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The reaction kinetics and product distributions for the
reduction of 2,4,6-trinitrotoluene (TNT) by granular iron metal
(Fe%) were studied in batch experiments under a variety
of initial concentrations of TNT and Fef. Although the kinetics
of TNT disappearance were found to behave in accord
with the standard theory for surface-mediated reactions,
a complex relationship was found between the initial
concentrations of TNT and Fe? and the appearance of the
expected nitro reduction product, 2,4,6-triaminotoluene
(TAT). TNT was completely converted to TAT only when
the initial concentration of TNT was low and/or the initial
concentration of Fe? was high. Mathematical analysis

of a range of generic reaction schemes that produce stable
end products in addition to TAT showed that (i) surface
complexation of TAT is insufficient to describe all of our data
and (i) polymerization reactions involving TAT and/or
various reaction intermediates are the likely source of the
incomplete conversion of TNT to TAT at high initial TNT
concentration and low Fe® concentration. The relationship
between TAT production and reaction conditions is
shown to imply that passivation due to reaction products
is more likely when the ratio of initial TNT concentration to
Fe? concentration is high and, therefore, that passivation
rates observed at the laboratory scale are likely to be faster
than those which would be observed at the field scale.

Introduction

A decade of intensive research into the kinetics and mech-
anisms of contaminant reduction by zero-valent iron metal
(Fe?) has led to widespread consensus regarding the primary
effects that influence this process. Many of these effects [e.g.,
contaminant disappearance rate constant (kops) versus
concentration of Fe® (pm) or kobs Vs initial concentration of
contaminant (Cy)] can be described with simple quantitative
models. These models have been shown to apply over a wide
range of contaminants, zero-valent metals, and experimental
designs (1). However, as more high-quality data sets become
available, evidence is accumulating for more complex effects
thatinvolve interactions among two or more primary effects.

One of the first interactions to be well-documented
is between the effects of C; and mixing rate (e.g., rpm) for
batch experiments done with azo dyes (2). In this case, it was
shown that site saturation effects—which generally arise as
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Cobecomes large—are apparent only at high rpm, where mass
transport effects are small. Another interaction involving
mixing rate is with molecular structure, where it has been
shown that mass transport effects on contaminant disap-
pearance kinetics—which generally become more significant
at low rpm—are apparent only with contaminants for which
reaction at the metal surface is comparatively fast (and
therefore not rate limiting). Such highly reactive contami-
nants include nitrobenzene (relative to the carbon tetra-
chloride) (3) and 1,1,1-trichloroethane (relative to 1,1,2-
trichloroethane) (4).

In other cases, interactions arise from competition among
parallel reaction pathways or mechanisms. This is likely to
be the case for the chlorinated ethenes, which react with Fe?
by competing pathways (e.g., o.- vs f-dechlorinations) and
mechanisms (e.g., electron transfer vs hydrogen atom
transfer). In fact, it has been argued that the relative rates of
reduction for trichloroethene (TCE) and perchloroethene
(PCE) vary with pH and C, in a manner that reflects the
combined influence of these factors on the kinetics of
hydrogen atom transfer (5). The nitro aromatics are a similar
case, where competing parallel reaction pathways (e.g., nitro
reduction vs coupling) and mechanisms (again, electron
transfer vs hydrogen atom transfer) are likely to produce
interactions among primary effects.

Nitro aromatic compounds in general, and 2,4,6-trini-
trotoluene (TNT) in particular, have several properties that
make them well-suited for probing process-level questions
regarding the reactivity of Fe®. Among these properties is the
well-characterized array of parallel and sequential reaction
pathways—resulting in mixtures of characteristic products—
that occur under reducing conditions. The framework of this
array involves the reduction of nitro groups, as shown in
Scheme 1 for TNT. In Scheme 1, each set of three arrows
represents the sequential reduction of a nitro group to an
amino group via the corresponding nitroso and hydroxy-
lamino intermediates (which are not shown). Some of these
intermediates have been detected during reduction of TNT
by Fe?, but the yields have been small and transient (6, 7).
Various combinations of the nitroso, hydroxylamino, or
amino products can undergo coupling to form dimers or
bound residues (8—12), but these products are difficult to
extract or identify and have rarely been quantified. 2,4,6-
Triaminotoluene (TAT) is the most quantifiable product of
TNT reduction by Fe®, but the yield of this product varies
widely, and this variability has not been explained.

The kinetics of the steps shown in Scheme 1 have been
described for a variety of reducing systems, including some
that contain Fe® (6—8, 13— 15). For the disappearance of nitro
aromatic compounds, a number of standard primary effects
have been noted, such as the linear dependence of kqps on
pm and rpm'? (6, 8). The effect of rpm on the rate of
nitrobenzene reduction has been shown to reflect a mixture
of mass transport and surface reaction control (3), which
leads to the interaction between effects of rpm and molecular
structure that was noted above. Adsorption could also be
rate limiting, although it is difficult to distinguish this from
mass transport control with simple batch experiments (7).
Under experimental conditions that minimize the role of
mass transport, however, the kinetics of nitro reduction are
strongly affected by the presence of competing adsorbates
(16).

In contrast to the abundance of detailed analysis on the
disappearance kinetics of nitro aromatic compounds under
reducing conditions, very little quantitative information is
available on the processes that determine the products of
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this reaction. The datareported by Oh et al. (7, 17) are suitable
for quantitative kinetic analysis of products from nitro
reduction, and their modeling of these data has provided
evidence that the type of Fe® affects the types of surface sites
thatare involved in nitro reduction (18). However, such effects
may be coupled to other factors in a manner similar to the
examples given above of interactions that reflect parallel and
competing reaction pathways. In this study, we describe
interactions between p, and C on the distribution of reaction
products, using TNT as a model for an environmentally
relevant nitro aromatic compound. The results show the rate
of TAT appearance and limiting amount of TAT that appears
in solution are dependent on p,, and C, in a manner that
suggests a strong influence of polymerization reactions
between reduction intermediates and/or TAT; which, in turn,
are influenced by other variables such as pH of the solution
or composition of the oxide film on the Fe’. Such complex
interactions have implications for interpretation of data from
controlled experiments in the laboratory and for the design
and performance evaluation of full-scale remediation opera-
tions in the field.

