0.05M). 
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Several recent. studies have shown that chlorinated aliphatic hydrocarbons (CAHs) 

may be reduced by metallic iron (Gillham and O'Hannesin, 1994; Matheson and Tratnyek 
1994; Helland et al., 1995). These studies have focused on abiotic processes, while 
limited attention has been given to combined microbial and abiotic dechl9rination. 

Methanogenic bacteria can use metallic iron as an energy source, by coupling the 
anodic dissolution of iron, which is an otherwise unfavorable reaction, with the 
consumption of water-derived H2, which is a very thennodynamically favorable reaction 
(Daniels et al., 1987): 

4Fe0 +8W • 4Fe2+ +4H2 

4H2 +CO2 • CH4 +2H2O 

AGO' = +3.5 kJ 

AGO' = -139 kJ 

fl.GO' = -135.5 kJ 

The microbial transfonnation of CAHs has been observed in pure (Egli et al., 1987) and 
mixed, methanogenic cultures (Bouwer and McCarty, 1983). Hence, under methanogenic 
conditions in the presence of zero-valent irori, two degradation mechanisms may be 
important: Fe(0) may reduce CAHs abiotically, and Fe(0) may indirectly reduce CAHs via 
biodehalogenation. In light of this, we investigated the transfonnation of trichloromethane, 
a common groundwater contaminant, in methanogenic incubations amended with iron 
metal. 

An acetate-enriched, mixed, methanogenic culture having a volatile suspended 
solids (VSS) concentration of 220 mg/L was used as a source of organisms. Experiments 
were conducted anaerobically in duplicate on a circular-action shaker table (200 rpm) at · 
20°C using 25 mL liquid volume in 38-mL serum bottles sealed with Teflon-coated, rubber 
· septa and capped with aluminum crimp caps. Bottles were purged of oxygen with N2/C~ 
gas (80:20, v/v). Resting (unfed) cells were used _in inqubations containing· cell 
suspension. Preliminary experiments investigated iron powder, iron filings and steel wool 
as an iron source. The experiments reported here were conducted with 1 g steel wool 
(Grade 1) (Rhodes/ American, Chicago, Il.,). The chemical composition of the steel wool, 
as reported by the manufacturer, was (%): Fe (52), Si (30), C (16), Mn (1.25), P (0.7) 
and S (0.05). Experiments examined the transfonnation of CHCI3 in bottles containing (1) 
iron and cell suspension, (2) cell suspension only, and (3) iron in cell-free supernatant. 
CHCl3 was measured by GC/ECD and CH2CI2 and CI-4 were measured by GC/FID using 
locking, gas-tight syringes. CHCl3 was added to bottles from a saturated, stock solution. 
Initial CHCI3 concentrations were about 4 µM. 
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Pseudo-first order rate coefficients, k, were calculated for each treatment The 
value of k for the iron-cell (IC) treatment was 0.11 hrl, versus 0.003 hrl and 0.007 hrl 
for the iron-supernatant (IS) and resting cell (RC) treatments, respectively. Under these 
experimental conditions, then, biodehalogenation dominated abiotic mechanisms by a ratio 
of 37: I. Analysis of the rate coefficients also revealed that the interaction between cells and 
iron was synergistic with regard to CHCI3 degradation: k for treatment IC was one order 
of magnitude greater than the sum of the pseudo-first order rate coefficients for treatments 
IS and RC, 0.010 hr 1. If the transfonnatlon of-CHCI3 by iron and by resting cells were 
independent processes, then k for treatment IC should equal the sum of the k's of the two 
separate treatments, IS and RC. 

