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The reactions of eight model contaminants with nine
types of granular Fe(0) were studied in batch experiments
using consistent experimental conditions. The model
contaminants (herein referred to as “reductates” because
they were reduced by the iron metal) included cations
(Cu2+), anions (CrO42-, NO3-, and 5,5′,7,7′-indigotetrasulfonate),
and neutral species (2-chloroacetophenone, 2,4,6trinitrotoluene, carbon tetrachloride, and trichloroethene).
The diversity of this range of reductates offers a uniquely
broad perspective on the reactivity of Fe(0). Rate constants
for disappearance of the reductates vary over as much
as four orders of magnitude for particular reductates (due
to differences in the nine types of iron) but differences
among the reductates were even larger, ranging over almost
seven orders of magnitude. Various ways of summarizing
the data all suggest that relative reactivities with Fe(0)
vary in the order Cu2+, 5,5′,7,7′-indigotetrasulfonate
> 2-chloroacetophenone, 2,4,6-trinitrotoluene > carbon
tetrachloride, CrO42- > trichloroethene > NO3-. Although
the reductate has the largest effect on disappearance
kinetics, more subtle differences in reactivity due to the
type of Fe(0) suggests that removal of CrO22- and NO3- (the
inorganic anions) involves adsorption to oxides on the
Fe(0), whereas the disappearance kinetics of all other
types of reductants is favored by reduction on comparatively
oxide-free metal. Correlation analysis of the disappearance
rate constants using descriptors of the reductates
calculated by molecular modeling (energies of the lowest
unoccupied molecular orbitals, LUMO, highest occupied
molecular orbitals, HOMO, and HOMO-LUMO gaps) showed
that reactivities generally decrease with increasing
ELUMO and increasing EGAP (and, therefore, increasing
chemical hardness η).
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Introduction
Reduction reactions involving contaminants in the environment are diverse with respect to the environmental compounds that cause reduction and the contaminants that are
reduced. Compounds that cause reduction are commonly
known as reductants, but there is no equally satisfactory term
for the compounds that are reduced. Although it is common
to refer to chemical agents that are reduced as oxidants, this
places emphasis on oxidation, which is not intuitive when
discussing chemical processes that are characteristic of
anoxic, anaerobic, and reducing environments. Instead, we
will use a new term, reductate, for the chemical compounds
that are reduced. The term is consistent with other accepted
chemical terminology, e.g., absorbents absorb absorbates and
eluants elute eluates. Thus, reductants reduce reductates (and
oxidants oxidize oxidates).
A theme of this manuscript is the diversity of reductates
that are of environmental interest, particularly those reductates that are important contaminants (or model contaminants). Enough work has been done on the reduction of some
classes of reductates to provide a general perspective on their
fate. This is, perhaps, most true of the dechlorination of
organic compounds, which has been the subject of a number
of reviews (e.g., 1-3), but similar reviews are available for
the reduction of nitroaromatic compounds (4) and transitionmetal oxyanions (5). In contrast, little work has been done
that provides a broad perspective on contaminant reduction
reactions across families of reductates (among the few
exceptions are refs 6 and 7). This study provides such a
perspective by surveying the reactivity of a wide range
of environmentally important reductates, including alkyl
halides, nitroaromatics, quinones, metals, and nonmetal
inorganics.
In addition to the diversity among reductates, there is
diversity among reductants that are of environmental interest.
Most work in this area has focused on reductants that are
important in natural environments, such as ferrous iron (8),
sulfide (9), and natural organic matter (10). In the past few
years, however, growing interest in applications of zerovalent
iron metal, Fe(0), to groundwater remediation has helped to
make Fe(0) the most widely studied chemical reductant for
environmental applications (11). This field has matured so
rapidly that some of the most generally significant new
insights into environmental reduction reactions have come
from studies where Fe(0) was the model reductant, e.g.,
recognition of the importance of reductive elimination in
dechlorination (12) and the importance of mass transport in
the kinetics of rapid heterogeneous reductions (13). Despite
these successes, notably little progress has been made toward
explaining the variability in reactivity among samples of
Fe(0) from different sources. To provide new data on this
important problem, this study included granular Fe(0)
ranging from the reagent-grade materials used in most
laboratory studies to the construction-grade materials used
in field-scale applications for groundwater remediation. A
future paper will provide additional data and analysis on
how the properties of Fe(0) influence its reactivity with
reductates.
To address the effects of reductates and reductants
simultaneously, we determined the disappearance kinetics
for eight model contaminants using nine types of granular
Fe(0) under conditions where other experimental variables
were as consistent as practical considerations allowed.
Surveying all 72 combinations of reductate and reductant
precluded detailed investigation of any particular combinaVOL. 38, NO. 1, 2004 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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tion, but many of these combinations have been subject to
detailed studies previously, and we performed controls or
follow-up characterizations where necessary. Kinetic analysis
of these data yielded a set of rate constants that were subject
to correlation analysis using descriptor variables for the
reductates. Descriptors for the reductates were calculated
by molecular modeling, and the results are presented in this
manuscript. Descriptors for the reductants (i.e., the nine types
of granular iron) will be determined by spectroscopic and
electrochemical methods, and correlation analysis based on
these parameters will be presented in a subsequent publication. Together, the broad perspective afforded by these
analyses (i) allows validation and extension of some key
generalizations drawn from previous studies, (ii) clarifies the
reasons for exceptional behavior where it was observed, and
(iii) reveals patterns among classes of reductates that could
not have been detected with experimental designs that are
more narrow in scope.