Methods

2,4,6-Trinitrotoluene (TNT) was purchased from ChemSer-
vice (West Chester, PA); 2-amino-4,6-dinitrotoluene (2-
ADNT) and 4-amino-2,6-dinitrotoluene (4-ADNT) were
purchased from Sigma/Supelco (Bellefonte, PA); 2-hydroxy-
lamino-4,6-dinitrotoluene (2-HADNT), 4-hydroxylamino-2,6-
dinitrotoluene (4-HADNT), 2,4-diamino-6-nitrotoluene (2,4-
DANT), 2,6-diamino-4-nitrotoluene (2,6-DANT), and 2,4,6-
triaminotoluene (TAT) were purchased from AccuStandard
(New Haven, CT). All chemical standards were >99% purity
and used as received.

Granular Fe’ was obtained from Peerless Powders and
Abrasives (Detroit, MI, “PMP Traditional” Size 8/50, >90%).
To remove fines, this material was sieved to the 18—35 mesh
size fraction. When not in use, the Fe® was stored in a vacuum
desiccator. Only one batch of Fe’ was prepared, and all
analyses were performed with subsamples from this prepa-
ration. The specific surface area, determined by BET N, gas
adsorption, was 1.54 m? g~.

Batch experiments were conducted under anoxic condi-
tions in 60-mL serum bottles containing 1, 2, 3, and 6 g of
Fe’, which correspond to 17, 33, 50, and 100 g L™}, respectively.
The bottles were filled with N,-sparged deionized water (no
buffer, no headspace), sealed, and mixed by rotation at 20
rpm with the plane oriented 85° from horizontal. The Fe®

was preconditioned in this environment for 2 d to stabilize
geochemical and Fe® surface conditions (15, 19). Then, the
bottles were spiked with TNT stock solution to begin the
reaction. Initial TNT concentrations were varied between 4
and 352 uM. Measurements of pH in bottles containing the
same Fe’ concentrations used in the kinetic experiments
after 2 d pre-exposure gave a pH profile beginning at pH ~
9.4 at 17 g L' and increasing to pH ~ 9.9 at 100 g L™! (data
not shown).

Periodically, 400-uL samples were withdrawn from the
bottles, filtered through a 0.45-um nylon filter, and analyzed
by HPLC using a platinum C-18 column (Alltech, Deerfield,
IL). The mobile phase used for analysis of TNT and
intermediates was 55:45 methanol/water at a flow rate 0f 0.9
mL min~!, whereas TAT analysis was conducted with 5:95
methanol/ammonium acetate buffer (50 mM, pH 7) ata flow
rate of 0.7 mL min~!. In all cases, TNT and products were
monitored at 254 nm.

Radiolabeled experiments were performed by replacing
the TNT stock solution with a solution of *C-labeled TNT
(Perkin-Elmer Life Sciences, 1.48 GBq/mmol). Concentration
data for “C-labeled batch experiments were collected in the
same manner as the unlabeled experiments. *C activity was
determined by mixing 0.3 mL of sample with 5 mL of
ScintiVerse Scintillant (Fisher, Fairlawn, NJ) and measuring
total decays with a liquid scintillation counter. In some of
the cases where solution-phase radioactivity at the end of
the experiment was substantially lower than at the beginning,
the supernatant was adjusted to pH 5 by adding concentrated
hydrochloricacid, and concentrations and radioactivity were
re-analyzed as described above.

Sequential extractions were performed with “C-labeled
TNT under anoxic conditions in 53-mL centrifuge vials. A
centrifuge vial containing 5 g of Peerless Fe? was filled with
deionized water and 0.2 mL of [*C]TNT stock solution
resulting in an initial concentration of 264 uM. After being
mixed for 24 h, the supernatant was removed and the Fe®
was washed once with methanol. 5 mL of the respective
solvent was then added to the Fe® mixed for 24 h, and
separated by centrifugation. The extraction solvents, in order
of application, were acetonitrile, NaOH (pH 11), EDTA (pH
11), HCI (pH 4), and EDTA (pH 3).

Results

Kinetic Experiments and Data Fitting. Concentration time
series collected from batch experiments (e.g., Figure 1)
showed that TNT is reduced to TAT with some of the known
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FIGURE 1. TNT disappearance, transient 2-HADNT, 2-ADNT, 24-
DANT, and 2,6-DANT, and TAT appearance in batch reactors with
TNT; =176 M and p,, = 50 g L~". Data for radioactivity in solution
from "“C-labeled TNT are plotted on the right axis (scaled so that
the calculated initial radioactivity corresponds to TNT,).

intermediates in this reaction sequence appearing briefly at
low concentrations. These results are consistent with previous
studies that have examined the reaction mechanism of nitro-
aromatic reduction (8) and the relative abundance of the
intermediate species (7). Points that fell below the detection
limit have been omitted from Figures 1—3 and from the fitting
described below.

Analyses performed after 24 h of reaction indicate that
TNT and all reactive intermediates were entirely consumed
and that TAT was a stable end-product. In a number of cases
(Figures 2 and 3), the final TAT concentration was significantly
less than the initial TNT concentration. Experiments with
radiolabeled TNT showed that the mass imbalance was not
due to products in the solution phase (cf., 1*C-labeled data
in Figure 1). This is consistent with the finding that reduction
products of nitro-aromatic compounds adsorb to the Fe®
surface (16). However, decreasing the pH to 5 by addition of
HCl at the end of an experiment did not release a significant
additional quantity of TAT, and serial extraction experiments
yielded only a few percent of the missing radio-activity (data
not shown). These results indicate that some of the reaction
products were irreversibly bound to the Fe® surface.

