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Kinetics of reduction of TNT by iron metal
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Abstract Although it is well known that zero-valent iron (Fe®) rapidly reduces
nitro aromatic compounds (NACs) to aromatic amines, little kinetic or
mechanistic detail has been reported on the most environmentally-significant
NAC: 2,4,6-trimifrotoluene (TNT). This study provides quantitative kinetics
for TNT reduction by a range of reagent~ and construction-grade granufar
irons determined in well-mixed batch systems. A representative surface-area
normalized rate constant (ks,} for construction-grade Fe? is 0,050 1 m2 b-!, but
reagent-grade Fe® can be an order of magnitude more reactive.
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INTRODUCTION

Although research on the reduction of nitro aromatic compounds (NACs) to amines by
iron metal goes at least as far back as 1927 (Lyons & Smith, 1927), recognition that
this reaction might have relevance to remediation of environmental contaminants
did not occur until about 1994, several years afler Gillham’s invention of the Fel
permeable reactive barrier (FePRB) had become widely known te contaminant
hydrologists, All of the early work on remediation of NACs by iron metal {Agrawal &
Tramyek, 1994, 1996, Agrawal e/ al., 1995; Burris et af., 1996) focused on nitro-
benzene as a model compound. Those studies showed that reduction of NACs is fast,
and that the primary products are aromatic amines, with small amounts of the nitfroso
(and possibly hydroxylamino} intermediates.

Since then, research on nitro reduction by Fe® has begun to emphasize specific
environmental contaminants such as TNT and RDX (Hunda! er al., 1997; Singh ef al.,
1998, 1999; Wildman & Alvarez, 2001). As expected, TNT and RDX are rapidly
reduced by Fe® in batch tests, yielding a complex mixture of products. The character-
ization of these products has proven to be so challenging (e.g. MeGrath ef al., 1999)
that it has delayed the appearance of a thorough, quantitative study of the kinetics of
TNT reduction by Fe?. We recently initiated such a kinetic study, and the preliminary
results are reported here.

EXPERIMENTAL DETAILS

2,4,6-trinitrotoluene was obtained in high purily from ChemService, West Chester,
Pemnnsylvania, USA, and used as received. 2-amino-4,6-dinitroteluene and 4-amino-2,6-
dinitrotoluene were purchased from Sigma/Supelco, Bellefonte, Pennsylvania,
2,4-diamino-6-nitrotoluene, 2,6-diamino-4-nitrotoluene, and 2,4,6-riaminotoluene
trichloride were purchased from AccuStandard, New Haven, Connecticut, and used as


mailto:tratnyek@ese.oai.edu

428 P. G. Traiynek ef al.

received. The ten types of granular Fe? used in this study were Aldrich powder (Ald),
Fisher electrolytic powder (Felc), EM Science degreased filings (EMS), Fluka filings
(F1k), Baker chips (Bak), Fisher filings (Ffil}), Master Builders (MB), Peerless Powders
and Abrasives (PL), “improved” Peerless cast iron, and Connelly aggregate {CN). To
remove fines but minimize other changes, all metals were rinsed with de-ionized
water, then dried with acetone before use.

Batch experiments were conducted under anoxic conditions either in 40 m]l VOA
vials or 60 ml serum baottles, containing varying concentrations of iron and filled with
de-ionized water leaving no headspace. The bottles were spiked with 0.1 ml and
0.15 ml TNT stock solution, respectively, to get an initial concentration of 40 mg |-/
and subsequently mixed end-over-end on a rotary mixer at a moderate speed (20 rpm).
Approximately 2001l samples were collected from the vials, filtered through a
(.45 wm Nalgene 4 mm nylon filter (Fisher, Pittsburgh, Pennsylvania), and analysed
by HPLC.

Analysis by HPLC was performed with an Econosil C-18 column (length 250 mm,
inner diameter 4.6 mm; Alltech, Deerfield, llinois). Two mobile phases were used
during different portions of the experiments; for kinetics studies we preferred 45:55
acetonitrile/water and a flow rate of 1.0 ml min’, while product studies were more
successful with 50:50 methanol/water at a {low rate of 1.1 ml min-'. In all cases, TNT
and the products were monitored at 254 nm.

RESULTS
Products

In all cases, the batch data show rapid disappearance of TNT and transient appearance
of various degradation products (Fig. T). In general, the largest intermediate was an
unidentified peak (which is most likely to be one of the nitroso or hydroxylamine
intermediates for which we were not able to obtain siandards). Lesser amounts of the
aminodinitrotoluenes (ADNTS), diaminonitrotoluenes (DANTS), and other unknowns,
were also observed. The amount of product appearance was generally least with the
construction-grade iron samples (MB, PL, and CN). Long-term batch experiments (not
shown) showed that many of the products eventually disappeared, presumably duc to a
combination of further transformation and sequestration on the particle surfaces.