The increased CHCI3 transformation kinetics in treatment IC may be due to 
cometabolism by hydrogen-oxidizing methanogens (Fig. 1).. Methane production was 
negligible in bottles containing cell suspension only, or in bottles containing iron and cell-
free supernatant (data not shown). Methane production was observed, however, in 
CHCI3-free bottles containing iron and cell suspension (CHCI3-free IC control), while 
methanogenesis was apparently inhibited by CHCl3 in treatment IC. Although hydrogen 
was not measured in. these experiments, bubbles were observed rising from the surface of 
steel wool and hydrogen has been detected in similar experiments (Lorowitz et al., 1992; 
Matheson arid Tratnyek, 1994; Gillham and O'Hannesin, 1994). Furthermore, when the 
NifC0 2 headspace in iron-free bottles containing cell suspension was replaced with 
H2/CO2 (80:20, v/v), methanogenesis was observed and CHCI3 was rapidly degraded 
from an initiai concentration of 4 µM to nondetectable levels in less than 10 hr (data not 
shown). 

Dichloromethane production from CHCI3 in treatment IC was nonstoichiometric, 
and the furtlier transformation of CH2CI2 was negligible. CH2CI2 has been observed io 
persist in the presence of metallic iron (Gillham and O'Hannesin, 1994; Matheson and 
Tratnyek, 1994) and mixed, anaerobic cultures (Gossett, 1985). 

These experiments indicate that methanogens coupled the biocorrosion of iron metal 
and biodehalogenation of CHC13 via cometabolism, with water-derived hydrogen acting as 
energy source. Although hydrogen has been shown to be an excellent electron donor for 
reductive dehalogenation (DiStefano et al., 1992), it has not been widely used as a primary 
substrate due to its low solubility in water. · Permeable reactive barriers containing iron 
metal (O'Hannesin, 1994) may provide an efficient means of releasing hydrogen into the 
subsurface to support a cometabolizing, methanogenic consortium. Under these conditions 
microbially-n;>.ediated dehalogenation may be significant compared to abiotic 
dehalogenation. · Indeed, this work demonstrates that, at least undef selected conditions, 
biodehalogenation dominates abiotic mechanisms. ~urther work is required to investigate 
if the results observed here are sustainable in flow-through environments. 
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Background 
Several papers have recently been published describing the use of iron powder as a potential 

treatment process for water contaminated with chlorinated· solvents ( 1-4 ). Despite this extensive work, a 
clear understanding of the mechanisms involved under various conditions has not been achieved. 

The re)!ction of iron with water is an electrochemical process in which the iron is oxidized. 
Under anoxic conditions, the cathodic reaction is the reduction of protons to hydrogen (Eqn. I). In 
principle, a chlorinated contaminant, RX, could also serve as the cathodic reaction (Eqn. 2), resulting in 
reductive dehalogenation of the contaminant. For a multihalogenated compound, the process could 
continue in a stepwise manner until the substrate is completely dehalogenated (Eqn. 3). 

Fe + 2H+ • Fe2+ + H2 Eqn. I Fe+ RX+ H+ • Fe2+ + RH+X- Eqn. 2 

RXn • RHXn-1 • RHiXn-2 . . . Eqn. 3 

Alternatively, iron may serve as the catalyst in catalytic dehydrohalogenation (Eqn. 4). The hydrogen 
produced by the reaction of iron with water would serve as the reductant. Noble metals such as 
palladium readily convert compounds containing vinylic halogen to the dehalogenated alkane in the 
presence of hydrogen; platinum and nickel can also be used, though they are more selective than 
palladium (5). Because hydrogen is produced in the iron systems, it is not readily possible to distinguish 
between the electrochemical and catalytic mechanisms, and in fact, both may be occurring. 

H2/Fe 
PCE ethane Eqn.4 

Because the reaction of iron with water raises the pH, a buffer was used in our experiments. The 
organic buffer 4-(2-hydroxyethyl)-piperazineethanesulfonic acid (HEPES) was chosen because it was 
not expected to form complexes or precipitates with ferrous iron as phosphate or carbonate buffers 
would. In addition, Matheson and Tratnyek (2) observed no significant difference in transformation rate 
of carbon tetrachloride by iron in the presence and absence of this buffer. However, Lipczynska-
Kochany et. al. (4) have observed a difference which they attributed in part possibly to the reduction of 
the sulfonic acid group to sulfide, a strong reductant. · · 