We found the kinetics of TNT disappearance to be
accurately described with a first-order rate law:

d[TNT
% = —knr[TNT] (1)

where krnr is the observed first-order rate constant. Pre-
liminary experiments with low py, (13 g of Fe® L™!, data not
shown) exhibited a steep initial drop followed by slower first-
order disappearance of TNT. This bimodal behavior is
consistent with mixed control of the kinetics by reversible
formation of a reactive surface complex (i.e., by mass
transport and/or adsorption) and irreversible surface trans-
formations (7). To minimize complications due to this
bimodal behavior and to achieve appreciable yields of TAT,
we chose to focus on relatively high pm, which produced
mass transport and/or sorption limited behavior.

The observed kinetics of TAT appearance could also be
described with a first-order rate law:

d[TAT]

—a4p = kuaTAT, exp(—kpy) )
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where krar is a first-order rate constant, TAT. is the
concentration of TAT at t+ — o, and TAT. exp(—krart)
represents the disappearance of a parent compound from
which TAT is produced. The TAT appearance data show only
a small amount of the positive concavity that is expected
during the early stages of a reaction that proceeds through
intermediate compounds. This suggests that the rate-limiting
process for TAT appearance is the disappearance of TNT.

We fit analytical solutions for the rate laws, obtained by
direct integration of eqs 1 and 2, to the TNT and TAT data
using Levenberg—Marquardt square error minimization (20).
In all cases, the total concentration (TNT, or TAT.,) and rate
constant (krnr or krat) where treated as fitting parameters.
Since TAT., did not always complete the mass balance, we
fit the TNT disappearance and TAT appearance kinetics as
independent processes so that TAT. need not equal TNT,
and krar need not equal krnt. The results are tabulated as
Supporting Information (Table S1), and some of the fitted
time courses are shown in Figures 2 and 3.

Effect of Initial Conditions. By performing batch experi-
ments with different Fe® concentrations (o) and initial TNT
concentrations (TNTy), we explored the effects of reaction
conditions on the kinetics of TNT reduction and on the
appearance of reduction products. Given the likely presence
of reduction products bound to the Fe° surface (7, 16, 21)
and the implications of this bound residue for long-term
reactivity of the Fe?, we designed our experiments to highlight
mass balance (i.e., TAT appearance).

Figure 2 shows the results of batch experiments at TNT,
=176 uM with p, = 17, 33, 50, and 100 g L™'. Consistent with
the surface mediated nature of the reaction, the rate of TNT
disappearance increases with pn,. TAT appearance, however,
responds to pn, in an unexpected fashion. TAT., is close to
zero for py, < 33 g L7! (Figure 2A) but increases to give nearly
complete mass balance at p, = 100 g L™! (Figure 2D). This
effect is inconsistent with simple partitioning of TAT onto
the Fe® surface because a larger surface area would sequester
more TAT, not less.

Figure 3 shows experiments performed at p,, = 50 g L ™!
with TNT, = 3.5, 35, 176, and 352 4M. The data in Figure 3
indicate that, in contrast to our previous findings (6), TNT
disappearance rates decreased only slightly with increasing
TNT,. The difference between this result and our previous
result is probably due to differences in the kinetic regime
under which the experiments were performed. The current
work was performed under mass transport or sorption limited
conditions, so we do not expect to see the influence of
accumulation of adsorbed products that we reported previ-
ously (6).

The data in Figure 3 indicate a nonlinear relationship
between TAT appearance and TNT,. TNT is mostly converted
to solution-phase TAT when TNT, < 35 uM (Figure 4A,B),
but a significant portion of the TNT is unaccounted for when
TNT, = 176 uM (Figure 4C,D). The same trend was observed
in batch data with p, = 17 g L™}, which gave TAT. ~ TNT,
only at TNT, = 3.5 uM and in batch data with p, =100 gL,
which gave TAT,, ~ TNT, for all cases except TNT, = 352 uM
(time courses for these experiments not shown).

The trend of decreasing mass balance with increasing
TNT, suggests that the capacity of Fe’ to produce TAT can
be overwhelmed by increasing TNT,. One explanation for
this could be passivation of the Fe® surface by TNT reduction
products, thereby preventing further reaction and causing
the accumulation of undetected intermediate species. Re-
spike experiments, however, indicated that, while some
passivation occurred, the Fe was still reactive toward TNT,
both in the sense of TNT disappearance and in the sense of
TAT appearance (data not shown). The processes that yield
incomplete mass balance must, therefore, produce stable
end-products and leave the Fe? at least partially reactive.
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Identification of processes that meet these criteria is the
principal subject of the remainder of this work.

Quantitative Analysis. Figures 4 and 5 depict, in graphical
form, the fitting results described above and tabulated in the
Supporting Information. The plot of krnr against pn, (Figure
4A) shows a linear relationship, as has been reported
previously for TNT (6) and many other contaminants (22,
23). The slope of this line gives the surface area normalized
rate constant, ksy = 2.03 & 0.10 x 1072 min~! m~2 L. This
value reflects the range of TNT, that were included in the
calculation, even though—as noted above—high TNT, ex-
periments produce slightly lower rate constants than low
TNT, experiments (probably due to the increased influence
of surface reaction kinetics for the high TNT, experiments).
The value of ksa reported here is about twice the value that
we have reported previously for Peerless Fe® (6, 15) but is
well within the range of ksa values that we reported previously
for similar types of Fe? and the range of ksa values for TNT
and Fe’ that have been reported by others (6, 15).