Kinetics

The kinetics of TNT disappearance turned out to be more complex than has generally
been observed in the batch experiments with other contaminants. Rather than fitting all
the disappearance data to a pseudo first-order kinetic model, as is usuvally done
(Johnson et al., 1996), we found that some experiments were best described as
transitional from zero-order to first-order, much like what was reported recently by
(Wiist er al., 1999) for trichloroethylene (TCE). The analysis is illustrated in Fig. 2.

For the purposes of this study, it is convenient to express our mixed-order kinetic
model for site saturation limited kinetics in terms that are commonly used for enzyme



Kinetics of reduction of TNT by iron metal 429

2.0x10° -

Peak Area

Time {min} Time {min}

Fig. 1 Selected results from batch experiments for removal of TNT {circles) by:
(a) reagent-grade Fluka iron, and (b} construction-grade Connelly iren. Products
observed include ADNT (both isomers. triangles) and DANT (beoth isomers, inverted
triangles), an carly-cluting unidentified product {squares), and other later-eluting
unidentified products (diamonds). These data correspond to experiment numbers 7 and
18 in Table I.
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Fig. 2 Kinetics of reduction of TNT by: {a) Fluka, and (b) Connelly iron. Progress
curves on finear (left) and log (right) axes are shown. Smooth curves reficet fits to the
mixed-order kinetic model. These data correspond to experiment numbers 7 and 18 in
Table 1.

catalysed reactions, as we have in several previous publications (Johnson ef af., 1996,
1998; Nam & Tratnyek, 2000). This model has usually been written as:
ac _ ¥,C
_8 (1)

At K, +C

where V,, is the maximum reaction rate and K, is the concentration of contaminant, C,
where —dC/dr = V,/2. Note that ¥, is equivalent to the rate constant for the zero-order
portion of the progress curve and that F, /K, approximates the rate-constant for the
first-order portion (represented by & and k,, respectively, in Wiist ef al. (1999)). To
apply this model, we used the bisection method (Press er al., 1988) to solve the
mtegrated form of equation (1) for C as a function of ¥, K, Ci, and #, and this result
was fit to experimental data by chi-square minimization. Details of the justification and
computations for this analysis will be presented elsewhere {(Miehr ef al, 2001;
Tratnyek et al., 2001).
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Table 1 Conditions and results of batch experiments with TNT and Fe".

Iron lron a, lron Solution  TNT C, Equil. Kinetic oo fess
type  (mPg!) mass{g) vol.(ml) (mgi")y (h made] {min~" (w2 hhy
Aid 0.0941 330 453.92 40 0 Mixed® 1.84e-2 |.48e-1
Ald (.0941 3.50 4392 40 0 Mixed 5.74e-2 4£.59e-1
Felc 1.27 4.00 43.88 40 0 Mixed® 1.74e-1 9.00e-2
Fele 1.27 6.00 43,67 40 0 Mixed® -- -

EMS  0.075 5.00 45.74 40 0 Mixed 3.84c-6 2.76¢-5
EMS  0.075 8.00 43.41 40 0 Mixed 2.16e-5 9.58¢-5
Fik 0.229 4.00 43.83 40 0 Mixed 577e-2 1.66e-1
Fik 0.229 5.00 4372 40 0 Mixed® 7.56e-2 1.73e-1
Bak 0.0401 4.00 43.88 40 0 Mixed 2.77e-3 4,55e-2
Bak 0.0401 6.00 43.67 40 0 Mixed 4.76e-2 5.19¢-1
Flil 4.09 0.50 4424 40 0 Mixed 2.34e-2 3.04e-2
Ftil 4.09 .50 4424 4G 0 Mixed 3.29e-2 4.27e-2
MB 1.45 0.50 44.23 40 0 Mixed? 7.25e-3 2.65¢-2
MB 1.45 0.50 4423 44 0 Mixed® 4.50¢-3 1.65e-2
PL 1.54 (.50 4423 40 1] Mixed 8.77e-3 3.02e-2
PL 1,54 0.50 44,23 40 0 Mixed 1.12e-2 3.88e-2
CN 4.94 0.50 44.23 40 0 Mixed 231e-2 2.48¢-2
CN 4.94 1.00 44.17 49 (] Mixed 8.57e-2 4.60e-2
PL2 1.54 0.75 59.90 40 164 First? 1.11e-3 3.45e3
PLA 1.54 0.75 59.90 40 211 First 1.89¢-4 5.89¢e-4
P2 1.54 0.75 59.90 40 24 First 5.03e-4 1.56e-3
PL? .54 2.00 59.73 40 24 First 1.69¢-2 1.96¢-2
pLo 1.54 2.90 59.61 20 24 First 1.54e-1 1.24e-1
pPia 1.54 2.90 59.61 40 24 First 5.70¢-2 4.57e-2
pLa 1.54 2.90 59.61 70 24 I¥irst 7.64e-3 6.12¢-3
pLa 1.54 3.73 5949 40 24 First 7.03e-2 4.34e-2
PEA 1.54 5.00 59.32 40 24 First 8.65e-2 4.00e-2
PL# 1.54 7.50 58.99 40 24 -d - d -d

pra 1.54 15.0 57.97 40 24 -d -.d -

! Special lot of “improved” iron aggregate provided by Peerless. For this material, we assumed that the
specific surface area and specific gravity was the same as for the conventional Fe® from Peerless.

