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Subsurface injection of nanoscale zerovalent iron (NZVI)
has been used for the in situ remediation of chlorinated
solvent plumes and DNAPL source zones. Due to the

cost of materials and placement, the efficacy of this approach
depends on the NZVI reactivity and longevity, selectivity
for the target contaminant relative to nonspecific corrosion
to yield H,, and access to the Fel in the particles. Both
the reaction pH and the age of the particles (i.e., Fe? content)
could affect NZVI reactivity and longevity. Here, the

rates of H, evolution and trichloroethene (TCE) reduction
are measured over the lifetime of the particles and at solution
pH ranging from 6.5 to 8.9. Crystalline reactive nanoscale
iron particles (RNIP) with different initial Fe® weight
percent (48%, 36%, 34%, 27%, and 9.6%) but similar specific
surface area were studied. At the equilibrium pH for a
Fe(OH)y/H,0 system (pH = 8.9), RNIP exhibited first-order
decay for Fe? corrosion (H, evolution) with respect to

Fe? content with a Fe? half-life time of 90—180 days. A stable
surface area-normalized TCE reduction rate constant 1.0
x 1073L-hr~"m~2 was observed after 20 days and remained
constant for 160 days, while the Fe® content of the
particles decreased by half, suggesting that TCE reduction
is zero-order with respect to the Fe? content of the
particle. Solution pH affected H, evolution and TCE reduction
to a different extent. Decreasing pH from 8.9 to 6.5
increased the H; evolution rate constant 27 fold from
0.008 to 0.22 day~', but the TCE dechlorination rate constant
only doubled. The dissimilarities between the reaction
orders of H, evolution and TCE dechlorination with respect
to both Fe® content and H™ concentration suggest that
different rate controlling steps are involved for the reduction
reactions.

Introduction

Nanoscale zerovalent iron (NZVI) effectively degrades a large
number of chlorinated organic groundwater contaminants
(1—6). The advantages of using NZVI include its high reactivity
with chlorinated organics and its potential to be delivered
in situ directly to the contaminant. NZVI has been proposed
for in situ remediation of dense nonaqueous phase liquid
(DNAPL) source zone (7—9) and chlorinated solvents plumes
(10, 11). When it is injected into a groundwater aquifer, the
time over which the particles remain reactive (lifetime) and
the rate at which they degrade the target contaminants during
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their lifetime (reactivity) will control the duration between
additional injections, if needed, and the site cleanup time.
The reactivity of NZVI during the course of its lifetime, and
the geochemical conditions (e.g., pH) that may control this,
has not been reported. Lifetime long observations of NZVI
reactivity will help to develop models for predicting its lifetime
and reactivity under field conditions.

The chemistry of dechlorination of chlorinated organics
such as trichloroethylene (TCE) by iron metal has been
extensively studied (12—15). Fe® can be oxidized by TCE or
by H*, which are competing reactions. The relevant half
reactions for TCE and H* reduction, and for iron oxidation
are given in eqs 1—4.

TCE + ne” + (n — 3)-H"— products + 3CI" (1)

H" +e —H — %HZ )

Fe** +2e” —Fe’ E, = -0.447V 3)

Fe,0, + 8H" + 8e” — 3Fe’ + 4H,0
E,” = —0.085 — 0.0591-pH V (4)