Methods
Reagents. The eight reductates investigated were copper
sulfate pentahydrate (Spectrum Chemical, Gardena, CA,
98+%), sodium chromate (Fisher Scientific, Pittsburgh, PA,
99+%), potassium nitrate (Aldrich, Milwaukee, WI, 99+%),
5,5′,7,7′-indigotetrasulfonate tetrapotassium salt (TCI America,
Portland, OR), 2-chloroacetophenone (Sigma, St. Louis, MO,
99.4%), 2,4,6-trinitrotoluene (Chem Service, West Chester,
PA, 99%), carbon tetrachloride (Aldrich, Milwaukee,WI, 99.9
+%), and trichloroethene (Aldrich, Milwaukee,WI, 99.5 +%).
Throughout the presentation of results that follows, these
reductates will be referred to as Cu2, Cr6, NO3, I4S, 2CAP,
TNT, CT, and TCE, respectively.
The nine types of granular Fe(0) used in this study were
Aldrich powder (Milwaukee, WI, 97%), Fisher electrolytic
powder (Pittsburgh, PA, 99%), EM Science degreased filings
(Cherry Hill, NJ), Fluka filings (Milwaukee, WI, 99+%), Baker
chips (Phillipsburg, PA, 99.9%), Fisher filings (Pittsburgh, PA,
>97%), Master Builders (Cleveland, OH), Peerless Powders
and Abrasives (Detroit, MI, “PMP Traditional” Size 8/50,
>90%), and Connelly (Chicago, IL, ETI CC-1004, 90%).
Throughout the presentation of results that follows, these
reductants will be referred to as Ald, Felc, EMS, Flk, Bak, Ffil,
MB, PL, and CN, respectively.
To remove fines but minimize other changes, all metal
samples were ultrasonicated repeatedly in deionized water
until clear supernatants were obtained. The washed iron was
then dried by rinsing with methanol during suction filtration,
and the resulting material was stored in a vacuum desiccator
until used. Only one batch of each type of Fe(0) was prepared,
and all analyses were performed with subsamples from these
preparations. When not in use, the preparations were stored
in a vacuum desiccator. Specific surface areas for the nine
preparations, determined by BET N2 gas adsorption, were
Ald, 0.094 m2 g-1; Felc, 1.27 m2 g-1; EMS, 0.075 m2 g-1; Flk,
0.229 m2 g-1; Bak, 0.040 m2 g-1; Ffil, 4.09 m2 g-1; MB, 1.45 m2
g-1; PL, 1.54 m2 g-1; and CN, 4.94 m2 g-1. These values
generally fall on the high side of the range of previously
reported BET surface areas for these materials (14). More
detailed characterization of all these Fe(0) preparations will
be provided in a subsequent manuscript that focuses on the
role of the reductant (Fe(0)).
Batch Experiments. All batch experiments were prepared
in an anaerobic chamber (95% N2/5% H2 atmosphere) using
solutions made from deoxygenated, deionized, unbuffered
water. The pH was determined before and after each
experiment by opening the container and inserting a glass
combination electrode. All experiments were performed at
room temperature (∼23 °C).
Cu2 and Cr6 disappearance kinetics were determined in
40 mL VOA vials containing 0.1-8.0 g of Fe(0) for Cu2 and
140
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3.0 g of Fe(0) for Cr6. The vials were filled with 0.2 M Cu2
or 0.5 mM Cr6 and sealed with polypropylene screw caps
with TFE-lined silicone septa prior to removal from the
anaerobic chamber. During incubation, the vials were mixed
at 40 rpm on a rotator with the plane in vertical orientation
(i.e., end-over-end). Periodically, 0.4-mL aliquots were
removed, filtered through a 0.45 µm 4-mm nylon syringe
filter, and placed in a 1 cm cuvette for measurement of
absorbance by UV-vis spectrophotometry. The filtered
samples containing Cu2 were diluted 10-fold (to keep
absorbance readings below 1 AU) with deionized water. In
the case of Cr6, the samples were diluted 10-fold with pH 10
carbonate buffer (to stabilize the speciation of Cr6 as CrO42-).
Concentrations were quantified at the respective absorbance
maxima (λmax ) 813 nm for CuSO4 and 372 nm for K2CrO4).
NO3 reduction kinetics were measured in 125-mL glass
serum bottles containing 3.0 g of Fe(0) and 120 mL of 0.49
mM KNO3.The filled bottles were crimp-sealed with Hycar
septa (Pierce, Rockford, IL) and then removed from the
anaerobic chamber for incubation and analysis. During
incubation, the bottles were mixed at 40 rpm on a rotator
with the plane oriented 60° from horizontal. Periodically, 1
mL samples were withdrawn via the septum through 0.2 µm
nylon syringe tip filters (Alltech Deerfield, IL). The filtrate
was analyzed for nitrate by ion chromatography as described
previously (14).
I4S reduction studies were carried out in 4 mL screw-cap
quartz cuvettes (Starna Cells, Atascadero, CA). A 0.02-3.0 g
amount of Fe(0) was added to the cuvette, which was then
transferred into the glovebox, filled with 4 mL of I4S solution
(0.07 mM), and sealed with a screw cap that was lined with
a Teflon-lined butyl rubber septa (Wheaton, Millville, NJ).
Outside the glovebox, the decrease in concentration of the
oxidized form of I4S (λmax ) 519 nm) was monitored
continuously using the time-drive capability of the spectrophotometer (Perkin-Elmer, Lambda 20). About once every
30 s, the measurement was interrupted to mix the contents
of the cuvette (inverting once by hand). Validation of this
method for a range of redox indicators was described
previously (15).
2CAP reductions were carried out in 60 mL glass serum
bottles containing 1.0-9.0 g of Fe(0). The serum bottles were
completely filled with 100 µM 2CAP, crimp-sealed using butyl
rubber septa (Pierce, Rockford, IL), and removed from the
anaerobic chamber. During incubation, the bottles were
mixed at 40 rpm on a rotator with the plane oriented 85°
from horizontal. Periodically, 0.4 mL samples were withdrawn
via the septum and filtered through a 0.45 µm Nalgene 4 mm
nylon syringe filter. The concentrations of 2CAP and its
reduction products were determined by high-performance
liquid chromatography (HPLC) using an Econosil (Alltech,
Deerfield, IL) C18 column (250 mm × 4.6 mm i.d.) and UV
detection at 210 nm. The mobile phase consisted of 45/55
acetonitrile/water with a flow rate of 1 mL min-1.
TNT reduction was investigated using 40 mL VOA vials
containing 0.5-8.0 g of Fe(0). After filling the vials with 176
µM TNT solution, the samples were mixed at 40 rpm on a
rotator with the plane oriented 85° from horizontal. Periodically, 0.2 mL samples were withdrawn and analyzed immediately by HPLC. Analytical conditions were the same as
described above for 2CAP, except that absorbance of TNT
and its degradation products were monitored at 254 nm.
TNT and some degradation products (2- and 4-aminodinitrotoluene, 2,4- and 2,6-diaminonitrotoluene) were identified
and quantified by comparison with commercial standards.
CT and TCE reduction was studied by batch methods
similar to those used previously in this laboratory (e.g., 16).
In the glovebox, 10 mL serum vials containing 1.0 g of Fe(0)
for the CT experiments or 1.0, 2.0, or 0.5 g for TCE experiments
were filled with deionized water (leaving no headspace) and