A plot of krar versus pn (Figure 4B) shows features that
cannot be explained on the basis of the standard theory for
surface mediated chemical kinetics. For each value of TNT),,
ferat ~ 0 at low py, but increases linearly at high pm. The slope
of the increase appears to decrease with increasing TNT,
and the p, beyond which krar increases linearly appears to
be larger for higher values of TNT,. A linear relationship
between krar and pm could arise if the rate of TAT appearance
is controlled by TNT disappearance. If this were the case,
however, the linear relationship would hold even at low py,
and the slope would be independent of TNT,.

Comparing krar to our fitted values of TAT., (Figure 4C)
reveals a relationship between these parameters. This could
either indicate that the processes causing TAT. to be less
than TNT, are occurring throughout the course of the
reaction, or simply, that the fitting parameters krar and TAT.,
are covariant. Of the two parameters, TAT. is more robust
because it is largely independent of modeling details (e.g.,
order of reaction); in fact, nearly identical TAT., values to
those found by first-order fitting could be obtained by taking

the average value of the last few TAT points in the relevant
time series. Therefore, we chose to analyze the variables
controlling TAT appearance (and the behavior of krar noted
above) using TAT., as the dependent variable rather than
kTAT-

Figure 5 shows TAT., plotted against p, and TNT,. TAT.
increases with respect to each of these variables, but in most
cases, TAT., appears to approach a horizontal asymptote
(which, if the slope is everywhere positive, is expected since
TAT. < TNT)). In the case of pr, (Figure 5A), the value of the
asymptote is TNT,, while for TNT, (Figure 5B) the asymptotic
value appears to be a function of p,. In general, to approach
a horizontal asymptote with positive slope, a function must
have negative concavity (i.e., curved downward). This feature
is apparent in the plot of TAT., versus TNT, (Figure 5B) but
is less apparent in the plot of TAT., versus pm (Figure 5A)
where the 176 and 352 uM data display mostly positive
concavity (i.e., curved upward), especially for py, <50 g L™
Since we expect the TAT., versus pn, curve to approach TNT,
as pm — 0, the curve must have an inflection point (i.e., a perit
below which little TAT is produced and above which nearly
all TNT is converted to TAT).

Both the positive slope of TAT., with respect to p, and the
negative concavity with respect to TNT, are inconsistent with
significant adsorption of nitro reduction products, in contrast
to previous suggestions (16). As noted above, adsorption
would be expected to produce 9TAT./dpm < 0, because
increasing the adsorbent concentration (i.e., pm) would
increase the amount of TAT that is adsorbed. At constant pm,
adsorption would be expected to produce dTAT../dTNT, >
0 (as is observed) because increasing TNT, would increase
the adsorbed concentration. Adsorption would, however,
produce TAT., versus TNT, profiles with zero concavity at
both low TNT, where a linear isotherm would be expected
and high TNT, where saturation of adsorption sites would
occur. Since, under an adsorption mechanism, the slope of
the low TNT, portion of the curve would be <1 while the
slope of the high TNT, region would be equal to 1, the
transition from linear adsorption to site saturation behavior
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would display positive concavity. This is in contrast to the
data in Figure 5B, which appear to possess a slope equal to
1 at low TNT, and a concave down transition to slope ~ 0
at high TNT,.

Scenarios Leading to Incomplete Mass Balance. To produce
the partial mass balances that we observed, there must be
reaction pathways that do not lead to TAT or reactions that
involve the transformation of TAT to undetected products.
These processes can be arranged into three scenarios:
branching, partitioning, and coupling (Scheme 2). INT
denotes a generic and/or lumped intermediate (which could
include the various intermediates shown in Scheme 1 as well
as TNT), and UNK represents undetected (unknown)
products—most likely residing on the Fe’ surface—that are
responsible for the incomplete mass balance that we often
observed. In the following analysis we employ the subscripts
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SCHEME 2
Branching

UNK

T Partitioning

TNT > INT — TAT[= UNK

\
UNK

Coupling

“Branch”, “Couple”, and “Partition” to denote the source of
aspecific UNK species. No subscript is used when a statement
applies to all three processes.

The branching scenario involves the formation of a
product (or products) from the milieu of intermediates that
(during the time course of our experiments) does not react
further to form TAT. To produce incomplete mass balance,
the branching reaction must be irreversible on the time scale
of our experiments. Physically, a branching reaction might
arise in this system due to coupling of nitroso intermediates
with hydroxylamino intermediates, forming a polymeric
substance that is likely to be sequestered on the Fe’ surface
29.

In the coupling scenario, TAT reacts with INT and, once
all the INT is gone, the reaction stops, leaving the remaining



TAT unreacted. This scenario could arise in a polymerization
reaction similar to that leading to a branching scenario but
with TAT as one of the reactants (8). The branching scenario
is formally a subset of the coupling scenario. However, since
the coupling scenario involves the added complexities
associated with a feedbackloop, we chose to analyze the two
as separate cases.

In the partitioning scenario, TAT undergoes further
reaction to form undetected species. The reaction, in this
scenario, must be reversible, otherwise TAT would disappear
entirely. Such a scenario could arise from the reversible
sorption of TAT to the Fe’ surface. Since we have already
noted that adsorption cannot explain all aspects of our data,
we have included the partitioning scenario mainly for
completeness. However, we note that other reversible
reactions involving TAT could exist, the character of which
we address later.

