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A first-order relationship between reaction rate and
reductant loading is commonly invoked (but rarely verified)
for granular iron batch systems. In this study, a linear
relationship between the pseudo-first-order rate constant
(kobs) for polyhalogenated alkane reduction and iron

mass loading (om) was only obtained when reduction
appeared to be mass-transport-limited. For most alkyl
polyhalides, a nonlinear relationship was observed under
various experimental conditions, causing surface-area-
normalized rate constants (ksa) to decrease by as much as
an order of magnitude with increasing pm. While a
detailed explanation for this nonlinearity remains unclear,
the reaction order in pp (from plots of log(kops) versus
log(pm)) approached unity as the system pH decreased,
suggesting that the behavior may be linked to changes in
the thickness of a passive oxide overlayer. We obtained
strong linear correlations between kqps values and the
concentration of aqueous iron(ll) generated over a 24 h
period in batch systems with that same pn. Equally strong
correlations were obtained when kqps Was related to the
summed concentration of protons and water reduced over
an equivalent time interval at that same pn. Such
correlations suggest a possible link between those sites
responsible for proton/water reduction and the surface
species participating in alkyl polyhalide reduction by granular
iron.

Introduction

Granular iron permeable reactive barriers (PRBs) represent
a promising treatment alternative for groundwater contami-
nated with halogenated organic solvents such as carbon
tetrachloride (CCly) (I) and trichloroethylene (TCE) (2).
Despite extensive laboratory and field-scale investigations
over the past decade, many fundamental issues surrounding
the chemistry of granular iron remain unclear. In particular,
a better understanding of the surface sites responsible for
organohalide reduction would potentially allow for improved
engineering design and hence performance of granular iron
PRBs.

A surface-area-normalized kinetic model is commonly
applied to organohalide reduction in granular iron batch
systems. This model assumes that the rate of reaction between
iron and a contaminant C is first-order with respect to both
total iron surface area and contaminant concentration (3).
Such an assumption allows the reaction rate to be expressed
as follows
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% = kSAaspm[C] = kobs[c] 1)
where ksy (Lh™! m™2 or m s™1) is a surface-area-normalized
rate constant, a, (m? g1 is the iron specific surface area
(typically determined by N»- or Kr-BET), and pm (g L7}) is the
iron massloading in the system. Values of ksa are determined
by normalizing the pseudo-first-order rate constant for
contaminant degradation (kons) by the iron surface area
concentration (p, in m?/L, where p, is the product of a, and
pm) as shown in eq 2.

k,

k
Ker = _obs _ Zobs )
Aapy, e,

This model requires that both the fraction of total iron surface
area that is redox-active and the intrinsic reactivity of the
iron be essentially constant for all values of pm.

Prior studies provide conflicting results as to the validity
of eq 1, as certain investigations (I, 4—9) claim a linear
relationship between iron reactivity and pm (or p.), while
others (6, 10—15) report a distinctly nonlinear relationship.
In the latter case, iron reactivity (expressed as a reaction rate
or as a kops value) most often increases nearly linearly with
pm atlowloadings, only to reach an apparent plateau at higher
pm. Explanations proffered for this behavior include a shift
from mass-transfer-limited kinetics to kinetics limited by
rates of chemical reaction (11) or inefficient reactor mixing
at high pn (2). To date, however, the underlying basis of the
reported nonlinearity has yet to be adequately explored. Nor
have the explanations for such behavior postulated by
previous investigators been rigorously tested.

Deviations from a linear relationship are of potentially
great importance, as ksx values reported for granular iron
batch systems have numerous applications. Most often used
for intersystem reactivity comparisons (3), ksa values rep-
resent the primary means for comparing nanoscale iron
reactivity to that of traditional, larger-scale iron particles (16—
19). They have also been used to develop quantitative
structure—activity relationships for organohalides that might
prove useful for predicting rate constants of uninvestigated
compounds in zero valent metal systems (20—22), while also
providing a means of scaling up laboratory experimental
results for the design and modeling of field-scale PRBs (23).

Anonlinear relationship between kops and pm, would result
in ksa values that are not truly constant but rather vary as a
function of iron loading. In such a case, ksa values would be
of questionable utility in any of the aforementioned ap-
plications. A nonlinear relationship may also have theoretical
implications, suggesting that the role of the iron surface in
organohalide reduction is more complex than currently
envisioned. Furthermore, if an explanation for the nonlinear
relationship could be elucidated, then valuable insights into
the nature of the surface site(s) responsible for organohalide
reduction may emerge.

In this study, batch experiments were conducted over a
range of iron mass loadings to test whether the relationship
between kops for polyhalogenated ethane reduction and pm
is indeed first-order. Alkyl polyhalides investigated include
1,1,1-trichloroethane (1,1,1-TCA), 1,1,2-trichloroethane (1,1,2-
TCA), 1,1,2,2-tetrachloroethane (1,1,2,2-TeCA), 1,1,1,2-tet-
rachloroethane (1,1,1,2-TeCA), pentachloroethane (PCA),
hexachloroethane (HCA), 1,1-dibromoethane (1,1-DBA), 1,2-
dibromoethane (1,2-DBA), and 1-bromo-2-chloroethane
(BCA). Rate constants for mass transport (or kia values) were
also estimated for these species to examine the possible
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influence of mass-transfer limitations on the relationship
between kops and pm. Additional batch studies emphasized
experimental factors, particularly those postulated by prior
investigators, that could produce deviations from a linear,
first-order relationship. These factors included the apparatus
and speed used to mix reactors, initial organohalide con-
centration, duration of system equilibration prior to orga-
nohalide addition to the reactor, buffer composition, and
system pH. The greatest effort was devoted to elucidating
the influence of system pH, which was nearly constant during
thereaction between alkyl polyhalides and iron, but increased
substantially over the 24 h period prior to initiation of the
reaction. Finally, additional efforts were made to examine
system variables other than p,, that relate to iron reactivity,
and that may provide valuable insights into the nature of
surface sites primarily responsible for polyhalogenated
ethane reduction.