crimp-sealed with Hycar septa. Spiking with 60 or 120 µL
aliquots of saturated TCE solution or 100 µL of saturated CT
solution gave initial concentrations of 45 µM for CT and 42
or 84 µM for TCE. Separate vials for each time point were
prepared at once, and all vials were mixed together at 40 rpm
on a rotator with the plane oriented 85° from horizontal.
Periodically, a vial was sacrificed for analysis by removing
the septum and transferring 1 mL for extraction with 1 mL
of hexane. The hexane extracts were analyzed by gas
chromatography using a DB 624 (J&W, Folsom, CA) column
(30 m × 0.53 mm i.d. with 3 µm film thickness) and ECD
detection. Controls without iron were run to determine losses
due to volatilization.
Molecular Modeling. Hartree-Fock (HF) and density
functional theory (DFT) calculations were performed using
the NWChem, version 4.0, program suite (17) and Gaussian98 program suites (18). The HF calculations were done using
the augmented polarized double-ζ 6-31+G* basis set (1922). The DFT calculations were solved using the B3LYP
exchange-correlation functionals (23, 24) with the polarized
double-ζ DZVP2 basis set (25).
Solvent effects were estimated using the self-consistent
reaction field theory of Klamt and Schüürmann (COSMO)
(26), with the cavity defined by van der Waal’s radii or the
united atom model (27). COSMO theory can be combined
with a variety of ab initio electronic structure routines,
including HF and DFT with the B3LYP functional. The
calculated gas-phase geometries were used in the solvation
calculations.

Results and Discussion
General Kinetic Considerations. The raw kinetic data are
presented as a matrix of log-concentration versus time plots
as Supporting Information (Figure S1). Each cell in this matrix
represents a combination of reductate and reductant and
shows all of the time courses that were used in subsequent
kinetic analyses. In some cases, multiple time courses
represent replicates, but in other cases they result from
varying the amount of Fe(0) or the amount of reductate used
in each experiment. In general, each time course presents
a smooth disappearance curve defined by about 20 points
(n ranges from 6 to 100), without significant noise or
individual outliers.
The semilog plots of these disappearance curves (Supporting Information, Figure S1) suggest kinetics that are
predominantly first order in reductate concentration, but a
variety of deviations from pseudo-first-order behavior are
also evident. These deviations have been seen in previously
reported studies of contaminant reduction by Fe(0), and most
have been explained and modeled. Gradual convexities
typically reflect a transition from kinetics that are limited by
availability of reactive sites to kinetics limited by reaction at
occupied sites (28, 29). However, sharper breaks (lags) would
arise, for example, if rapid contaminant reduction occurred
only after autoreduction of the passive film on the Fe(0)
particles (30). Sharp concavities may be due to rapid
adsorption preceding slower transformation reactions (3133), but gradual concavities (tails) are usually due to changes
in the system pH or accumulation of reaction products (3437). Among the deviations from first-order behavior that are
evident in the data from this study, the most significant cases
are discussed below in the sections on individual reductates.
To achieve the goals of this study, it was necessary to
reduce all of the kinetic data to a set of comparable rate
constants without misrepresenting the main processes
controlling the disappearance kinetics of any reductate.
Where previously reported kinetic studies were available for
individual reductates, we used their conclusions to help
decide how to fit the data from this study. We then fit all of
our data for a particular reductate in a consistent fashion.