Experimental 
Experiments were conducted in glass bottles equipped with Mininert™ valves. In a glovebox 

containing a 90%Nifl0%H2 atmosphere, the bottles were filled iron and HEPES-buffered water (pH 7) 
which had been deoxygenated by purging with N2 and spiked with substrate. The bot~es were then 
placed in a 50°C waterbath, with or without shaking. Samples were taken periodically either by 
sampling the aqueous phase and extracting into pentane, or by direct injection of headspace. PCE 
analyses were performed via GC/ECD or GC/ECLD.· Ethene and ethane were analyzed by GC/FID. 
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Results and Discussion 
Transformation of Chlorinated Ethylenes 

All six chlorinated ethylenes disappeared in the presence of HEPES buffer and iron as illustrated 
in Figure 1. The observed psuedo-first order rate constants, nonnalized to account for the aqueous phase 
volume and Henry's constants, are listed in Table 1. Note that the order of reactivity does not follow the 
pattern typical of reductive dehalogenation (that is, the more highly halogenated compounds are more 
reactive). Rather, it tends to increase or not change with decreasing chlorine content (trans-DCE > TCE 
> PCE::: cis-DCE::: 1,1-DCE) with the exception of vinyl chloride which is less reactive than PCE. In 
addition, differences in rate are relatively small, less than a factor of 5. 

The products observed were primarily ethene and ethane. These typically accounted for 15-30% 
of the mass balance of PCE (Figure 2), and approximately 50% of the mass balance of vinyl chloride 
(Figure 3). The ethene/ethane ratio is significantly larger for VC than for PCE for reasons not yet 
understood. TCE was a reactive intermediate of PCE transformation, it's maximum concentration 
reaching <2% of the initial PCE; no other chlorinated congeners were seen. cis-DCE was the only 
reactive intermediate observed during TCE transformation; vinyl chloride was not seen during 
traQsfonnation of any of the DCE isomers. 

Role of Buffer 
A buffer was apparently required for transfonnation, since reaction ceased in unbuffered water 

within 7 days after only 30% of the PCE disappeared. The role of the buffer in these systems appears to 
be pH control rather than the presence of the reducible sulfonic acid group of the buffer because 
decreasing the HEPES buffer concentration from 0.5M to 0.05M resulted in a only minor decrease in 
rate from 0.056/day to 0.045/day. In· addition, PCE was transformed by iron to ethene and ethane in the 
presence of Bis-Tris Propane (1,3-bis[tris(hydroxymethyl)methylamino]propane), a buffer which 
contains no sulfur (Figure 4). Rate constants in the two buffer could not be compared, however, because 
iron clumped up in .the Bis-Tris Propane case, significantly reducing the surface area of the iron 
compared to the HEPES systems. 

Literature Cited 
(1) Schreier, C. G. and Reinhard, M. Chemosphere, 1994, 29, 1743-1753. 
(2) Matheson, L. J. and Tratnyek, P. G. Environ. Sci. Technol., 1994, 28, 2045-2053. 
(3) Gillham, R. W. and O'Hannesin, S. F. Ground Water, 1994, 32, 958-967. 
(4) Lipczynska-Kochany, E.; Harms, R.; Milburn, R.; Sprah, G.; and Nadarajah, N. Chemospshere, 

1994, 29, 1477-1489. 
(5) Rylander, P.N. Catalytic Hydrogenation in Organic Synthesis; Academic Press, New York, 

. 1979. . . 

TABLE 1. Henry's Constants* and "Normalized" Rate Constants 
for the Chlorinated Ethenes. 

vc 
1,1-DCE 

trans-DCE 
cis-DCE 

TCE 
PCE 

He(-) 

1.14 
1.07 

0.384 
0.167 
0.392 
0.723 

kn (ctay-1) 
36g/L Iron 

0.23 
0.50 
0.17 
",.. U • .J't 

0.13 

kn (day-1) 
160g/L Iron 

0.53 

0.91 
*Henry's constant at 24.8°C. From Gossett, Environ. Sci. Techno[; 
1987 21 202-208. 
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