To define models for TAT appearance based on the three
scenarios represented in Scheme 2, we require that the
models conform to the following criteria, which derive from
our discussion of the trends represented in Figure 5:

JTAT,,
>0 3)
9P

82TAT°° =0 Pm = Perie
>\ 0 Pm = Perit 4)
apm <0 Py~ Perit

ITAT,, o .
>
9TNT, ~ ®)
9°TAT,,
< (6)
dTNT,

Rate equations can be developed for each of the regimes
shown in Scheme 2 by assuming reaction rates that are
proportional to the concentrations of the reacting species
(including, where appropriate, the reactive surface area).
Owing to their linearity, the rate equations produced by this
procedure do not meet the criteria of eqs 3—6. The goal of
the modeling analysis that follows is to determine what
modifications must be made to the standard rate equations
in order to satisfy the above criteria and, in particular, to
determine whether recourse must be made to factors that
are not explicitly depicted in Scheme 2 (e.g., effects of pH or
[Fe?*] in solution).

Branching. A model for the branching scenario can be
written by assuming that the rates of TAT and UNKganch
formation obey a power law in INT concentration with rate
constants that depend on pm (25—29):

d[INT
% =fTNTﬂINT([) - kTAT(Pm) [INT]mTAT B
kynk (o) [INT]™ONE (7)
d[TAT
% = lopar(pg) (INT] 78T ®
d[UNK ranci ] .
L “Branch’ = kuNK(pm) [INT]"™unk ©)

dt

where fint—int(f) is a generic function representing the
production of INT, k’s are rate constants, m’s are the orders
of reaction with respect to INT, and all concentrations are
initially zero. The parameter subscripts in eqs 7—9 correspond
to the product of the relevant reaction so that, for instance,
mrar is the INT reaction order for the INT — TAT reaction.

This notation is employed throughout the rest of the paper.
If we assume that mrar = muynk, we can derive a formula for
TAT., by integrating the ratio of the rate of TAT production
to the rate of UNKgranch production from = 0 to ¢ = o (details
given in the Supporting Information):

_ K(ppy)
TAT,, = TNTom (10)
m-

where « = krar/ kunk. Equation 10 satisfies eq 3 if and only
if 9k/dpm > 0 (proof given in Supporting Information),
implying that the rates of processes leading to TAT must
increase with py, faster than the rates of processes leading to
UNKGgranch. Equation 10 satisfies eq 4 if and only if 9%«/dpm?
> 0for0 < pm = perit, Where pgit is the inflection point in TAT.,
versus pm (Figure 5A). This implies that the concavity of krar
with respect to p, must be large as compared to the concavity
of kynk (proof given in Supporting Information).

Equation 10 is linear with respect to TNT, and, therefore,
does not satisfy eq 6. This is a result of the assumption, used
in deriving eq 10, that mrar = mnt. To see this, we assume
that finr—int(f) in eq 7 is a Dirac-0 style pulse (modulated
by TNT,) at t = 0 such that eq 7 becomes

d[INT
% = —kppr(om) INT)™™ = ki (o) [INT] ™% (1)

with the initial condition
[INT]—, = TNT, (12)

which is equivalent to assuming that the branching occurs
at TNT rather than at INT. Integrating eq 6 from =0 to ¢
= oo and substituting eq 11 on the right-hand side yields a
relationship for TAT. (details given in the Supporting
Information):

TNT, k(o)
TAT,, = ————dw 13
) k(pg) + W (9

where « = krar/ kunk, Am = mynk — Mmrar, and the dummy
variable (w) has been substituted for [INT]. Equation 13
reduces to eq 10 when muynk = mrar and satisfies eq 5 for all
Kk, mynk, and mrar. Equation 6 is satisfied if and only if mynx
> mrar (proof given in Supporting Information); therefore,
the rates of processes leading to UNKgranch must increase
with INT concentration faster than the rates of processes
leading to TAT.

Coupling. A model can be written for the coupling
scenario in a fashion similar to the branching scenario with
the addition of a TAT concentration dependence to the rate
of UNKcoyple formation:

d[INT] B
a JSinreint(® — kpap(py) INT] AT —
Vinrkunk(Om) [TAT]"™T[INT] "N (14)
d[TAT
% = Krar(pm) [INT]™™" —
Vrarkynk(Pm) [TAT]"T[INT] "N (15)
d[UNKgoupiel

= vunkunk(om) [TAT]" ™ [INT] 70N

dt (16)

where vrar, vint, and vynk are stoichiometric factors such
that
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vyt TV
TNT, = [TNT] + [TAT] + [INT] + %[UNKW@]
(17)

and nrar is the order of the coupling reaction with respect
to TAT. Setting nrar = 0 and viar = 0 gives the branching
model described above. In the case where mynk = mrar, an
equation for TAT. can be found by dividing eq 15 by eq 16
and integrating the result (details given in Supporting
Information):

TNT, — TAT,,

JITAT

fTATm w— dw (18)
VINT V1At O k(o) — VearW™
where « = krar/kunk and w has been substituted for [TAT].
Equation 18 satisfies eqs 3 and 4 if and only if 9x/9pm > 0 and
*c/9pm®> > 0 (proof given in Supporting Information).
Equation 18 satisfies eqs 5 and 6 for any nrar > 0. The coupling
model, therefore, has the same essential features with respect
to pm as the branching model but produces the observed
behavior with respect to TNT, without need for nonlinearity
in the INT reaction orders. The required nonlinearity is
supplied by the TAT term in the UNKc¢oyple formation rate,
indicating that both nonlinearity in the reaction order of
individual species and nonlinearity in the overall order of
reaction can give the behavior that we observed in Figure 5B.