Specifics regarding the data analysis for each reductate are
provided in the sections that follow. In every case, the data
were eventually reduced to a pseudo-first-order rate constant,
kobs. These values were then used to obtain a surface-areanormalized rate constant, kSA, by dividing kobs with the
appropriate surface area concentration of Fe(0), as described
previously (34). The resulting values of kobs and kSA are
tabulated as Supporting Information (Table S1). Other
experimental results (major products identified and pH before
and after reaction) are also included in Table S1.
Individual Reductates. Cu2. The process of removing
cupric ion (Cu2) from water with Fe(0) has been described
in the literature on cementation (38, 39). In the presence of
high Cu2 concentrations, the reduction of Cu(II) to Cu(0) by
Fe(0) results in plating of copper metal onto the iron surface.
Under appropriate conditions, the plating process can be
very sensitive to impurities, roughness, and other irregularities of the metal surface. Because the uniformity of the film
of metallic copper can be characterized by visual inspection,
various procedures involving exposing metal samples to
solutions of Cu2 have long been used for quality control in
the metal finishing industries (40).
The precipitation of Cu(0) also leads to decolorization of
the solution. Because this process is easy to monitor visually
and spectrophotometrically, it has been suggested that
decolorization of CuSO4 solution might provide a method to
screen samples of granular Fe(0) for reactivity prior to
application in remediation of groundwater. Interpreting the
results of this test, however, is likely to be difficult because
the chemistry of plating copper onto iron is profoundly
different than the chemistry that makes Fe(0) effective at
removing contaminants such as TCE and chromate. To
investigate how Cu2 compares to other reductates, it was
selected as one of the reductates used in this study over
other divalent metalsssuch as Pb(II), Cd(II), Ni(II), and
Hg(II)sthat also can be removed from water by cementation
with Fe(0) (41).
Immediately after addition of CuSO4, all nine types of
iron began to develop the orange color suggestive of the
formation of Cu(0). Visual inspection showed that the finegrained iron samples were completely covered with Cu(0) by
the end of a typical experiment, and the coarse-grained
samples of iron were mostly covered. Because the plating of
Cu(0) progressively covers the Fe(0) surface, we assumed
that initial Cu2 disappearance data would be most representative of the kinetics of reaction with Fe(0).
A variety of control experiments were performed to
determine what processes were responsible for the kinetic
profile observed for Cu(II) disappearance. Decolorization of
the solution occurred more rapidly with more aggressive
mixing (data not shown), suggesting that mass transport was
influential during the initialsapparently first ordersphase
of the reaction. Previous work on the cementation of Cu(II)
by Fe(0) also found that Cu(II) disappearance was first order
but affected by mass transport (38, 39). For quantitative
analysis in this study, we calculated kobs from our initial rate
data, and the resulting rate constants are tabulated as
Supporting Information (Table S1).
Cr6. A variety of hazardous metal oxyanionssincluding
chromate, pertechnetate, uranyl, arsenate, and selenates
can be removed from water with Fe(0) (41). Among these
reductates, the chemistry of chromate (Cr6) removal by Fe(0)
was the first to be studied in detail, so it was used in this
study. The process of Cr6 removal is complex and apparently
involves adsorption of Cr6 to the iron oxides associated with
Fe(0) and reduction of Cr6 to Cr(III) followed by coprecipitation of Fe(II/III)/Cr(III) oxyhydroxides (42-44). The combination of these processes results in disappearance kinetics
that are sufficiently fast that the kinetics of Cr6 removal by
granular Fe(0) may be influenced by mass transport (14, 45).
VOL. 38, NO. 1, 2004 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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SCHEME 1