* Excluded initia! data that were dominated by adsorption.
* Excluded initial data thal exhibited a lag phase.
Y Disappearance of TNT was too fast to measure.

For comparison with previously reported kinetic data, the results have been
reduced to surface area normalized rate constants, kg4, by equating V,/K ., with ks, and
dividing by the surface area concentration, p, (m? of Fe® per litre of solution}. Note
that normalization for surface area gives relatively small values of kgs for the Fel
samples that contain a large amount of iron oxide (MB, PL, CN, and Ffil) because the
iron oxide has a comparatively high specific surface area and low reaclivity,

The comparison presented in Fig. 3 shows that the values of ks, measured in this
study fall within the range of previously reported values for nitro aromatics {(TNT,
ATNQ,, 4CI-A1NO-, and parathion). It can also be seen that these compounds react
considerably more rapidly than most chlorinated hydrocarbons, including TCE and
vinyl chloride (VC). In general, highly reactive contaminants such as the NACs are
more prone to give mass transport limited kinctics. In fact, we have recently shown
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Fig. 3 Comparison of kg, from batch studies with TNT and eight types of iron (arrows
with italic labels) vs rate constants for other contaminants obtained from the lilerature.
This figure is adapted from Scherer et al. (2001), where the sources of all the data are
identified. New data are average values from experiment numbers 1-18 in Table 1.

that nitrobenzene (ArNO-) exhibits kinetics that reflect a mixture of reaction and mass
trangport effects, and that this has a variety of important implications for the design of
PRBs to treat such reactive contaminants (Scherer ef al., 2001). It appears that TNT is
comparable to ArNG; in reactivity, so we expect that some of the kinetic data reported
here (and previously by others) reflect at least some influence of mass transport.

Treatment effects

The most important design variable that can be used to influence k4 13 the amount of
Fe? exposed to the contaminant, or more precisely, the amount of Fef surface area per
unit volume of aqueous solution (Johnson et al., 1996; Tratnyek ef al., 1997). This
parameter (usually designated p,) is readily calculated from the mass, specific gravity,
and specific surface area of the Fe® used, and the total volumme of the reaction vessel.
As has been shown for many other contaminants, increasing p, causes a linear increase
in ks for TNT (Fig. 4(a)). The slope oblained by fitting such data gives a reliable
estimate of the surface area normalized rale constant, ks;, if all other experimental
variables are held constant. This was the case for the data represented in Fig. 4(a)
and regression of these data gave a slope from which we estimated kg, = 0.050 &
0.007 1 m= h'! for the Peerless iron metal used in these experiments. This sample of
Fe! was from a custom batch prepared by Peerless to give more rapid degradation of
chlorinated solvents. Superimposing the 4s: we obtained for this Fe? on Fig. 3 shows
that “improved” Peerless iron removed TNT more rapidly than other construction-
grade Fe® materials, but still more slowly than the high-purity reagent-grade Fel. The
enhanced reactivity could reflect improvements in the metal, but could also be due to
the 24 h “equilibration” time prior to addition of TNT. This step was added to our
procedure for experiment numbers 21-29 (Table 1) because it consistently produced
first-order, rather than mixed-order, disappearance kinetics. This phenomenon may
reflect activation of the surface as oxides arc reduced (QOdziemkowski et af., 1998), and
further investigation of such effects is clearly needed.
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Fig. 4 Effects of reaction variables on the rale constant for TNT reduction using
“improved” Peerless iron. (a) Reaction variable is the amounl of iron used,
P expressed as m- of iron surface area per ml of solution volume. The regregsion line
from thgse data has slope = 0.8 + 0.1, intercept = ~0.02 £ 0.01, and »~ = 0.95.
(b) Reaction variable is the initial concentration of TNT. These data correspond to
experiment aumbers 19-27 in Table 1.

Varying the initial concentration of TNT (at constant p,) gave a notable result:
both rates {not shown) and rate constants (Fig. 4(b)} decrease with increasing initial
concentration of TNT. These results are not consistent with the site saturation effects
that have been observed for many chlorinated solvents (Johnson er ad., 1998; Arnold &
Roberts, 1999; Wiist et al., 1999; Devlin ef /., 2000; Tratnyek ef af., 2001), but they
are consistent with inhibition by accumulation of adsorbed products of nitro reduction
(Devlin ¢t ai., 1998). This effect may also be responsible for the slower disappearance
ratc of TNT in one experiment where we re-spiked with TNT (experiment 20,
Table 1). In future work, we hope to develop a kinetic model for the disappearance of
TNT by Fe® that resolves adsorption, desorption, and reduction into independently
calibrated processes.
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