The values of n depend on the products formed (4). Oxidation
of Fe® to Fe?* (eq 3) is most often assumed (2, 3, 12—15).
However, the Fe®/Fe;0,4 couple is more thermodynamically
favorable than Fe®/Fe?" at pH above 6.1 (16). Recent evidence
suggests that the oxide film formed at the Fe’/Fe-oxide
interface is magnetite under groundwater conditions, with
maghemite (Fe;03) existing at the Fe-oxide/water interface
(17—19). Further, magnetite and maghemite were the only
oxide phases found in crystalline NZVI particles (Toda Kogyo
Corp., Japan) before and after exposure to H,O or TCE/H,0
solutions (5). Fe’ oxidation to magnetite (eq 4) provides an
additional 2/; mole of electrons per mole of Fe’ oxidized
compared to oxidation to Fe*" (eq 3). For TCE remediation
by crystalline NZVI that cannot activate and use dihydrogen,
TCE dechlorination (eq 1) is the desired reaction, and the
efficiency depends on the rate of TCE dechlorination relative
to nonspecific corrosion to yield H, (eq 2). H, evolution can
be significant. For instance, H, evolution was reported to
account for >80% of Fe® utilization at all TCE concentrations
for granular iron in column studies (20). Both the solution
pH (egs 1 and 2) and the Fe® content of the particles (eqs 3
and 4) may affect the rate of H, evolution and TCE reduction.
The pH effects on the reactivity of micrometer-scale iron
filings and nanoscale iron for reductive dechlorination have
been investigated (6, 13, 21—24). For amorphous NZVI
synthesized by reduction of dissolved iron using NaBH, (aq),
alinear decrease of the reaction rate constant for chlorinated
ethanes over a pH range 6.5—9.0 was observed (6). Similar
pH effects for crystalline NZVI are expected but have not
been reported. A mechanistic explanation of the pH effect
on the dechlorination reaction is not available.
Thelongevity and long-term performance (effect of aging)
of micrometer-sized iron filings have been investigated.
Column studies (15, 25) showed a significant decline in the
dechlorination reactivity over several years and published
data by Klausen et al. (25) suggest an exponential decay of
the TCE reaction rate constant over 3 years. The decline was
attributed to an increase in the mass transfer resistance of
contaminants due to insoluble Fe-oxides and Fe-(oxy)-
hydroxides formed on particle surface, or to porosity loss
and decreased access to iron particles in the column. In
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contrast, long-term batch studies on the corrosion behavior
of micrometer-scale iron filings in unbuffered water reported
a constant (zero-order) H, corrosion rate over a 125—160
day period suggesting that the iron corrosion rate, hence
reactivity, is not changing as the iron ages (26, 27).

NZVI and its application for groundwater remediation
differ from micrometer-sized iron fillings and its application
in two ways. First, NZVI is not used in a permeable reactive
barrier (PRB) where the iron mass ratio is typically is 10—50
wt % and the pH of the surrounding fluid is buffered at a pH
of 8—9 by the Fe(OH),/H,0 (or Fe304/H,0) equilibrium. NZVI
is typically injected to provide only 0.2—0.5 wt % (pore water
basis) so will likely be subject to corrosion at the prevailing
near neutral soil pH (7). Second, the particles are small (<100
nm) and significant changes in the Fe’ content of the particles
are expected in a short time. Thus, the iron longevity data
and mathematical models used to predict iron lifetime under
PRB conditions may not be applicable to NZVI.

The small size and high reactivity of NZVI (thus high Fe°
utilization rate) make it possible to evaluate the rate of H,
evolution and TCE dechlorination over the lifetime of the
NZVI in a reasonable period of time. Schrick et al. estimated
a lifetime of 300 days of bimetallic Ni/Fe nanoparticles
assuming zero-order H, production (28). At pH 8—9, complete
oxidation of Fe® in highly disordered NZVI to form H, was
observed in just two weeks (4), while crystalline NZVI lasted
for up to a year (3). The corrosion rate and lifetime of
crystalline NZVI at environmentally relevant pH values from
6.5—8 have not been investigated.

The objectives of this study are to determine the H,
evolution and TCE dechlorination reaction rate and order
with respect to the Fe® content and solution pH. Crystalline
NZVI particles with different Fe’ content were obtained by
drying particles taken from a slurry after different exposure
times. The specific surface area and Fe content of the
particles were determined by Brunauer—Emmett—Teller
(BET) adsorption/desorption method and acid digestion,
respectively. The rate of H, evolution and TCE dechlorination
afforded over the lifetime of the particles was measured. To
determine the reaction order with respect to Fe?, the reactivity
of NZVI having different Fe® contents was determined at a
fixed pH. To determine the reaction order with respect to
solution pH, the reactivity of NZVI having the same Fe®
content was measured at different solution pH. The rate
controlling steps for TCE reduction and H, evolution by NZVI
are postulated based on the observed reaction rates and
orders.

Materials and Methods

Chemicals. TCE (99.5+%), cis-1,2-dichloroethylene(c-DCE)
(98%), trans-1,2-dichloroethylene(t-DCE) (98%), and 1,1-
dichloroethylene(1,1-DCE) (99%) were from Aldrich. A
biological buffer 4-(2-hydroxyethyl)piperazine-1-ethansul-
fonic acid (HEPES, 99%) was from ACROS. Methanol
(histological grade) was from Acros. Olefin standards (1000
ppm of ethylene, propene, butene, pentene, hexene), paraffin
standards (1020 ppm of methane, ethane, propane, butane,
pentane, hexane), acetylene (1000 ppm and 1%), ethylene
(1%), ethane (1%), vinyl chloride (VC) (10 ppm), and hydrogen
(1.08%) were from Alltech. The balance of each gas standard
was N, and all reported concentrations are £2% of the
reported concentration. Ultrahigh purity argon, hydrogen
(5.18%), and N, were from Butler Gas products (Pittsburgh,
PA).