In this study, the kinetic data for disappearance of Cr6
suggest a relatively slow first-order process for the Fe(0)
samples with minimal oxide (Ald, Felc, Flk, Bak), which
generally produced final pH values around 8. In contrast,
the Fe(0) samples that include larger amounts of oxide (Ffil,
MB, PL, CN) produced higher final pH values (ca. 10) and
Cr6 disappearance kinetics with pronounced tailing. Therefore, we described the kinetics of Cr6 reduction with firstorder rate constants calculated using all data except those
associated with the tails. Overall, this treatment is consistent
with the more detailed study of Cr6 reduction kinetics by
Alowitz et al. (14), where they interpreted their data as firstorder disappearance kinetics with greater tailing at higher
pH due to precipitation of Fe(II/III)/Cr(III) oxyhydroxides.
NO3. Abiotic reduction of nitrate (NO3) by Fe(0) produces
NH4+ as the main product, although small amounts of NO2have been observed under some conditions (14, 46-50). The
kinetics of NO3 reduction by Fe(0) are relatively slow (14),
so our experiments with NO3 were run longer than other
reductates included in this study. Despite this fact, the extent
of reaction achieved was only about one-half of the initial
NO3 concentration, which precluded unambiguous determination of the reaction order from our data. More detailed
studies of NO3 reduction by Fe(0) found similarly slow
kinetics at pH values near-neutral or above but showed that
NO3 disappearance is demonstrably first-order at pH 5-6
where the reaction is faster (14, 47, 48, 51, 52). Therefore, we
assumed pseudo-first-order kinetics for the NO3 disappearance data obtained in this study and fit all but the first few
points to obtain kobs for further analysis. The few data that
were excluded formed short segments of steep slope at the
beginning of experiments with all types of Fe(0) except EMS.
This effect has been noted previously in unbuffered systems
and is most likely due to the rapid increase in pH immediately
after the unbuffered medium is contacted with Fe(0) (14, 47,
48).
I4S. The various sulfonated forms of indigo (di, tri, and
tetra) have long been used as redox indicators (53). Their
high solubility makes them less prone to adsorption in heterogeneous environmental media (54), and their Nernstian redox
behavior makes them useful as model mediators of electron
transfer (55). The redox couples formed by the various indigo
sulfonates involve a conjugated system analogous to quinone/
hydroquinone couples (Scheme 1). Both systems presumably
react with Fe(0) by two sets of single electron-transfer and
protonation steps divided by a semiquinone radical intermediate. One reason that we chose to study indigo tetrasulfonate (I4S), rather than a more well-known quinone such
as anthraquinone disulfonate (AQDS), is that the pronounced
color change exhibited by I4S (blue to yellow) makes it a
possible alternative to Cu2 as an indicator for screening the
relative reactivities of various samples of Fe(0).
Good mass balance during reduction of I4S by Fe(0) has
been demonstrated previously by measurement of absorbance I4S and its reduced form at their respective λmax values
(15). In this study, we used continuous measurement of I4S
absorbance in a sealed cuvette to efficiently obtain kinetic
data that was free from any reoxidation of the reduced I4S
by adventitious O2. The data still exhibit tailing because the
reaction was monitored nearly to completion (15), and these
points were excluded from further kinetic analysis. More
notable is the suggestion of a lag in the data, most notably
142
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with four of the reagent-grade Fe(0) samples (Ald, Felc, Flk,
and Bak). Follow-up experiments (not shown) performed
with Ald and Felc demonstrated that the lag was eliminated
by allowing as little as 10 min of equilibration between the
Fe(0) and water before adding the I4S. Excluding data
assigned to tails and lags left data that was satisfactorily fit
as pseudo-first-order, and the resulting rates constants are
tabulated as Supporting Information (Table S1).
Unlike the other eight types of Fe(0) studied, EMS
appeared unreactive with I4S during preliminary experiments, so larger amounts of EMS iron were needed to produce
the disappearance shown in the Supporting Information
(Figure S1). We hypothesized that this anomalous behavior
of EMS was an effect of pH because EMS gave solutions with
pH values that were higher than the other Fe(0) samples (see
Supporting Information, Table S1). In support of this
hypothesis, we note that adjusting the solution generated by
contact with EMS down to pH 7 resulted in more rapid
reduction of the I4S and raising the pH generated by Ald
from 7 to 10 resulted in much slower reduction of I4S (data
not shown).
2CAP. 2-Chloroacetophenone is of interest primarily due
to its utility as a probe substance for distinguishing between
reduction by electron-transfer and hydride transfer mechanisms (56). As shown in Scheme 2, reduction by electron
transfer produces acetophenone and hydride transfer produces 2-chlorophenylethanol, either of which can be further
reduced to sec-phenyl ethanol. The reduction of contaminants by Fe(0) is generally considered to be an electrontransfer process (16), although possible roles for hydrogenatom transfer (16, 57-59), and even hydride transfer (60, 61)
have been discussed. In addition to clarifying whether hydride
transfer occurs in these systems, the kinetic data obtained
with 2CAP is of interest because it involves a chlorinated
alkane with “substituents” that are very different than those
whose reaction with Fe(0) has been studied previously (e.g.,
1,1,1-trichloroethane (29, 62) and DDT (63)).
The reduction of 2CAP by eight types of iron metal (all
of those tested except EMS) produced acetophenone as the
only detectable product. Initially, appearance of acetophenone was sufficient to define mass balance, which suggests
that reduction of 2CAP by Fe(0) occurs predominantly by
electron transfer and that hydride plays a negligible role. By
the end of most experiments, identifiable products decreased
to 75-90% of the 2CAP lost, suggesting that further reaction
by adsorption and/or transformation to other products does
eventually become significant.
The strongest evidence for an unidentified transformation
pathway was obtained with EMS iron, which gave rapid
disappearance of 2CAP but no evidence for any of the
expected reduction products that are shown in Scheme 2.
Because EMS produces a distinctly higher final pH than the
other samples of Fe(0) and 2-hydroxyacetophenone was
identified as the major product, we hypothesized that the
reaction of 2CAP with EMS iron was due to base-catalyzed
hydrolysis. To test this, we exposed 2CAP to Ald with the
initial pH adjusted up to 10, and this experiment produced
primarily 2-hydroxyacetophenone (data not shown), as
expected if hydrolysis of 2CAP to 2-hydroxyacetophenone
superseded reduction at high pH.
The shape of the log-concentration vs time plots for
2CAP disappearance exhibited little evidence for tailing but
occasional evidence for lags (Felc and Flk) and convexity
(Ald, Felc, CN). As with the other reductates that gave lags
(I4S and TNT), this effect was noted mainly with reagentgrade Fe(0) and could be eliminated by equilibrating the
Fe(0) with water for a brief period prior to adding 2CAP.
Convex log-concentration vs time plots can arise from kinetics
that are transitional from zero- to first-order as reductate
disappearance evolves from site-limited to reaction-limited