Partitioning. We can derive a model for the partitioning
scenario by assuming equilibrium conditions between TAT
and UNKpariion With a partitioning coefficient («7!) that
depends on pm:

m MTAT

1 (m TAT) (TNT, — TAT,)"
_ \Mung

N TAT, " 19

()

mrarand myng are stoichiometric factors, and a mass balance
condition has been applied to obtain the right-hand side of
eq 19. In the absence of nonlinearity (i.e., mrar = munx), €q
19 reduces to the same form as eq 10:

K(p )l/m
TAT,, = TNT;————~ (20)
1+ k(py)

where m = mrar = mynk. As with the branching and coupling
scenarios, « can be interpreted as a ratio of rate constants,
k& = kunk—tat/ krar—unk. Equation 19 satisfies eqs 3 and 4 if
and only if dx/dpm > 0 and 9*%/dpm* > 0 (proof given in the
Supporting Information), indicating that the partitioning
reaction must be shifted toward TAT with increasing pm and
that the shift must be stronger (i.e., higher order) than linear.
Differentiation of eq 19 with respect to TNT, shows that the
partitioning model will satisfy eq 5 for any values of mrar and
muynk, but eq 6 will be satisfied if and only if muynk > mrar
(proof given in Supporting Information), indicating that
nonlinearity plays the same role for the partitioning scenario
as it does for the branching and coupling scenarios.
Fitting. We parametrized the models presented above by
nonlinear square error minimization using both a single
variable approach and a multivariate approach. In the single
variable approach, the TAT., versus pm data with the same
TNT, were fitted together, and in a separate exercise, the
TAT., vs TNT, data with the same p, were fit together. In the
multivariate approach, TAT. is treated as a function of both
pm and TNT,, and all TAT., data were treated together.
The TAT.. versus TNT, data (Figure 5B) were fit by treating
k(pm) as an adjustable parameter. To fit the TAT,, versus pm
data, however, the functional form of «(p,) must be assumed.
One way to interpret the dependence of the rate constants
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and partition coefficient on pp, is to treat Fe? surface sites as
reactants and, therefore, to assume that reaction rates obey
a power law with respect pm (28, 29):

K(pm) = K o™ @

where « = krar/ kunk (as in eq 10 but with the p,, dependence
factored out), AA = Atar — Aunk, and 4 is the order of each
reaction with respect to reactive surface area. The conditions
given above imply that, for each of the three models, AL >
1.

Under the power law assumption, a fitting equation can
be derived for TAT., versus pn (Figure 5A) from eq 10 for
branching:

AL
TAT, = TNTOLM (22)
1+ «pp,

To achieve the sharp increase in TAT., that we observed in
the data, it was necessary to set A/ to fairly large values (6.7
for 176 uM, 3.6 for 352 uM). Since Auynk = 0, this result indicates
that Arar must be significantly greater than 1. It is reasonable
to expect the INT — TAT reaction to depend on pp,, but values
of Arar > 1 are physically unrealistic. If we set Atar = 1 and
Arar =0, the model does not reproduce the positive concavity
and inflection point that are shown in Figure 5A. Adding
nonlinearity to the concentration dependence of the reaction
rates (i.e., by employing eq 13 or eq 18) does not significantly
decrease the value of A4 needed to replicate the TAT., versus
pm data. This is not surprising because the conditions that
were derived for «(pm) do not depend on the values of the
INT or TAT reaction orders.

Although the application of a power law expression
accurately reproduces the behavior of TAT. versus pm, the
values of the fitted parameters indicate that additional
chemical factors—factors indirectly influenced by pr,—must
be involved in determining the distribution of material
between TAT and UNKganch (0r UNKcouple). Since Arar = 1 is
consistent with our analysis, we hypothesize that, while the
rate of the INT — TAT reaction is adequately modeled with
a power law expression, the rate of the INT — UNKganch (Or
UNKcouple) Teaction depends on solution chemistry. Given
the acid/base-catalyzed nature of many polymerization
reactions (24, 30), it seems likely that pH may be influencing
TAT appearance, though we cannot rule out other factors
such as [Fe*"].

The character of the partitioning scenario can be inves-
tigated by deriving a fitting equation from eq 19 under a
power law assumption for the partition coefficient «~!. In
the case of mynk = mrar = 1, the fitting equation is identical
to eq 22; therefore, the fitting results for the branching
scenario also apply to the partitioning scenario. In this case,
the large values obtained for A4 imply that the reaction order
with respect to pm for the UNKpariion — TAT reaction is
significantly greater than that for the TAT — UNKoparition
reaction, which is the opposite of what would be expected
if adsorption of TAT to the Fe® surface was controlling TAT...
Modifying the pr, dependence to involve additional chemical
factors (as we suggested for the branching scenario) could
also be done for the adsorption model. Such a modification,
however, would have to be strong enough to overcome the
tendency for more material to adsorb to more adsorbent,
making the success of such a modification unlikely.

Equation 13 for branching, eq 18 for coupling, and eq 19
for partitioning can each be fit to the TAT., versus TNT, data
by treating « as an adjustable parameter. All three scenarios
were capable of fitting the data equally well. In each case,
the sharpness of the transition from TAT., = TNT, to a
horizontal asymptote increased with the degree of nonlin-



earity (i.e., Am = muynk — mrar in eqs 7—20 and/or nrar in
eq 18). The fitting results indicate a sharp transition (e.g.,
Am as large as 4.6 for eq 13), but the data are too sparse to
produce definitive information about the nature of this
transition. The existence of such a transition is, however,
clearly indicated by these data, and nonlinearity in the TAT
disappearance mechanism is sufficient for its description.

Since we expect that, for the branching and coupling
models, mpar = 1, the nonlinearity in INT reaction orders
indicates that the INT — UNKreactions are multi-molecular.
This is consistent with the interpretation of these reactions
as polymerization of the intermediates and/or TAT. At high
TNT,, the concentrations of the intermediates become large
and the rate of polymerization increases relative to the rate
of TAT production, leading to an overloading of the capacity
of the Fe® to produce TAT without completely passivating
the surface. In the context of the partitioning scenario, the
interpretation of Figure 5B and the required nonlinearity is
less clear. As noted above, the observed behavior is not
consistent with simple adsorption of TAT to the Fe® surface.
The nonlinearity could be rationalized by assuming that the
forward reaction (TAT — UNK) is multi-molecular, which
could arise if TAT undergoes a reversible coupling reaction
with itself.