Particle Preparation and Characterization. The NZVI
used here was reactive nanoscale iron particles (RNIP)
supplied by Toda Kogyo Corp., Japan. Particles were shipped
and stored in 300 g/L aqueous slurry (pH > 10.6) under
anaerobic conditions. Particles were removed from the slurry
at different times over a 2-year period and dried after
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methanol washing (glovebox airlock vacuum, 22 °C) or
without washing (oven 105 °C in N, at 1 atm). Methanol
washing and drying was faster than drying the aqueous slurry
directly, but there were no differences in particle reactivity
from these two methods. Removing particles at different times
provided samples with different Fe® content. Dried particles
were stored in a glovebox (argon). The N, BET-specific surface
area was measured using a Tristar 3000 (Micromeritics) BET-
surface area analyzer. The Fe® content of each sample was
determined using acid digestion followed by H, quantifica-
tion, as described previously (3). Acid digestion in 1 M HCl
for 20 days was sufficient to ensure complete dissolution of
the particles.

Batch Reactions. Batch experiments were conducted in
160 mL serum bottles capped by Teflon Mininert valves. Each
contained 100 mL of deoxygenated water, 60 mL of head-
space, and a weighed mass of RNIP. All reactors were prepared
in the anaerobic glovebox so the reactor headspace was
initially filled with argon. A saturated TCE solution (1100
mg/L) was added to provide the desired initial TCE con-
centration. The reactors were rotated on an end-over-end
rotator at 30 rpm at 23 + 2 °C. All reactions were run with
excess iron (TCE concentration ~0.04 mM and Fe® > 0.86
mM). In control experiments without RNIP, it was demon-
strated that TCE loss by mechanisms other than degradation
by Fe’ was negligible (e.g., photodegradation, adsorption,
leakage). Mass transfer resistance at the vapor/liquid interface
was not considered as these phases are assumed to be in
equilibrium.

In reactors without buffer, the solution pH was titrated
to 8.9 (the stable pH in NZVI/H,O0 system, refer to Figure SI-1
in the Supporting Information) using 10 mM NaOH prior to
adding RNIP. After adding RNIP (total particle mass 2 g/L),
the reactors were equilibrated 30 min before adding TCE.
For long-term studies (~8 months), the reactivity of RNIP
with TCE was determined periodically by spiking TCE and
monitoring its disappearance and reaction products formed.
Before each new TCE spike, the H, concentration in the
reactor headspace was measured by GC/TCD and then
purged with argon. The Fe’ content of RNIP at each re-spike
was calculated from the H, produced and TCE degraded
assuming Fe® — Fe;0,.

To evaluate the effect of pH on H, production and TCE
reaction rate, 50mM HEPES buffer (pK, = 7.5) was used for
pH control. In total, six pH values were evaluated; 6.5, 7, 7.5,
8,8.5,and 8.9. Each reactor was titrated by adding 1 M NaOH
toreach the target pH + 0.02 pH units. The final pH of reactors
after reaction for pH 6.5 and 7.0 was 6.5 and 7.05 indicating
that 50mM HEPES provided effective pH control for the
conditions in this study.

Analytical. A 100 uL headspace sample was withdrawn
from reactors and analyzed for TCE and its products using
a 30 m GSQ PLOT capillary column on a HP 6890 GC/FID
or H, using GC/TCD as described in ref 3. The H; evolution
rates and TCE transformation rates of NZVI were evaluated
using a kinetic modeling software package, Scientist, v.2.01
(Micromath, St. Louis, MO). For TCE kinetics, the loss of TCE
and formation of products were fit concurrently. Reaction
pathways previously proposed for RNIP (4) were used. Errors
reported for the observed reaction rate constants are 95%
confidence intervals for the data fits.