Experimental Section

Chemicals. The alkyl polyhalides investigated were 1,1,1-
TCA (99.5%, Aldrich), 1,1,2-TCA (99%, TCD), 1,1,1,2-TeCA
(99%, Aldrich), 1,1,2,2-TeCA (98+%, Aldrich), PCA (95%,
Aldrich), HCA (99%, Aldrich), 1,1-DBA (98%, TCI), 1,2-DBA
(99+%, Aldrich), and BCA (98%, TCI), while the following
species were used in the identification and quantification of
reduction products: tetrachloroethylene (99.9%, Aldrich),
trichloroethylene (98%, Aldrich), 1,1-dichloroethylene (99%,
Aldrich), cis-dichloroethylene (97%, Aldrich), trans-dichlo-
roethylene (98%, Aldrich), vinyl chloride (2000 xg/mL in
methanol, Supelco), 1,1-dichloroethane (99%, TCI America),
bromoethane (99%, TCI), and 2-butyne (99%, Aldrich). Gas
standards of ethane, ethylene, and cis-2-butene (1000 ppm
of each in N,) were acquired from Scott Specialty Gases.

Buffer solutions of either 50 mM Tris (tris(hydroxymethyl)-
aminomethane), 50 mM sodium bicarbonate, or 50 mM MES
(2-(4-morpholino)ethanesulfonic acid) in 0.1 M NaCl were
prepared using deionized water (Milli-Q Plus UV, Millipore)
and were deoxygenated by sparging (1 h/L) with either N,
(Tris and MES) or a CO./N, mix (bicarbonate). When
necessary, solution pH was adjusted with 1 N HCI or NaOH
that had been deoxygenated by N, sparging. All solutions
were stored within an anaerobic chamber (5% H,/95% N,
atmosphere) until use.

Metal Preparation. Fisher electrolytic iron (100 mesh)
was the metallic reductant used for all experiments. Iron
particles were pretreated with 1 N HCI for 10 min as detailed
in Fennelly and Roberts (24) and were used within 24 h of
preparation. The iron’s specific surface area was determined
tobe 0.4 (£0.1) m? g~! by Kr-BET adsorption measurements
of triplicate samples using a Beckman Coulter SA3100 surface
area analyzer.

Experimental Systems. Experiments were conducted in
serum bottles (160 mL, nominal volume) sealed with Teflon-
faced butyl rubber septa (Wheaton). Within an anaerobic
chamber, iron powder was weighed into reactors that were
then filled with buffer solution. Initial pH values (pHy) ranged
between 6.90 and 8.65 for Tris (pK, 8.1) and 5.50 and 6.5 for
MES (pK,6.2), while experiments with carbonate buffer (pKa:
6.3, pKy2 10.3) were conducted at a pHy of 7.30 (pH, values
correspond to the solution pH prior to contact with granular
iron). Iron mass loadings ranged from 0.16 to 28.3 g/L, with
control studies for each species also being conducted in the
absence of granular iron. After assembly, reactors were
removed from the chamber and were equilibrated on a mixing
device for ~24 h prior to alkyl polyhalide addition to allow
for stabilization of system pH. To assess the equilibration
period’s influence on iron reactivity, experiments were also
conducted in which 1,1,1-TCA was added immediately after
reactor assembly.

Most alkyl polyhalides were introduced to reactors via a
50 uL spike from a 0.32 M deoxygenated methanolic stock
solution (generally resulting in ~0.025% methanol by weight
and an initial organohalide concentration of ~100 uM).
Because of its low solubility in both methanol and water,
HCA required a 400 uL spike from a 0.016 M methanolic
stock solution (resulting in ~0.2% methanol by weight and
an initial HCA concentration of ~40 uM). Additional experi-
ments investigated the influence of the initial 1,1,1-TCA
concentration (ranging from ~5 to ~200 uM) on rates of
reduction in systems with 1.6 g/Liron. For these experiments,
methanolic spiking solutions with various 1,1,1-TCA con-
centrations (8—320 mM) were used so that the resulting
methanol concentration was constant at 0.05% in all systems.
In all cases, the methanol (HPLC grade, J. T. Baker) was
deoxygenated via sparging with N, prior to use.

Mixing Devices. Three devices were employed in studying
1,1,1-TCA reduction. These were a custom jar mill (U. S.
Stoneware), which mixed bottles at 45 rpm about their
longitudinal axes, a rotator (Cole-Palmer), which mixed
bottles at 45 rpm about their longitudinal axes, and a table
shaker (Eberbach), which mixed bottles horizontally at 250
rpm. The jar mill was also used to investigate the influence
of mixing rate (20, 45, and 60 rpm) on 1,1,1-TCA reduction.

Determination of Aqueous Fe! Concentrations. The
concentration of Fe''(aq) generated in batch systems was
quantified using the colorimetric reagent ferrozine (25).
Within an anaerobic chamber, 1 mL of reactor solution was
passed through a 0.22 ym syringe filter (Millipore) and was
added to 1 mL of 1 N HCL. An aliquot of this acidified sample
(200 L) was then added to 4 mL of 1 g/L ferrozine in 50 mM
HEPES (pH 7). Samples were removed from the chamber
and were analyzed on a Shimadzu UV-1601 UV—visible
spectrophotometer (A = 562 nm). Standards of Fe''(aq) were
generated from solutions of FeCl,-4H,0 in Tris buffer and
were prepared for UV—vis analysis in a manner identical to
the experimental samples.