SCHEME 2

kinetics (28, 29). Such data can be fit directly to a mixedorder model with separate terms for the maximum rate of
reaction, Vmax, and concentration of reductate at one-half of
Vmax, K1/2. An advantage of this approach is that all of the
data in a mixed-order disappearance curve can be fit to a
single model. Then, the fitted parameters can then be
used to calculate Vmax/K1/2, which is directly comparable to
kobs (29). For all the 2CAP data used later in this study, we
used Vmax/K1/2 to calculate kobs and kobs to calculate kSA.
TNT. Trinitrotoluene and other nitroaromatic compounds
react rapidly with Fe(0) in conventional batch experiments
to give a variety of nitroso, hydroxylamino, amino, and
conjugation products (64-68). In this study, eight types of
iron metal (all of those tested except EMS) produced mixtures
of products that included 2- and 4-aminodinitrotoluene
(ADNT), 2,4- and 2,6-diaminonitrotoluene (DANT), and several unidentified peaks. The identifiable products accounted
for only a few percent of the TNT lost, and the unidentified
putative product peaks were not large enough to account for
the missing mass (assuming all products are substituted
benzenes and have roughly similar response factors). Therefore, it is likely that a substantial portion of the unrecovered
TNT and nitro reduction products were adsorbed or otherwise
bound to the iron (68). In contrast to the pattern of reactivity
observed with TNT and most of the iron types tested, EMS
produced very little disappearance of TNT and no evidence
for appearance of products, even after 2 days of exposure.
The kinetic data for disappearance of TNT showed
complexities similar to those obtained with the other two
aromatic reductates (I4S and 2CAP). A lag was noted with
Felc (and perhaps Flk), and variable degrees of convexity in
log-concentration vs time plots were found for Felc, Flk, Bak,
Ffil, PL, and CN. In addition, Ald and MB iron gave initial
losses of TNT that seemed most consistent with rapid
adsorption, also noted below for TCE. After omitting the data
associated with lags and adsorption, the rest were fit to
pseudo-first-order or mixed-order kinetics, as appropriate.
The resulting values of kobs and kSA for TNT, which are used
in the analysis that follows, were first reported in ref 67 along
with additional kinetic data and validation of analysis.
CT. Numerous studies have shown that the major pathway
for reduction of carbon tetrachloride by Fe(0) is hydrogenolysis to produce chloroform (e.g., 16, 69, 70). In addition,
variable amounts of CT apparently react by a minor pathway
that produces formate and/or CO via hydrolysis of the
dichlorocarbene intermediate (70). The kinetics of CT disappearance due to reaction with Fe(0) are faster than most
other chlorinated solvents (34, 71) but not so fast that mass
transport is likely to influence the observed rate of reaction
(72).
Eight of the iron types tested (all but EMS) reduced CT
rapidly, with chloroform as the major product. As with TNT,
EMS was unique in that it gave little if any reduction of CT.
The four Fe(0) samples that seem to have the most oxide
(Ffil, MB, PL, and CN) gave smooth first-order disappearance
of CT, with variable but small amounts of tailing after 300
min of contact time. Flk and Ald also gave first-order
disappearance of CT, although the time course for Ald

suggests a lag and a tail, and these data were omitted from
further analysis. Reaction with Felc, Bak, and EMS was too
slow to give distinguishing features, and the data were
assumed to be first-order.
TCE. Under most conditions, the major pathway for
reaction of trichloroethylene with Fe(0) is reductive β-elimination to give chloroacetylene (12, 73). The kinetics of TCE
reduction by Fe(0) are inhibited by intra- and inter-adsorbate
competition for surface sites, and these effects have been
described with variations on the Langmuir-HinshelwoodHougen-Watson (LHHW) kinetic model (12). The LHHW
model is similar in form to the mixed-order kinetic model
that was used in this study to fit some of the disappearance
data for 2CAP and TNT.
As expected, TCE proved to be the least reactive of all the
organic reductates included in this study. Because a similar
design was used for experiments with all the reductates, the
extent of reaction obtained for TCE was rather small (ca. one
half-life). Under these circumstances, small amounts of the
expected products from TCE degradation by Fe(0) would
not have been detectable with the analytical methods we
used. However, most of the kinetic data for disappearance
of TCE (Supporting Information, Figure S1) showed a
common pattern of rapid initial loss (presumably due to
adsorption (31-33)) followed by gradual disappearance that
suggested first-order reduction. We fit only the latter portion
of the data to obtain the rate constants used in this study.
Trends Among the Reductates. Qualitative Trends and
Groups. Figure 1 summarizes our values of kSA for each
combination of reductate (rows) and reductant (columns).
This figure helps put the differences among the data into
context. For example, where duplicate (or in two cases,
triplicate) values of kSA are available for a particular combination of reductate and reductant, the data appear as
concentric circles only if there is a significant difference
between the results. Figure 1 reveals no significant differences
between duplicates where the same amount of Fe(0) was
used (i.e., replicates). Where the duplicates represent experiments performed with different amounts of Fe(0), they serve
to test the assumption that the linear model for calculation
of kSA is adequate to normalize for differences in surface area
concentration. Figure 1 reveals only a few cases where
duplicate values of kSA differ significantly (e.g., I4S-EMS and
TNT-Bak), and there is no pattern in these occurrences to
suggest that they arise due to a systematic influence on the
experimental results. Thus, the variability in replicates
apparently reflects only indeterminant error, and this error
is small relative to the overall range in kSA for all reductates
and types of Fe(0).
The comprehensive perspective provided by Figure 1
reveals several broad trends in the data. Most apparent is
that differences among the reductates are more pronounced
than differences among the types of Fe(0). Thus, it should
be possible to make generalizations about the relative
reactivity of the various reductates without regard to Fe(0)
type. In contrast, generalizations regarding the relative
reactivity of the various types of Fe(0) may require parameters
that incorporate the effect of reductate structure on reactivity.
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TABLE 1. Representative Rate Constants by Reductate
reductate

abbr.

median
kSAa

mean
kSAa

1 S.D.

n

cupric
chromate
nitrate
indigo tetrasulfonate
2-chloroacetophenone
2,4,6-trinitrotoluene
carbon tetrachloride
trichloroethene

Cu2
Cr6
NO3
I4S
2CAP
TNT
CT
TCE

1.32E-01
5.89E-03
2.71E-05
8.50E-02
1.37E-02
4.27E-02
2.16E-03
4.96E-04

2.99E-0
5.97E-3
1.73E-4
2.58E-0
2.02E-1
1.09E-1
3.48E-2
2.24E-3

5.18E-0
4.24E-3
2.88E-4
7.85E-0
3.45E-0
1.53E-0
7.73E-2
3.44E-3

18
9
17
20
13
17
15
19

a

kSA in L m-2 h-1.