H; Evolution and TCE Dechlorination Model at Low TCE
Concentration. Ignoring competition for reactive sites, a
simple mathematical model is hypothesized for H, evolution,
TCE reduction, and Fe® loss. RNIP (~100 nm) has a core/
shell structure (4, 5), where the core is Fe® and the shell is
magnetite/maghemite (18). During iron oxidation by TCE or
H*, the Fe® core shrinks while the Fe-oxide shell becomes
thicker (no significant particle size change was observed after
30 days of reaction and >50% Fe° loss (4)). Assuming



reduction of H" or TCE at the oxide surface, it is reasonable
to hypothesize that the reaction rate of TCE and H* will be
a function of the particle surface area, Fe content, and the
solution H* concentration (pH).

dH,

—_— . . 0 a- + b
ai ky,*[SA]-[Fe"]"[H] 5

dcC
T = ~krcw Crog [SAI[FeT[H' (6)

In eqs 5—6, ku2 is the H; evolution rate constant and krcg is
the TCE reaction rate constant, [Fe?] is the particle Fe® content,
[H*] is the H" concentration, and [SA] is the surface area
concentration (m?/g), Crcg is TCE concentration, and a and
b and x and y are the reaction orders with respect to Fe®
content and H* concentration for H, evolution and TCE
reduction, respectively. In a system containing only TCE and
H* as potential oxidants, and assuming that Fe® is oxidized
to Fe304, the Fe® content of the particles can be determined
according to the reaction stoichiometry, where 7 is defined
ineq 1.

0
B 3 ISAN R H 1

%nkm-cmf[SA]-[Fe"]x-[HW (7)

Results and Discussion

Particle Characterization. The RNIP Fe® content ranged from
48 £ 0.2 wt % for the freshest particles (19 days in slurry prior
to drying) to 9.6 + 0.4 wt % for the most oxidized particles
(210 days in slurry prior to drying). For convenience, RNIP
is designated according to its Fe® content, e.g., Fe48% contains
48 wt % Fe® prior to reaction. The N, BET specific surface
area for all of the samples were 10 &+ 2 m?/g, even though
they had been exposed to water for times ranging from a few
days to a few months. This suggests that the particle surfaces
are not changing significantly during oxidation in water and
is consistent with the hypothesized model that the Fe® core
shrinks while the magnetite shell grows at the Fe’/Fe;04
interface. All reported TCE reaction rate constants are
normalized by the measured N, BET specific surface area of
10 m?/g.

Fe’ Decay and H, Evolution Rate and Reaction Order
with Respect to Fe® Content. The Fe® content of RNIP as a
function of time in a concentrated (300 g/L) slurry at pH 10.6
is shown in Figure 1a. Freshly made particles are designed
to have ~70 wt % Fe? and ~30 wt % Fe;0,4. The Fe® content
decreased exponentially over 2 years of exposure to water
with kobs, reo = 6.0 = 2.1 x 1073 day~!. This corresponds to
a Fe? half-life time of 90—180 days in solution at pH 10.6.
Note that removing the last point (¢t = 730 days) does not
significantly affect the fit (kobs, reo = 6.0 & 2.3 x 1073 day!
over the 200 day period).

In the absence of oxidants other than H*, the rate of the
Fe’ content change can also be determined from the H,
evolved due to iron corrosion in water assuming Fe? — Fe;0,.

dFe’] _ 3 dlHy
dc 4 dr

8)

A pseudo-first-order rate of H, evolution from Fe27% was
observed over a 280-day period (Figure 1b). This simple model
slightly underestimates H, evolution in the early times and
slightly overestimates H, evolution at later times, suggesting
that the rate slows somewhat as the particles age. The reaction
rate constant kops e = 3.1 = 1.8 x 1072 day ! and the half-life
time ranged from 140 to 530 days. This is contrary to prior
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FIGURE 1. (a) Fe® content of RNIP removed from the aqueous slurry
(300 g/L) at different times. The curve represents first-order data fit
(Kobs = 0.0060 1/day, » = 0.927). (b) H, production from 500 mg/L
Fe27% RNIP; data are from duplicate reactors. The curve represents
the first-order data fit (kopsy2 = 0.0031 1/day, 2 = 0.972).

reports of constant (zero order) H, evolution rates from
micrometer-sized iron filings measured over similar time
periods (26, 28). The disparity between RNIP and iron fillings
is likely due to their different particle size. For iron fillings,
there is excess Fe’ and the Fe® content of the particles is not
changing appreciably during the measurements. For RNIP,
the Fe® content is changing over the course of the measure-
ment. To further verify the assumption of first-order H,
evolution with respect to Fe’ content, H, evolution from RNIP
with different initial Fe® content was measured under the
same conditions as for Fe27%, but for a shorter time (22
days). The initial H, evolution rate was proportional to the
initial Fe® content (Figure SI-2, Supporting Information),
supporting the first-order reaction for H, evolution with
respect to Fe® content (@ = 1 in eq 5).