Headspace Evolution and System pH. Although initially
free of headspace, significant amounts (as much as 10 mL
in certain cases) generally developed over the duration of
the experiments, presumably from the reduction of water to
H, by iron. Headspace evolution was greatest at low pHy
and/or high p, and was only observed to occur after the
reactor was spiked with an alkyl polyhalide, as negligible
headspace evolved over the 24 h equilibration period. The
volume of headspace evolved at each sampling point was
estimated by measuring the amount of fluid displaced into
the sampling syringe as the reactor pressure equilibrated
with the atmosphere. We note that similar volumes of
headspace evolved in reactors whose septa were pierced but
to which no methanolic spiking solution was added. Head-
space evolution, therefore, appears to be a response to the
partial release of overpressure that had built up in our system
over the 24 h equilibration period.

Reported aqueous concentrations of all species were
corrected for volatilization losses through a calculation
utilizing reported Henry’s law constants and our estimates
of accumulated headspace volume at each sampling point.
Henry’s law constants for most halogenated species (which
are included in Table S-1 of the Supporting Information)
were obtained from Mackay et al. (26); those for BCA, 1,1-
DBA, ethane, and ethylene were obtained from Hine and
Mookerjee (27), while values for cis-2-butene and 2-butyne
were from our previous work (24).

For the alkyl polyhalides considered, corrections for
partitioning to the headspace were of minor importance.
For instance, only 5% of the total mass of 1,1,1-TCA (Ky' =
0.71 [(mol/Ly) / (mol/Lyater)]) and less than 0.1% of the total
mass of 1,1,2,2-TeCA (Ky' = 0.01) would be transferred to
10mL of evolved headspace. Such corrections were more
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important in establishing mass balances for reactions that
generated volatile products such as ethane and ethylene (Ky'
values of 20.4 and 8.7, respectively).

When sampling had concluded, the final system pH was
measured within the anaerobic chamber using a Ross
combination electrode (Orion) and an Accumet AR15 pH
meter (Fisher). For experiments that measured pH as a
function of time, sacrificial sampling of multiple, identical
batch reactors was performed.

Gas Chromatography. For systems with 1,1,1-TCA, 1,1,1,2-
TeCA, 1,1,2-TCA, 1,1-DBA, and BCA, 1 mL samples were
withdrawn periodically from reaction vessels while simul-
taneously injecting an equal volume of deoxygenated buffer
at pHj so as to avoid introducing headspace. These samples
were analyzed via static headspace gas chromatography (GC)
with flame-ionization detection (FID) as described by Fen-
nelly and Roberts (24). Calibration curves for most analytes
were generated in a manner identical to that detailed in our
previous studies (21, 24). Calibration curves for ethane,
ethylene, and cis-2-butene were generated by using an airtight
syringe to add a known volume of a gas standard for each
species to 1 mL of aqueous buffer within a2 mL autosampler
vial. The vial was rapidly sealed and subsequently analyzed
by GC/FID.

The low Ky' values of HCA, PCA, 1,1,2,2-TeCA, and 1,2-
DBA necessitated a different analytical approach. For these
species, 1.5 mL of solution was removed from reaction vessels,
of which 1 mL was transferred to an autosampler vial and
analyzed by GC/FID as described above for quantification
of volatile reduction products. Of the remaining sample, 200
uLwas extracted with 2 mL of hexane, followed by subsequent
dilutions in hexane. Extraction efficiencies for all species were
nearly 100%. Diluted extracts were analyzed via a GC (Fisons
HRGC Mega 2 series) with electron capture detection (ECD)
and an RTx-1 column (30 m x 0.32 mm i.d. x 5 ym film
thickness, Restek). On-column injection (1 uL) of samples
was made using an AS 800 liquid autosampler (Fisons).
Standards for these analytes were prepared in hexane and
were analyzed in an identical manner to the experimental
samples.

Influence of Reactor Sampling on Reported Concentra-
tions. For all species, aqueous concentrations determined
from GC analyses were corrected to account for dilution from
the addition of fresh buffer solution during sampling. The
extent of dilution was dependent on several experimental
factors, most important of which were the number and
volume of aqueous samples taken during the reaction time
course. In nearly all cases, this dilution correction adjusted
aqueous concentrations by less than 5%.

The iron mass loading was not subject to alteration as a
result of our sampling procedure. Prior to sampling, all batch
reactors were placed on a magnetic stir plate to allow the
iron particles to settle. This separation step allowed us to
restrict our samples to the aqueous phase.

Results and Discussion

Reaction of Alkyl Polyhalides with Iron. The analyte
of interest in most experiments was 1,1,1-TCA, for which
an example time course is shown in Figure la. The
observed reduction products are in accordance with our
prior observations (24), with carbon mass balances gener-
ally greater than 85%. The slight loss of mass probably
results from minor reaction products (Cs;, Cs, and Cs
compounds, presumably the result of radical coupling, were
identified but not quantified). It is also likely that some volatile
products, specifically ethane and ethylene, were lost from
batch systems via piercings in the septa used to seal the
reactors.

Comparable carbon mass balances (>80%) were achieved
for the other organohalides investigated. For all species,
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FIGURE 1. (a) Typical reaction time course for 1,1,1-TCA reduction
by Fisher electrolytic iron. Reactor contains 2.5 g of iron L~ and
0.1 M NaCl/0.05 M Tris buffer (pH, 7.30) and was mixed on a jar mill
at 45 rpm. Dashed line represents exponential decay fitto 1,1,1-TCA
data. Inset shows trace reduction products formed. (b) Plots of the
natural log of aqueous 1,1,1-TCA concentration vs time for six values
of pm in Tris buffer with a pH, of 7.30. Dashed lines represent pseudo-
first-order model fits, the slopes of which were used to determine
values of Kops.

observed products (included in Table S-1 of the Supporting
Information) were consistent with reductive dehalogenation;
products indicative of other processes (such as hydrolysis of
1,1,2,2-TeCA to TCE, which may be catalyzed by the presence
of ametal oxide surface (28)) were not observed in significant
quantities (=5% of total system mass), even though such
products are relatively stable under our experimental condi-
tions.