In total, these results indicate that the processes control-
ling TAT appearance are a combination of coupling and
branching reactions with reaction rates that are sensitive to
solution conditions. Lumping these processes into a single
model would lead to eqs 14—17 for coupling, of which, eqs
7—9 for branching are a special case. Fitting eq 13 for
branching (with eq 21 substituted for «) to our TAT., data
with the multivariate approach shows that the branching
scenario is sufficient to describe all of our data. The
multivariate fitting results are shown in Figure 5. The fitted
parameters from the multivariate approach are consistent
with the results above that indicate significant nonlinearities
in both AZ and Am, which may be due to polymerization
reactions involving TAT and/or various reaction intermedi-
ates.

Implications for Scaling Passivation Kinetics. Aromatic
amines inhibit corrosion reactions both by competition for
active sites (31) and by polymer film formation (32) and,
therefore, the fate of TAT can be expected to effect the
longevity of Fe’-based remediation technologies. To inves-
tigate the implications of our results for surface passivation,
we can use our modeling results to show how the coverage
of surface sites will vary with both TNT, and pn. To do this,
we assume that UNK precipitates onto active sites to form
passive sites and that UNK precipitates onto passive sites
with no effect on the reactivity of the site.

Scheme 3
S, + UNK — S,
S, + UNK— S,

where Sa and Sp represent active and passive sites, respec-
tively. If the precipitation reactions are fast and occur with
equal probability (details given in Supporting Information):
[Spl
[STot]

TNT, — TAT,,
—_— (23)

=1-—exp|a
oo,

where [Sp] is the concentration of Sp (e.g., moles Sp per liter
of solution), [Srod is the concentration of total sites (= [Sa]
+ [Sp]), and a is a constant of proportionality between [Sto
and pn, (set to 1 in this work). [Sp]/[Stod can be interpreted
as the degree of reaction passivation, Kobs|:/ kobs|i=o. Figure 6
shows [Sp]/[Stod calculated from eq 23 with TAT., taken from
the multivariate fitting of eq 13 to the data in Figure 5. The
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FIGURE 6. Fraction of passivated surface based on Scheme 3 plotted
as a function of py, for each of the values of TNT, used in this study.

results indicate that significant passivation is likely when
TNTo/pm is large (i.e., the flat portion of the curves on the left
side of Figure 6) as is the case in most laboratory investigations
of passivation, while systems with small TNT,/pm would
passivate more slowly. The transition (with respect to both
pm and TNT,) between the two regimes is sharp, implying
that the rates of surface passivation found for respike batch
experiments (16) and laboratory column experiments (19,
33—35) will tend to overestimate the passivation rates that
apply to most field conditions.

Acknowledgments

This work was supported, in part, by the Strategic Environ-
mental Research and Development Program (SERDP, Projects
CU-1176 and CU-1232). This report has not been subject to
review by SERDP and therefore does not necessarily reflect
their views, and no official endorsement should be inferred.

Supporting Information Availahle

Fitting results, derivations, and proofs. This material is
available free of charge via the Internet at http://pubs.acs.org.

Literature Cited

(1) Tratnyek, P. G.; Scherer, M. M.; Johnson, T. J.; Matheson, L. J.
Permeable reactive barriers of iron and other zero-valent metals.
In Chemical Degradation Methods for Wastes and Pollutants:
Environmental and Industrial Applications; Tarr, M. A., Ed.;
Marcel Dekker: New York, 2003; pp 371—421.

(2) Nam, S.; Tratnyek, P. G. Reduction of azo dyes with zero-valent

iron. Water Res. 2000, 34, 1837—1845.

Scherer, M. M.; Johnson, K.; Westall, J. C.; Tratnyek, P. G. Mass

transport effects on the kinetics of nitrobenzene reduction by

iron metal. Environ. Sci. Technol. 2001, 35, 2804—2811.

Arnold, W. A; Ball, W. P,; Roberts, A. L. Polychlorinated ethane

reaction with zero-valent zinc: Pathways and rate control. J.

Contam. Hydrol. 1999, 40, 183—200.

Wang, J.; Farrell, J. Investigating the role of atomic hydrogen on

chloroethene reactions with iron using Tafel analysis and

electrochemical impedance spectroscopy. Environ. Sci. Technol.

2003, 37, 3891—3896.

Tratnyek, P. G.; Miehr, R.; Bandstra, J. Z. Groundwater Quality

2001: Third International Conference on Groundwater Quality,

Sheffield, UK; IAHS Press: 2002; Vol. 275, pp 427—433.

(7) Oh, S.-Y,; Cha, D. K,; Kim, B. J.; Chiu, P. C. Effect of adsorption
to elemental iron on the transformation of 2,4,6-trinitrotoluene
and hexahydro-1,3,5-trinitro-1,3,5-triazine in solution. Environ.
Toxicol. Chem. 2002, 21, 1384—1389.

(3

=

(4

fus?

(5

=

(6

=

VOL. 39, NO. 1, 2005 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 237



(8

9

(10)

an

(12)

(13

(14

(15)

(16

(17

(18

(19)

(20

(21

Agrawal, A.; Tratnyek, P. G. Reduction of nitro aromatic
compounds by zero-valent iron metal. Environ. Sci. Technol.
1996, 30, 153—160.

Lenke, H.; Achtnich, C.; Knackmuss, H.-J. Perspectives of
bioelimination of polyaromatic compounds. In Biodegradation
of Nitroaromatic Compounds and Explosives; Spain, J. C.,
Hughes, J. B., Knackmuss, H.-J., Eds.; Lewis: Boca Raton, FL,
2000; pp 91—126.

Wang, C.Y.; Zheng, D.; Hughes, J. B. Stability of hydroxylamino-
and amino-intermediates from reduction of 2,4,6-trinitrotolu-
ene, 2,4-dinitrotoluene, and 2,6-dinitrotoluene. Biotechnol. Lett.
2000, 22, 15—19.