FIGURE 1. Bubble plot of all rate constants (log kSA) represented
as ring size, plotted versus reductate (ordinate) and reductant
(abcissa). All experiments are represented by rings in this figure,
but most appear as a single ring. Intermediate differences among
replicate experiments create overlapping rings which appear
thicker.

FIGURE 3. Scatter plot matrix of average rate constants (log kSA)
for all combinations of reductates. Each point in each plot represents
one of the nine types of Fe(0) studied.

FIGURE 2. Dot plot of all rate constants (kSA) plotted versus reductate
(ordinate). Open circles represent individual experiments; solid
circles represent arithmetic mean, and vertical bars represent the
median of individual values for each reductate. Data for the mean
and median values are given in Table 1.
The bulk of the remainder of this paper is about the effects
of the reductates, and the effects of Fe(0) type will be the
focus of a future paper.
Figure 2 shows individual and mean values of kSA for each
reductate. Medians are also shown as an alternative measure
of central tendency. (The mean and median values of kSA are
given in Table 1.) Although there is considerable scatter
among the individual values for each reductatesmostly due
to the effects of Fe(0)sthe differences among the reductates
are larger. From inspection of Figure 2, it is apparent that
rates of reduction by Fe(0) generally follow the order Cu2,
I4S > 2CAP, TNT > CT, Cr6 > TCE > NO3. Looking back at
Figure 1, the same trend is apparent by comparing the relative
sizes of the circles among rows, even though the trend is not
always consistent for a particular Fe(0) (i.e., within columns
in Figure 1). This ranking of relative reactivities, over such
a diverse range of reductates, provides an expanded perspective on the reactivity of Fe(0). Therefore, it is of interest
to validate the generality of this ranking by comparing it to
144
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previously reported values of kSA, where appropriately data
are available.
For chlorinated aliphatic compounds, the average kSA’s
reported by Johnson et al. (34) are of particular relevance
because they are based on results that include a range of
Fe(0) types. For TCE, Johnson et al. found an average kSA )
3.9 × 10-4 L m-2 h-1, which is 10-fold below the average but
well within the range of values obtained in this study. For
CT, Johnson et al. found an average kSA ) 1.2 × 10-1 L m-2
h-1, which is 3-fold above the average but also within the
range of results found in this study. For TNT, we have shown
previously that the data from this study fall within the range
of reported rate constants for reaction of nitroaromatic
compounds by Fe(0) (67). Much less kinetic data has been
reported for the other reductates. Using buffered media and
Ffil, kSA’s for NO3 and Cr6 were found to be a function of pH
(14). Over pH 7-9, kSA decreased sharply from 1.3 × 10-3 to
8.0 × 10-5 L m-2 h-1 for NO3, and for Cr6 three types of Fe(0)
gave an average kSA of 2.1 × 10-1 L m-2 h-1 (for pH 7). These
values of kSA agree reasonably well with the values obtained
in this study. For I4S, the only value of kSA that has been
reported previously is 0.23 L m-2 h-1 (15), which falls at the
median of values obtained in this study.
Figure 3 shows correlations among kSA’s for all combinations of the reductates. Where duplicate values of kSA were
available for a reductate-reductant combination, the average
value was used, so the plots in the matrix include only one
point for each type of Fe(0). The main goal of Figure 3 is to
reveal any correlations between reductates that might have

diagnostic or predictive value. Interestingly, the most prominent correlation is Cu vs TCE (r2 ) 0.76), whichsas we noted
aboveswould seem unlikely due to differences in the ways
that these two reductates react with Fe(0). Excluding one
anomalous point reveals several other good correlations. The
low value of kSA for EMS-TNT distorts all of the plots involving
TNT, but the remaining eight points give strong correlations
for TNT vs TCE (r2 ) 0.78) and vs Cu2 (r2 ) 0.72). Other
correlations of possible interest include Cu2 vs I4S without
EMS (r2 ) 0.94) and I4S vs 2CAP without Ffil (r2 ) 0.77).
Encoding the symbols in Figure 3 to represent different
types of Fe(0) reveals two additional trends in the data. First,
construction-grade Fe(0) (MB, PL, and CN) and the one
reagent-grade Fe(0) that contained similarly large amounts
of oxide (Ffil) tend to plot in a tight cluster relative to the
reagent-grade Fe(0) with low amounts of oxide (Ald, Felc,
Flk, Bak, and EMS). Furthermore, the cluster of points
representing Fe(0) that is high in oxide falls near the origin
of most plots, reflecting relatively low values of kSA. This is
true for all the reductates except Cr6, where the cluster of
points for high-oxide Fe(0) plots opposite the origin, reflecting
relatively large values of kSA, and NO3 where the cluster of
high-oxide data exhibits intermediate behavior. Because Cr6
and NO3 are the only inorganic anions among the reductates
studied, it appears that the disappearance kinetics of these
reductates is favoredsand at least partly controlledsby
adsorption to oxides on the Fe(0). In contrast, the disappearance kinetics of all other types of reductants seems to
be more rapid with Fe(0) that is comparatively free of oxides,
suggesting that reduction by the metal is at least partially
rate determining.
Correlation Analysis. The ordinal ranking of reductate
reactivities that was obtained from Figure 2 would be of
greater value if it could be described by a continuous
numerical function that relates kSA to descriptor variables
that are applicable to all the reductates of interest. The
identification of such relationships is typically done by
correlation analysis (74), and a successful correlation analysis
might lead to quantitative structure-activity relationships
(QSARs) that could be used to predict values of kSA of
reductates for which kinetic data are not available.
For small training sets of closely related reductates (e.g.,
chlorinated ethenes), it is often not difficult to find descriptor
variables that give acceptable QSARs for contaminant reduction reactions (75). However, more diverse data sets create
a number of issues that make correlation analysis difficult
(as exemplified by the three contrasting approaches taken
to correlation analysis of one set of kSA’s for chlorinated
methanes, ethanes, and ethenes (71, 76, 77)). In this study,
the training set of reductates extends beyond dechlorination,
which places further constraints on the range of applicable
descriptor variables and the types of conclusions that can be
drawn from the resulting correlations (74, 75).
The constraints on descriptor selection are both practical
(i.e., the descriptor must be measurable or calculable for all
reductates) and theoretical (i.e., it must represent a reductate
property with some plausible bearing on the rate-limiting
step of the reaction). For the present case, these criteria are
met by the energy of the lowest unoccupied molecular orbital
of the reductates (ELUMO). ELUMO has been used frequently as
a descriptor variable in correlation of reduction rate constants, and the strengths and limitations of this approach
have been discussed from various perspectives (71, 75, 77,
78). One alternative to ELUMO is the (vertical or adiabatic)
electron affinity, which should be a more precise descriptor
of reduction reactions where the rate-limiting step is simply
electron attachment (to form a radical anion). Another
alternative to ELUMO is the difference between the ELUMO and
the energy of the highest occupied molecular orbital (EHOMO),
i.e., the HOMO-LUMO energy gap (EGAP). EGAP is sometimes