A pseudo-first-order kinetic model was applied to the
reduction of all polyhalogenated ethanes. Values of kons were
obtained from plots of the natural logarithm of alkyl
polyhalide aqueous concentration versus time, such as those
shown in Figure 1b for 1,1,1-TCA batch systems with six
different p,, values. In most cases, linear regressions yielded
R? (adjusted) values greater than 0.97, with no apparent trend
to the residuals.

Influence of Reductant Mass Loading on ks for Alkyl
Polyhalide Reduction. Batch experiments with 1,1,1-TCA
(50 mM Tris, pHy 7.30) revealed a nonlinear relationship
between kops and pr, (Figure 2a) in which the rate of increase
of kops decreased with increasing iron mass loading. For these
systems, the reaction order in p, was determined from
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FIGURE 2. (a) Nonlinear influence of py on ks for the reduction
of 1,1,1-TCA by Fisher electrolytic iron. Solid line represents fit to
experimental data obtained from plots of log(kos) vs log(pm).
Uncertainties represent 95% confidence intervals. If no error bars
are visible, then they are smaller than the symbol. Reactors contain
0.1 M NaCl/0.05 M Tris buffer (pH, 7.30). (b) Plot of log(kos) vs
log(pm) used to determine the reaction order in pp, for the data in
parta. Solid line represents linear regression fit to the experimental
data, while dashed lines represent 95% confidence intervals.

theslope of log(kops) versus log(pm) plots according to eqs 3
and 4.

kobs =K (aspm)x 3)
log(k,,) = xlog(p,,) + x log(a,) + log(k’) 4)

In these expressions, x represents the order of reaction in pp,
while k' is a rate constant (with units dependent on x) equal
to kobs when the product of as and pn, is unity. For the data
in Figure 2a, the reaction order in p,, was determined to be
0.49 (£0.04) (Figure 2b).

Values of ks in Figure 2a were used to calculate surface-
area-normalized rate constants at each pn, (using an a, of 0.4
m?/g from Kr-BET; see eq 2). The nonlinear relationship
between kons and pm produces ksa values that decrease with
increasing pm, by more than an order of magnitude over the
mass loadings investigated, as shown in Figure 3a. Although
ksa values appear to approach a lower limit at large pn, a plot
of log(ksa) versus log(pm) (Figure 3b) clearly illustrates the
monotonic decrease in ksa over the range of pn values
investigated.

Studies with most, but not all, alkyl polyhalides revealed
similar nonlinear relationships. In such cases, the reaction
orders in pp, ranged from 0.45 (£0.10) to 0.74 (£0.16) (Figure
S-1 and Table S-1 in the Supporting Information). The
nonlinearity was evident even though several different
reduction pathways predominated, including hydrogenolysis
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FIGURE 3. Plots of ksa for 1,1,1-TCA reduction vs p on a (a) linear
and (b) logarithmic scale. Data are transformed from Figure 2.

and reductive a- and S-elimination. Such a relationship is
not, therefore, restricted to a particular reduction pathway
or alkyl polyhalide but may be aresponse to the experimental
conditions or the iron employed.

HCA and PCA proved exceptions (Figure 4), exhibiting a
range of iron loadings (pm < 3.2 g/L) over which the reaction
order in pm did not differ from unity (1.06 + 0.14 and 1.07
=+ 0.16, respectively). Additional experiments with PCA at
higher pm (3.2—9.3 g/L), however, revealed substantial
deviation from linear behavior. At these elevated loadings,
the reaction order in pn (0.48 £ 0.12) was similar to that
observed for most other alkyl polyhalides investigated.

Influence of Alkyl Polyhalide Mass Transport on Reac-
tion Kinetics. It has been proposed (11) that the nonlinear
relationship between kops and iron loading results from a
shift from mass-transfer-limited reaction kinetics at low pm
to kinetics limited by rates of surface reaction at high pn,. As
discussed by Arnold et al. (29), 1/kops for the reaction of a
solute at a surface can be represented as the sum of two
resistances in series

111, 1
Kobs B a(kL * kSA) ©)

where a (m™!) is the ratio of metal surface area to solution
volume and ki, (m s7}) is the coefficient for mass transport.
We note that eq 5 assumes a linear, first-order relationship
between reaction rate and a (and hence pn), regardless of
whether kinetics are dominated by rates of alkyl polyhalide
mass transport (i.e., ki, < ksa) or surface reaction (i.e., ksy <
ki). A changeover between mass-transfer-limited kinetics at
low pm and surface-reaction-limited kinetics at high p,, as
proposed by Gotpagar et al. (11) would not, therefore, be
anticipated from such an expression.

VOL. 39, NO. 22, 2005 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 8951



a):* 40 1 Kops o pm(1.0610.14)
‘n \ _
<
S 30 e
X /
= d
c
) /
5 207 s
3.;, /
o yd
O 10 // kLa
(]
& 7~ HCA
0 . . . . .
0 1 2 3 4 5
(1.07 £0.16)
b) 49 Kobs < Pm ;
‘Tm \
vg 30 1 //
= k|_a
Eal N
§ 20 // \
- y Model fit
o 10{ /
[}]
- Y,
(4 PCA
0 Y v T T v
0 2 4 6 8 10

P (g Iron/L)

FIGURE 4. Plots of ks as a function of pn, for (a) HCA and (b) PCA.
Reactors contain 0.1 M NaCl/0.05 M Tris buffer (pH, 7.20). Solid
straight lines represent linear, first-order fits to experimental ks
data obtained from plots of log(/kos) vs log(pm) for pn < 3.2 g/L.
Dashed straight lines represent estimates of the mass-transport
rate coefficient (k.a) for each species as a function of p,. For PCA,
note the linear regime observed for p,, < 3.2 g/L (solid symbols) and
the nonlinear regime for p, > 3.2 g/L (open symbols). The solid
curve in part b represents a model fit to experimental data, obtained
when eq 5 of the text was modified to account for a nonlinear
dependence of the surface reaction component of ks on iron loading
such that 1/ko,s = (1/ka + 1/ksaa®).

