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A great deal of research has been published on the degradation of CCl, due to the
combination of its convenience as the prototypical chlorinated alkane and its relevance
as an environmental contaminant. However, the majority of this work has focused
primarily on disappearance of the parent compound, without characterization of the
reaction products beyond preliminary verification of the expected reaction pathways'™.
Other studies have attempted exhaustive product identifications in order to develop
detailed reaction pathways, but with limited quantification of the distribution of products
or investigation of the factors that control product-branching ratios. Comparatively few
studies have gone so far as to quantify product branching ratios and/or to model the
variability in product branching ratios with experimental conditions.

Among the studies that have addressed product distributions in some detail, most offer
evidence for variations in product-branching ratios that might be significant in
environmental remediation applications. For example, an early study by Criddle and
McCarty used a simple electrolysis cell to demonstrate that more cathodic potentials (at
a Ag electrode) favor hydrogenolysis of CCl, beyond CHCI; to CH,Cl, and somewhat
more reaction by the alternative pathway that produces CO°. More recent studies of
controlled electrolysis have shown more complete dechlorination of CCl, using
electrodes made from other metals® and Fe(0) electrodes protected with high cathodic
overpotentials’. In suspensions of granular zero-valent metals—without an externally
supplied cathodic overpotential—the type of metal®, photoexcitation®, presence of H-
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donors °, and the composition of the passive film'® have all been shown to influence the
distribution of products from reduction of CCl,.

More detailed studies of product-branching ratios are available for just a few systems. A
kinetic model has also been presented that describes product-formation pathways for
abiotic reduction of CCl, on biotite, vermiculite and pyrite’*?, but this work did not
involve systematic testing of the effects of experimental conditions on product-branching
ratios. In recent work on reduction by mineral surfaces where Fe(ll) is present we have
shown little difference in product-branching ratios among different halogenated
methanes®®, but large changes in product-branching ratios have been observed with
different preparations of the adsorbing mineral surface (Fig. 1).
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Figure 1. Analysis of products obtained from reaction of CCl, with a dithionite-reduced
clay suggests that reduction mechanisms vary with the surface properties of the clay.
Reduction of the bulk bentonite clay (left) leaves an unknown quantity of sorbed Fe(ll),
FeCO3; and possible sulfide minerals as solid reductants (in addition to the structural
Fe(ll) in the smectite) and yields nearly complete conversion of CCl, to CHCIs. If the
bentonite clay is size-fractionated (<2 um) to isolate the smectite mineral, acid-washed
after dithionite reduction to remove sulfides and the exchange sites saturated with Fe(ll)
(right), only 35% of the CCl, is converted to CHCI;. The remainder, presumably, is
converted to CO and eventually HCOO™ and CO, via the dichlorocarbene intermediate.

Consideration of our own preliminary results (e.g., Fig. 1) and the published literature
suggests that the product-branching ratio depends on the nature of the reducing surface
as well as the composition of the aqueous phase. Amonette et al.}, Pecher et al.*®, and
unpublished data from PNNL (D. J. Workman and Y. A. Gorby) show that Fe(ll) sorbed
to hematite and hydrous ferric oxide surfaces strongly favors the two-electron pathway,
whereas sorption to goethite surfaces leads to as much as 90% reaction by the one-
electron pathway (as evidenced by formation of CHCls). Pecher et al.® also noted a
significant beneficial effect of aging (8-24 h) on the reactivity of the Fe(ll) sorbed to
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goethite surfaces and they speculate that this aging results in the formation of high-
density clusters of sorbed Fe(ll) or Fe(ll) surface precipitates. A similar process was
implicated by Amonette et al.' who demonstrated a second-order dependence of
degradation rate on sorbed Fe(ll) and suggested that the catalytic role of the surface
resulted from the fixing of two Fe(ll) atoms in close proximity for simultaneous (or rapid
sequential) reaction with CCl,.

The presence in solution of readily available H donors can affect the product-distribution
ratio. Pecher et al.'® demonstrated that protons from solution do not affect the branching
ratio and speculated that trace amounts of methanol or the organic pH buffers (e.qg.,
MOPS) used in their experiments with sorbed Fe(ll) could supply H atoms for the one-
electron reaction. However, Balko and Tratnyek® found that isopropanol increased the
amount of CCl; degraded by the one-electron pathway under photochemical
stimulation. They noted that this might be an underappreciated source of variation in
product-distribution ratios because experiments are often performed in the presence of
significant concentrations of organic buffers (which would be strong H-donors). This
hypothesis might also apply to the interpretation of field data, since variable amounts of
natural organic matter might provide an uncontrollable source of variability in product-
branching ratios.

Manipulation of solution pH also affects product distribution. With sorbed Fe(ll) systems,
increasing the pH above 6 enhances the amount and density of Fe(ll) sorbed and this,
in turn, increases both the overall rate’ and the proportion of reactant following the two-
electron pathway®®. Similar enhancement at high pH was reported for photochemical
degradation of CCl, at TiO, surfaces™® and attributed to the base-catalyzed hydrolysis of
the dichlorocarbene. At pH of 8.5 and above, however, hydrolysis of Fe(ll) leads
increasingly to its oxidation by water and precipitation of mixed-valence green-rust
phases in which the Fe(ll) density is less and the dichlorocarbene pathway is less
favored™®. With Fe(0) systems, on the other hand, we have observed that decreasing
the influent pH below 7 favors the desirable two-electron pathway (Fig. 2). This is
presumably due to solubilization of the oxide film and thereby depassivation the Fe(0)
toward corrosion.
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Figure 2. Mole balance of chlorinated 2.5
methanes ([RX]/[CCls]o where RX = )
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formation pathways.
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