TCE Reaction Rate and Order with Respect to Fe’
Content. To determine the effect of aging (Fe® content) on
RNIP reactivity with TCE, the TCE dechlorination rate was
measured periodically while RNIP aged in water for 230 days.
The TCE reduction rate was determined 8 or 9 times during
the 230 day period by spiking TCE (0.04 mM) and monitoring
its degradation over a 3—4 day period. A carbon mass balance
of 90—110% was obtained for each spike. Typical data for
TCE dechlorination are provided in the Supporting Informa-
tion (Figure SI-3). The Fe content at each spike was calculated
from the H, that had evolved and TCE that had degraded up
to that point. The Fe® content and kops, rcr values for Fe48%
and Fe9.6% are plotted in Figure 2a. Fe36% and Fe34% were
not included for clarity, but these showed similar behavior
and are provided in Supporting Information Figure SI-4.

In all cases, there was a significant decrease in the observed
TCE reaction rate constants during the first 7—10 days, e.g.,
kobs,rce for Fe48% decreased from 6.2 x 103L-hr '*m~2to 1.0
x 1073L-hr~!m~2 after 10 days, followed by a constant or
slightly increasing rate constant during which time the Fe®
content of the particles decreased by ~40%. For Fe9.6%,
reactivity with TCE and H, evolution ceased after 170 days
when the Fe® content reached ~4.6%. Focusing on the long
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FIGURE 2. (a) Fe? content and surface area normalized TCE reaction
rate constants (kous, Tce, L hr=' m~2) over the lifetime of Fe48% and
Fe9.6% without buffer (initial pH 8.9, final pH 6.9—7.6). RNIP
concentration is 2 g/L. Filled symbols are Fe? content and open
symbols are surface area normalized observed reaction rate
constants (kobstce). Points labeled at t = 3 and 7 days were
equilibrated without TCE prior to determining kobstce. (b) The TCE
reaction rate constants (Kops, tce) for each Fe? content measured at
20 days when the transient period has ended. Lines in Figure 2 are
interpolated (not fit) and only meant to guide the eye.

term behavior (¢ > 10 days), these results suggest the
following. First, kobstce is not decreasing appreciably as the
Fe’ content of RNIP decreases during aging in water. The
moderate increase in kops over the 7 month period is due to
a decrease in the reactor pH from 8.9 initially to 6.9 at t =
170 days for Fe9.6% (and from 8.9 to 7.6 at 230 days for
Fe48%) due to the reduction of TCE and formation of HCL
(The pH effect on kops 1k is discussed below). Second, RNIP
continues to degrade TCE until the Fe? content reaches <5%
indicating that nearly all of the Fe® is utilized. The relatively
constant kops,rce over the life of the particles suggests that the
reaction with TCE is essentially zero order with respect to
Fel. Further evidence supporting the conclusion that the
TCE reaction is zero-order with respect to Fe® content is that
the reaction rate constants for RNIP at day 20 with presumably
similar solution pHs are nearly the same regardless of the
Fe’ content (Figure 2b).

Even though the long term behavior of RNIP is the most
relevant for field application, the transient behavior at ¢ <
10 days merits some attention. The rapid decline in kobsrce
over the first 10 days appears to be due to particle equilibra-
tion with water rather than to exposure to TCE. The kobs tce
for RNIP Fe48% that had been exposed to water (without
TCE) for 3 and 7 days prior to reactivity testing followed the
trend of gradually decreasing rate constants (Figure 2a). One
possible explanation for the transient behavior is that highly
reactive defects (pits and cracks) may have formed on surface
of the particles during drying (29). TCE reduction reactions
occurring at the defects (pits and cracks) are faster than
through the magnetite shell (30, 31). Once the reactivity of
these defect sites decreases due to corrosion and formation
of the magnetite shell, the TCE reaction rate constant
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FIGURE 3. (a) H; evolution from 300 mg/L Fe9.6% at different pH in
50 mM HEPES buffer. The curves represent the pseudo-first-order
fit of H; evolution in the first 13 days at each pH. (b) Log of the H,
evolution rate constant (Kobs, n2kiiz[SA]-[H*1Y) vs pH. Line is linear
fit of the data below pH 8.5, with a slope —1.03 and regression 7
0.974.

stabilizes for the remainder of the life of the particle. This is
corroborated by the similarity between the stable reaction
rate constants observed after the transient period for dried
particles (0.7—2.1 x 107 L-hr~!'m~?), and those for RNIP
taken directly from a slurry that had not been dried (1.8—3.5
x 107 L-hr~'-m™2).