In their study of alkyl polyhalide reduction by granular
zinc, Arnold et al. (29) successfully applied a method for
estimating ki values to batch systems that were otherwise
identical to the reactors employed in this study. Proposed by
Harriott (30), this method is based upon a semi-theoretical
correlation established by Ranz and Marshall (31) that relates
coefficients for mass transfer to and from particles suspended
in solution to the diameter and settling velocity of the
particles, as well as to the diffusivity of the reacting species
and the kinematic viscosity of the fluid. Application of this
method to our granular iron systems should provide a
reasonable estimate of ki, although some uncertainty may
be expected given certain assumptions required.

This approach requires that a in eq 5 be expressed on the
basis of geometric surface area (a = (47r,,?) / (solution volume))
rather than being computed from Kr-BET surface area. For
our Fisher iron, the surface area of 0.4 m?/g from Kr-BET is
~80 times larger than the geometric surface area calculated
assuming our particles are uniform spheres with a radius (rp)
of 75 um (consistent with 100 mesh particles). This difference
either reflects a nonuniform particle size distribution or
indicates that our iron contains substantial “internal” surface
area potentially subject to additional mass-transfer resistance
(29) (which will not be considered here). Consequently, the
use of geometric surface area will introduce some uncertainty
into our estimates of ki a values. Furthermore, our estimation
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technique assumes that the particle surface is of a relatively
uniform reactivity, and additional uncertainty may result if
the fraction of the geometric surface area that is redox-active
isless than unity. Comparisons of ki a to ks, therefore, should
only be interpreted as possible evidence of mass-transfer
limitations; a more definitive indication would be if faster
rates of reduction could not be achieved in analogous
experimental systems even with inherently more reactive
oxidants that possess similar diffusivities.

Estimates of kia suggest that the reduction of 1,1,1-TCA,
1,2-DBA, 1,1,2,2-TeCA, 1,1,2-TCA, and BCA is not likely limited
by mass transfer. For example, computed values of 1/(kia)
for 1,1,1-TCA were generally less than 10% of 1/k,ps at each
pm considered for pHy 7.20 and 7.30 (for comparison of
estimated ki a to experimental ko values for select species,
see Figure S-2 of the Supporting Information). The same
cannotbesaid for 1,1,1,2-TeCA and 1,1-DBA, for which 1/ (k.a)
was as much as 30% and 55% of 1/ kobs, respectively. Similarly,
estimates of 1/(kra) for PCA were on average nearly 65% of
1/kops for pm < 3.2 g/L, while 1/ (kra) estimates for HCA were
roughly afactor of 1.5 greater than the measured 1/ kops (Figure
4).

The substantive contribution of 1/(kia) to 1/kops for 1,1-
DBA, 1,1,1,2-TeCA, PCA, and HCA suggests that reduction of
these species could be at least partially limited by mass
transport. More importantly, we have been unable to achieve
greater kops values than those reported herein for HCA, even
in systems with bimetallic reductants (Ni/Fe and Pd/Fe)
generated from Fisher electrolytic iron that exhibit increased
reactivity toward other alkyl polyhalides (data not shown).
We hypothesize, therefore, that the linear relationships
between kobs and pm observed for HCA and PCA (for pm, < 3.2
g/L) result from reduction kinetics limited by rates of
organohalide transport to the iron surface (ko»s ~ kia).
Moreover, the contribution of 1/(kia) to 1/kops for 1,1-DBA
and 1,1,1,2-TeCA likely results in the somewhat greater
reaction orders in pm observed for these species relative to
most of the other alkyl polyhalides investigated.

Given the similar aqueous diffusivities of PCA and HCA
(7.2 x 107%and 6.6 x 1078 cm?/s, respectively, estimated by
the method of Wilke and Chang (32)), our estimates of ki.a
are nearly identical for these species. If our assumption of
mass transfer control is correct, then the 2-fold difference
between experimental kops values for HCA and PCA reduction
at a given pn, (compare Figures 4a and 4b) suggests that
estimates of kya for our Fisher electrolytic iron batch systems
are likely within a factor of 2 of their actual value. This level
of agreement is quite good considering the numerous
approximations required by this estimation technique.

We propose that the nonlinearity observed at pm > 3.2
g/L for PCA indicates a shift to a regime at which rates of
surface reaction predominate. This is supported by our ability
to successfully model ks for PCA over the entire range of
pm When the surface reaction component of eq 5 is modified
to account for a nonlinear dependence on iron loading (i.e.,
1/ kobs = (1/kra+ 1/ ksaa®); Figure 4b). Such behavior, however,
does not provide any insight as to why the rate of surface
reaction does not vary linearly with a and hence pp.

Influence of Experimental Variables on kops versus pm.
A nonlinear relationship between ko and pm was observed
for the reaction of 1,1,1-TCA under all experimental condi-
tions investigated. For instance, it was noted with each mixing
apparatus, mixing speed, and buffer solution employed in
this study. Such a relationship was also obtained for reactors
to which 1,1,1-TCA was added immediately after reactor
construction rather than after a 24 h equilibration period.
Values of ko also proved independent of the initial 1,1,1-
TCA concentration over the range investigated (5—200 M),
suggesting that a combined zero- and first-order model such
as the one employed by Wiist et al. (13) cannot entirely explain
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an initial pH of 6.90 and 8.11.

the nonlinear relationship. A more detailed discussion of
these results (summarized in Figures S-3 through S-7) can
be found in the Supporting Information.