Ahmad, F.; Hughes, J. B. Reactivity of partially reduced aryl-
hydroxylamine and nitrosoarene metabolites of 2,4,6-trinitro-
toluene (TNT) toward biomass and humic acids. Environ. Sci.
Technol. 2002, 36, 4370—4381.

Thorn, K. A,; Kennedy, K. R. "N NMR investigation of the covalent
binding of reduced TNT amines to soil humic acid, model
compounds, and lignocellulose. Environ Sci Technol 2002, 36,
3787—3796.

Burris, D. R.; Hatfield, K.; Wolfe, N. L. Laboratory experiments
with heterogeneous reactions in mixed porous media. J. Environ.
Eng. 1996, 122, 685—691.

Hung, H.-M.; Ling, F. H.; Hoffmann, M. R. Kinetics and
mechanism of the enhanced reductive degradation of ni-
trobenzene by elemental iron in the presence of ultrasound.
Environ. Sci. Technol. 2000, 34, 1758—1763.

Miehr, R.; Tratnyek, P. G.; Bandstra, J. Z.; Scherer, M. M.; Alowitz,
M.; Bylaska, E. J. The diversity of contaminant reduction
reactions by zero-valent iron: role of the reductate. Environ.
Sci. Technol. 2004, 38, 139—147.

Devlin, J. F.; Klausen, J.; Schwarzenbach, R. P. Kinetics of
nitroaromatic reduction on granular iron in recirculating batch
experiments. Environ. Sci. Technol. 1998, 32, 1941—1947.
Oh, S.-Y,; Cha, D. K;; Chiu, P. C. Graphite-mediated reduction
of 2,4-dinitrotoluene with elemental iron. Environ. Sci. Technol.
2002, 36, 2178—2184.

Jafarpour, Y.; Imhoff, P. T.; Chiu, P. C. Preprint Extended
Abstracts, Division of Environmental Chemistry, 225th National
Meeting, March 23—27, 2003, New Orleans, LA, American
Chemical Society; 2003; Vol. 43, No. 1, pp 638—640.

Miehr, R.; Bandstra, J. Z.; Po, R.; Tratnyek, P. G. Preprint Extended
Abstracts, Division of Environmental Chemistry, 225th National
Meeting, March 23—27, 2003, New Orleans, LA, American
Chemical Society; 2003; Vol. 43, No. 1, pp 644—648.

Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T.
Numerical Recipes in C. The Art of Scientific Computing;
Cambridge University: Cambridge, England, 1988.

Klausen, J.; Trober, S. P.; Haderlein, S. B.; Schwarzenbach, R.
P. Reduction of substituted nitrobenzenes by Fe(II) in aqueous

238 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 39, NO. 1, 2005

(22)

(23)

(24)
(25)
(26)
27)
(28)
(29)

(30)

B

(32)

(33)

(34)

(33)

mineral suspensions. Environ. Sci. Technol. 1995, 29, 2396—
2404.

Matheson, L. J.; Tratnyek, P. G. Reductive dehalogenation of
chlorinated methanes by iron metal. Environ. Sci. Technol. 1994,
28, 2045—2053.

Johnson, T. L.; Scherer, M. M.; Tratnyek, P. G. Kinetics of
halogenated organic compound degradation by iron metal.
Environ. Sci. Technol. 1996, 30, 2634—2640.

Zuman, P.; Shah, B. Addition, reduction, and oxidation reactions
of nitrosobenzene. Chem. Rev. 1994, 94, 1621—1641.

Moore, J. W.; Pearson, R. G. Kinetics and Mechanism; 3rd ed.;
Wiley: New York, 1981; p 455.

Hougen, O. A.; Watson, K. M. Solid catalysts and reaction rates.
Ind. Eng. Chem. 1943, 35, 529—541.

Hougen, O. A.; Watson, K. M. Chemical Process Principles; John
Wiley & Sons: New York, 1943.

Levenspiel, O. Chemical reaction engineering. Ind. Eng. Chem.
Res. 1999, 38, 4140—4143.

Levenspiel, O. Chemical Reaction Engineering, 2nd ed.; John
Wiley & Sons: New York, 1972.

Becker, A. R.; Sternson, L. A. General catalyzed condensation
of nitrosobenzene and phenylhydroxylamine in aqueous solu-
tion. J. Org. Chem. 1980, 45, 1708—1710.

Mann, C. A,; Lauer, B. E.; Hultin, C. T. Organic inhibitors of
corrosion: aromatic amines. Ind. Eng. Chem. 1936, 28, 1048—
1051.

DeBerry, D. W. Modification of the electrochemical and
corroision behavior of stainless steels with an electroactive
coating. J. Electrochem. Soc. 1985, 132, 1022—1026.

Johnson, R. L,; Tratnyek, P. G.; Miehr, R.; Thoms, B. B.; Bandstra,
J. Z. Reduction of hydraulic conductivity and reactivity in zero-
valent iron columns by oxygen and TNT. Ground Water Monit.
Rem. (in press).

Klausen, J.; Vikesland, P. J.; Kohn, T.; Burris, D. R.; Ball, W. P.;
Roberts, A. L. Longevity of granular iron in groundwater
treatment processes: solution composition effects on reduction
of organohalides and nitroaromatic compounds. Environ. Sci.
Technol. 2003, 37, 1208—1218.

Klausen, J.; Ranke, J.; Schwarzenbach, R. P. Influence of solution
composition and column aging on the reduction of nitroaro-
matic compounds by zero-valent iron. Chemosphere 2001, 44,
511-517.

Received for review June 9, 2004. Revised manuscript re-
ceived September 3, 2004. Accepted October 6, 2004.

ES049129P