FIGURE 4. Scatter plot matrix of average rate constants (log kSA)
and selected molecular descriptors. The molecular descriptors
shown include the ELUMO and EGAP calculated using HF/6-31+G* and
B3LYP, with solvation using the COSMO model. Data for kSA are
given in Table 1, and ELUMO and EGAP are tabulated in Table S2 of
the Supporting Information.
regarded as a general index of reactivity (79) and is directly
proportional to the absolute hardness, η (80).

η ) (ELUMO - EHOMO)/2

(1)

Hardness can be understood as the resistance of a molecule
to change in its electron density distribution (81). Thus, hard
molecules (which have large EGAP’s) offer more resistance to
electron transfer and therefore might be less reactive with
Fe(0). EGAP and η were of particular interest in this study
because they offer comparatively general descriptors of
reactivity, which might be more effective in correlation
analysis of data where considerable diversity in reduction
mechanisms is expected.
For use in this study, we calculated ELUMO, EHOMO, and
EGAP for the eight reductates (plus the fully protonated form
of I4S) with a variety of theoretical models and have included
the most reliable and complete results as Supporting
Information (Table S2). Figure 4 shows correlation plots for
the average values of kSA and all combinations of the two
descriptors (ELUMO and EGAP) calculated at two levels of theory
(HF/6-31+G* and B3LYP/DZVP2) with solvation using the
COSMO Model. Other levels of theory, types of solvation
model, and modeling packages gave similar values of ELUMO
and EGAP (Supporting Information, Figure S2). The first row
in Figure 4 shows that kSA correlates remarkably well with
the ELUMO obtained by HF/6-31+G* and B3LYP/DZVP2 (r2 )
0.68 with HF/6-31+G* and r2 ) 0.77 with B3LYP/DZVP2),
and the trend in reactivity is as expected: kSA decreases with
increasing ELUMO. The correlation with EGAP is somewhat more
complex. The HF/6-31+G* calculated values of EGAP give
favorable correlations (r2 ) 0.61), and the trend in reactivity
again as expected: kSA decreases with increasing EGAP (and,
therefore, increasing η). On the other hand, the B3LYP/DZVP2
calculations do not show a good correlation between kSA and
EGAP, due mainly to the large EGAP for Cu2 obtained by B3LYP/
DZVP2. From Figure S2 (Supporting Information) it is
apparent that the large EGAP for Cu2 arises from reproducible
differences in the EHOMO obtained from the two levels of
theory.
Recognizing that there is no a priori reason to expect a
simple correlation for all of the reductates included in this
study, we believe that the correlations shown in Figure 4 are
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remarkably good, and selecting one correlation over another
based on modest differences in the statistics is not likely to
be chemically meaningful. However, because it was concluded previouslysbased on the analysis of Figure 3sthat
the kSA’s for NO3 and Cr6 were influenced by adsorption and
some of the correlations shown in Figure 4 are leveraged
strongly by the point for NO3, it is of interest to consider how
the kinetic data correlate to ELUMO and EGAP without these
values. Excluding NO3 and Cr6 from the correlation has no
effect on the general trends in reactivity and makes little
difference to the statistics (e.g., for HF/6-31+G*, r2 ) 0.67
with ELUMO and r2 ) 0.50 with EGAP). Rather than removing
ad hoc outliers from among the reductates, a more promising
approach to improving the correlations obtained with the
data from this study is to remove the variation in kSA due to
the different types of Fe(0). However, this analysis calls for
the development of a descriptor variable for the role of the
Fe(0), which will require a more detailed characterization of
the properties of the Fe(0) used in this study. These issues
will be developed in a future manuscript, utilizing the same
kinetic data described here but with emphasis on the role
of the reductant (i.e., the iron) in determining the reaction
kinetics.
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