One noteworthy variable was the system pH. Despite the
presence of 50 mM bulffer, the pH increased substantially
over the lifetime of most reactors, presumably the result of
proton (2H* + 2e~ — Hy) and water (2H,O + 2e~ — H, +
20H") reduction at the iron surface (33). For example, in a
reactor with 6.3 g/L iron and 50 mM Tris (pH, 6.98), the
system pH increased by 0.48 pH units from the time of reactor
assembly (at £ = 0) until the conclusion of the reaction with
1,1,1-TCA (t =~ 30 h) (Figure 5a). Most of this change (0.43
pH units) occurred over the 24 h prior to 1,1,1-TCA addition,
while the solution pH was nearly constant during the actual
reaction. As a result, the system pH during 1,1,1-TCA
reduction is best approximated by pHjina, the pH measured
at the conclusion of our experiments. We also note that the
magnitude of this pH change (ApH = pHjna — pHo) increased
with increasing pm, and was greater at lower pHj (e.g., 6.90)
than at higher pH, (e.g., 8.11; see Figure 5b).

For a given pm, kobs for 1,1,1-TCA reduction decreased
with increasing pHpnal (Figure 6), consistent with previously
reported dependencies of granular iron reactivity on solution
pH (I, 34). Interestingly, the relationships between kons and
PpHiina shown in Figure 6 reveal a pronounced dependence
on the value of pn, considered. For instance, values of kobs
measured atlow iron loadings (0.2 g/L) were fairly insensitive
to changes in pHsna, while values of kons measured at higher
pm (1.6 and 6.3 g/L) decreased substantially with increasing
prinal~
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FIGURE 6. Dependence of log(kqs) for 1,1,1-TCA reduction on pHyinal
for three values of pn (0.2, 1.6, and 6.3 g/L). Experiments were
conducted in 0.1 M NaCl and either 0.05 M MES (pH, 5.50—6.50) or
0.05 M Tris (pH, 6.90—8.65). Solid lines represent best-fit linear
regressions to the experimental data, as indicated for each loading.
The low R? (adjusted) value obtained at a p,, of 0.2 g/L results from
the near independence of ks on pHyinal at this iron loading.

Asiron reactivity decreases with increasing pHfinai, it might
be tempting to infer that the nonlinear relationship between
kobs and pp, stems from the influence of p,, on ApH (Figure
5b). Specifically, one might question whether ks values
measured in systems with large pr, can be directly compared
to kobs values measured at low py,, owing to systematic reactor-
to-reactor differences in solution pH during the time interval
when ks values are measured. The higher pHyina encountered
in systems with large o, would work to depress iron reactivity
and could potentially be responsible for our observation that
kobs values do not scale in a linear, first-order manner with
increasing pm.

To explore whether variations in ApH with p,, were of
sufficient magnitude to explain the nonlinearity between kops
and pm, we estimated kobs values for 1,1,1-TCA reduction that
might have been measured had the system pH remained
fixed at pH, for all p,. As shown in eq 6, estimates of kops at
pHo were calculated using the slopes (m) of the linear
relationships shown in Figure 6 to adjust experimental kobs
values (measured at pHpna) to account for changes in
reactivity resulting from ApH at the three loadings considered
(i=0.2, 1.6 and 6.3 g/L).

10g(kobs)pHO,i = lOg(kobs)pHﬁml,i - (ApHimi) (6)

When performed on ks data for 1,1,1-TCA reduction at
apH, 0f6.90, this correction does indeed increase the linearity
between k,ps and pr, (solid symbols and dashed line in Figure
7a). The reaction order in py for these ApH-adjusted kobs
data is approximately 0.8, which given the uncertainty in the
correction procedure is likely not significantly different from
unity. When applied to k.s data at a pHy of 8.11, however,
this correction results in a negligible increase in kons and a
relationship between ks and pm that remains decidedly
nonlinear (Figure 7b). The reaction order in py, for these
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FIGURE 7. Plots of ko for 1,1,1-TCA reduction as a function of pn,
for batch experiments conducted in 0.1 M NaCl/0.05 M Tris buffer
with pH, of (a) 6.90 and (b) 8.11. Solid lines represent fits to
experimental data (open symbols) obtained from plots of log(/ops)
vs log(pm). Solid symbols represent values of ks at p values of
0.2, 1.6, and 6.3 g/L that have been adjusted to account for changes
in system pH using the relationships from Figure 6. Dashed lines
represent fits to these adjusted ks values, obtained from plots of
log(kos) vs log(pm) for the ApH-adjusted data.

adjusted data is approximately 0.4, a value not statistically
different from that obtained with the uncorrected kos data
(0.36 + 0.07). Moreover, applying this correction to data
obtained at pH, 5.50 produces a relationship between kobs
and pn, that is again nonlinear, but this time with a reaction
order in pn, in excess of unity (~1.5). Our results suggest,
therefore, that while differences in ApH with py could
certainly influence the degree of nonlinearity between kops
and pn, such differences cannot entirely or invariably account
for the nonlinear behavior.

If the observed nonlinearity were to predominantly reflect
pH changes that occurred prior to the reaction between iron
and 1,1,1-TCA, then one might anticipate a smaller order in
pm for systems with low values of pHy, which yielded the
largest ApH values at each iron loading considered (Figure
8a). Yet our experimental data reveal the opposite trend; the
reaction order in pn, clearly decreases with pHy (Figure 8b).
In fact, apHy of 5.50 yielded a reaction order indistinguishable
from unity (0.95 £ 0.09). We note that ks values for these
systems were 6-fold less than estimates of kia for 1,1,1-TCA
(Figure S-2b in the Supporting Information) and were on
average 3.5-fold less than the kops values measured for PCA
atasimilar pn, (Figure 4b). We also note that these ks values
for 1,1,1-TCA reduction are a factor of 3 less than the kops
values for 1,1-DBA reduction that yielded a reaction order
in pm 0f 0.74 £ 0.16. We therefore maintain that the reaction
order of 0.95 + 0.09 obtained for 1,1,1-TCA at pH, 5.50 is
unlikely to reflect the onset of mass-transfer control.
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Link between ko,s and Rates of Iron Corrosion. The
similar dependencies of ApH and kops 01 pry (compare Figures
5b and 7) suggest that the magnitude of ApH may be closely
linked to granular iron reactivity toward alkyl polyhalides.
The concentration of reduced protons and water resulting
in ApH at each pm, therefore, may provide a useful metric
of the redox activity of granular iron.

We can estimate this value via a mass balance on protons
(eq 7), recognizing that every mole of protons or water
reduced increases system pH.

[H,.ql = ((HA], — [HA]) — (H'],— [H']) (D

In eq 7, [Hred] is the summed concentration of protons and
water reduced by iron over the interval from = 0 to some
later time . The value of t chosen for all calculations was 24
h, corresponding to the time immediately prior to the addition
of organohalide to our batch systems. [HA] represents the
concentration of the buffer in its protonated form, while
[H*] is the aqueous concentration of protons. Both [HA] and
[H*] at t = 0 and 24 h can be calculated from the total
concentration (50 mM) and acid dissociation constant of the
pH buffer, in addition to our measurements of system pH.
Essentially, eq 7 estimates the concentration of protons and
water reduced at each p, over a 24 h period by calculating
the difference in aqueous-phase proton concentration at ¢
= 0 and ¢ = 24 h, while also accounting for the release of
H*(aq) by the pH buffer during this interval.

If we apply eq 7 to Tris (pK, = 8.1) buffer systems with
a pHy of 6.90, then estimates of [Hq] range between 0.3 and
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concentration as a function of py, for systems with 0.1 M NaCl/0.05
M Tris (pH, 6.90). Concentrations were quantified 24 h after reactor
assembly (immediately prior to addition of 1,1,1-TCA). (b) Ratio of
[H:ed] to [Fe"(aq)] as a function of p,, in samples analyzed 24 h after
reactor assembly.

5.0 mM for the pn, investigated (Figure 9a). For these same
systems, concentrations of aqueous Fe! species generated
over 24 h range between 0.2 and 2.3 mM (Figure 9a). These
concentrations are below the solubility limit for Fe!' estab-
lished by Fe(OH),(s) formation (Fe(OH),(s) = Fe?* + 20H";
log(Ksp) = —15.1) (35). Interestingly, both [H;.q] and [Fe''(aq)]
increased in a nonlinear fashion with respect to p, in a
manner similar to that observed for kops for 1,1,1-TCA
reduction (compare Figures 7 and 9a). Furthermore, the ratio
of [H;ed] to [Fe''(aq)] was nearly 2 for most iron loadings (Figure
9b), although it was somewhat smaller at low pm, likely
reflecting difficulties in accurately determining ApH (often
<0.1 pH units at low p,). We emphasize that these concen-
trations of Hyq and Fe''(aq) were generated prior to the
addition of 1,1,1-TCA to reactors and in the case of Fe''(aq)
are much larger than concentrations anticipated (~160 xM)
if the reduction of 1,1,1-TCA to the observed products was
solely responsible for Fe''(aq) production.

If we correlate kops for 1,1,1-TCA reduction at each pm to
the values of [Hrq] and [Fe''(aq)] generated over 24 h at that
same pm, then linear relationships are observed (Figure 10a).
Similar relationships were encountered for 1,1,1-TCA at other
pHy values as well as for other alkyl polyhalides investigated,
as the data in Figure 10b reveal for 1,1,1,2-TeCA. Note that
1,1,1,2-TeCA reacts entirely via reductive -elimination to
produce 1,1-dichloroethylene. The existence of a linear
relationship between [Hyeq] and kops for 1,1,1,2-TeCA, a species
reacting entirely via electron transfer, indicates that reactivity
correlations with [H,.q] are not limited to species that react
predominantly via a hydrogen-incorporating reduction
pathway (e.g., hydrogenolysis).
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lines represent linear regression fits to the experimental data. (b)
Linear correlation between ko5 for 1,1,1,2-TeCA reduction and [Heq].
All experiments were conducted in batch systems containing 0.1
M NaCl/0.05 M Tris buffer (pH, 6.90 for 1,1,1-TCA; pH, 7.50 for 1,1,1,2-
TeCA).

These linear correlations invite the speculation that some
form of reduced hydrogen or Fe!' could represent the entity
responsible for alkyl polyhalide reduction. In fact, several
researchers have proposed either surface-associated atomic
hydrogen (36—39) or surface-adsorbed Fe! (I, 40) as the
reactive moiety in granular iron systems. As nearly all Hyeq
and Fe'l(aq) is generated prior to the contact of iron with the
organohalide, however, we do not believe their relationship
to kobs necessitates their direct involvement in polyhaloge-
nated ethane reduction. Moreover, while H,.q and Fe''(aq)
accumulate in batch systems over time, iron reactivity
decreases (Figure S-6 in the Supporting Information),
behavior counter to expectations if either species were directly
linked to alkyl polyhalide reduction. Finally, we maintain
that important differences must exist between surface-
associated Fe!' in iron oxide suspensions and Fe!! as a reactive
entity in granular iron systems. Specifically, the reactivity of
the former has been shown to increase with pH (41), while
our studies and those of others clearly demonstrate that
granular iron reactivity decreases with pH.

Mechanistic Insights from Linear Reactivity Correla-
tions. Both [H,.q] and [Fe''(aq)] are time-dependent con-
centrations produced from the reduction of protons/water
by granular iron. Values of [H,.q] and [Fe''(aq)] determined
at a point in time, therefore, represent a measure of the rate
of proton/water reduction at each pp, that in turn can be
presumed to be proportional to the total number of reactive
sites on the iron surface responsible for proton/water
reduction. We propose that the linear correlations between
[Hreal, [Fe''(aq)], and kops for alkyl polyhalide reduction could
reflect a link between the sites at which proton/water
reduction occurs and the surface species responsible for alkyl
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polyhalide reduction. Such a link was suggested previously
by Deng et al. (42) from batch studies, in which a close
correlation was observed between rates of H,(g) production
and rates of TCE reduction by granular iron.

These linear correlations, and the 2:1 stoichiometry of
[Hred] to [Fe''(aq)] might lead one to suggest that metallic
iron is the responsible entity in both proton/water and alkyl
polyhalide reduction. We note, however, that the half-reaction
for magnetite oxidation to maghemite (43), when coupled
with the half-reactions for proton and water reduction, also
produces a 2:1 stoichiometry between [Fe''(aq)] and [Hredl.
We therefore cannot entirely rule out the possibility that
these relationships between ks for alkyl polyhalide reduction
and [Fe'(aq)] or [Hd implicate magnetite, a corrosion
byproduct observed in granular iron systems (44) that is
capable of reducing organohalides (45), as the redox-active
entity in our batch systems.

Implications of a Nonlinear Relationship between kps
and pnm. The nonlinear relationship between ks and pm
indicates that granular iron reactivity decreases with in-
creasing iron loading in our batch systems. Although one
might interpret this behavior as evidence that the fraction
of the total iron surface area that is redox-active decreases
with increasing loading, we do not consider our results to be
entirely consistent with this scenario. Specifically, if reactive
surface area were to decrease with increasing pm, (such that
the effective a in eq 5 did not vary linearly with p,), then we
would anticipate a nonlinear relationship between kons and
pm even under mass-transfer-limited conditions. Instead, a
linear, first-order relationship between ks and pm was
observed for HCA and PCA reduction at iron loadings less
than 3.2 g/L. We suggest these linear relationships are
evidence that the fraction of total iron surface area that is
redox-active is fairly constant over the range of p, investigated
in this study.

Rather, it appears that the inherent reactivity of our
granular iron particles changes with iron mass loading. In
relating kobs to pm (eq 3) we have assumed that k' is
independent of py,. If the magnitude of k' were to decrease
with increasing iron loading, then a nonlinear relationship
between kons and pm might still be encountered even if the
fractional reactive surface area was constant for all p,,. For
such a case, our expression for kons can be modified to the
following

Koy = K"app, 8

where k' is not constant but rather decreases with increasing
pm.

Atpresent, the exact nature of the process that deactivates
the iron surface (toward reduction of alkyl polyhalides and
protons or water alike) with increasing p, remains somewhat
unclear. One observation that allows us to speculate on this
issue is that k,»s becomes nearly linearly dependent on pn
as pHy decreases (Figure 8b and Figure S-7 of the Supporting
Information), suggesting that surface passivation is less
pronounced at low pH. At low pH, dissolution of surface-
associated Fe!' or Fe!'' species at anodic sites on the particle
surface is likely enhanced, and hence the thickness of the
oxide overlayer on iron may be minimized. At higher pH,
rates of oxide dissolution should be depressed, resulting in
a thicker oxide overlayer. Such an overlayer could potentially
inhibit granular iron reactivity by hindering electron con-
duction from the metallic iron core to the particle—solution
interface. We note that this scenario would still allow for a
linear, first-order relationship between ko,s and pm under
mass-transfer-limited conditions, while also providing a
nonlinear relationship as soon as particle reactivity decreased
to the point that 1/k,,s was no longer dominated by 1/k;a.

8956 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 39, NO. 22, 2005

Why such passivation would be more pronounced in
systems with larger p, remains an intriguing question. Our
measurements of Fe''(aq) (Figure 9a) concentration and bulk
solution pH at each value of p, indicate that we are below
the solubility limit of Fe(OH),(s), which could serve as a
passivating surface oxide. We cannot rule out the possibility,
however, that regions of elevated pH exist on the iron particle
surface near strongly reducing sites such as corrosion pits.
At these locations, the solubility of Fe(OH).(s) may be
exceeded, resulting in the formation or thickening of a
passivating layer. In such a scenario, it would not be
unreasonable for Fe(OH),(s) formation to be greatest in
systems with large pm, as the bulk pH and Fe'/(aq) concen-
trations measured in these systems provide conditions that
more closely approach the solubility limit for Fe(OH),(s) than
measurements of the bulk pH and Fe''(aq) concentrations at
low iron loadings.

We stress that such a hypothesis requires experimental
validation. Initial experiments in which 12.5 mM exogenous
Fe'l(aq) was added to batch systems containing granular iron
had no appreciable effect on ko relative to rate constants
measured in systems free of exogenous Fe''(aq) (Figure S-8
of the Supporting Information). This result appears contra-
dictory to that expected if passivation resulting from Fe!'
oxide formation were indeed contributing to the nonlinear
relationship between kons and pm. Such unresolved questions
provide interesting avenues for future research into granular
iron systems.

Finally, we place our results into the context of previous
investigations with granular iron. To do so, values of p, and
kobs from Table 4 of Matheson and Tratnyek (I) were
transformed on a log—log scale to determine the reaction
order in pp, for CClL reduction in unbuffered granular iron
systems. Although the relationship between iron massloading
and ks for these data certainly appears linear (1), we find
the reaction order in py, is 0.68 (£0.12). Interestingly, Fisher
electrolytic iron was the metal reductant used in this prior
study as well as in the current investigation. Furthermore,
additional studies with Fisher iron investigating CCl, (10),
cis-dichloroethylene (2), and nitrate (6) reduction have also
produced a nonlinear relationship between kops and pm. It
appears, therefore, that the nonlinear dependence of kops on
pm may be a result generally applicable to batch studies with
Fisher iron under appropriate (non-mass-transfer-limited)
experimental conditions, although extension of these findings
to other types of iron or to bimetallic systems will require
additional investigation. Regardless of their general ap-
plicability to other zero-valent metal systems, however, our
results clearly illustrate that kss values should only be applied
to granular iron systems for which a relationship between
kobs and pm has been verified to be truly first-order.
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