H; Evolution Rate and Reaction Order with Respect to
[H*]. The H; evolution from Fe9.6% at different pH (6.5, 7.0,
7.5, 8.0, 8.5, and 8.9) was measured over 50 days (Figure 3a).
At pH 8.9, HEPES buffer (50mM) used to control pH did not
affect the H, evolution rate relative to that measured at pH
8.9 without HEPES (data not shown) so the buffer effect, if
any, is assumed to be small. The H, evolution was pseudo-
first-order with respect to Fe® content and the rate increased
with decreasing pH between pH 6.5—8.0, butincreases above
pH 8 had little effect. In each case, the % recovery is calculated
assuming Fe? — Fe;0,. For pH 6.5 and 7.0 (Figure 3a), enough
time had elapsed to allow complete oxidation of the Fe® in
RNIP. The difference between the recovery at pH 6.5 and 7.0
(~100% at pH 6.5, ~85% recovery at pH 7) suggests that
different Fe-oxide phases (e.g., Fe;O, or green rust (17—19))
may be forming at different pHs. A closer examination of the
Fe-oxides formed as a function of pH is warranted given its
potential impact on the reducing power of NZVI, but is outside
of the scope of the present study, and this uncertainty does
not change the conclusions of this study.

A pseudo-first-order fit of H, evolution is shown in Figure
3a. After 13 days, the Fe’ was completely consumed at pH
6.5 so the fits were made based on data collected in the first
13 days in order to compare the initial rates for each pH. The
log kobs 12 vs pH is shown in Figure 3b. Using values between
pH 6.5—8.0 where pH had an effect on the H, evolution rate
constant, the coefficient b in eq 5 is 1.03, indicating first-
order H, production with respect to [H*] over the pH range
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FIGURE 4. (a) TCE reaction rate constant (Kops, cekrces[SAl-[HT1Y) for
500 mg/L Fe9.6% at different pH in 50 mM HEPES buffer. Lines are
pseudo-first-order fit for TCE loss at each pH. (b) TCE reaction rate
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0.16 and regression £ 0.990.

observed at most groundwater sites (pH 6.5—8). The shift
from first-order with respect to [H*] to zero order at pH >
8 is unclear, but suggests that H* is no longer involved in the
rate controlling step for H, evolution at pH > 8.

TCE Reaction Rate and Order with Respect to [H']. TCE
degradation by Fe9.6% was measured at pH 6.5, 7.0, 7.5, 8.0,
8.5,and 8.9 (Figure 4a). Decreasing pH from 8.9 to 6.5 resulted
in a doubling of the observed TCE reaction rate constant,
which is an order of magnitude less than the increase for k.
over the same pH range. A linear relationship between the
logarithm of reaction rate constant and pH was obtained
(Figure 4b). A coefficient y=0.16 (R*=0.9898) in eq 6 indicates
a weak dependence on pH and that H* is not a dominant
part of the rate-limiting step of TCE dechlorination by RNIP.
This is consistent with that reported by Matheson and
Tratnyek (1994) for carbon tetrachloride dechlorination by
micrometer-sized iron filings (13), and suggests that RNIP
behaves similarly to micrometer-scale iron filings. And the
result is consistent with Song and Carraway (2005) who
reported that the rate constants for reduction of chlorinated
ethanes by NaBH, synthesized NZVI varied less than an order
of magnitude from pH 9.0 to 6.5 (6).

Mechanistic Understanding of the Different Reaction
Orders for the H; Evolution and TCE Reduction Reactions.
Based on the results of this study, between pH 6.5 and 8, H,
evolution by RNIP is pseudo-first-order with respect to both
the Fe’ content and [H'] (@ = b = 1 in eq 5), while TCE
reduction by RNIP is near zero order with respect to the Fe®
content, and of order 0.16 with respect to [H*] (x~ 0 and y
= 0.16 in eq 6). The difference between the reaction orders
for H, evolution and TCE dechlorination with respect to Fe®
content and [H*] can be attributed to differences in the rate
controlling steps for each reaction. Both H, evolution and
TCE reduction require protons (H atoms) and electrons. It
is reasonable to assume that the availability of electrons is

proportional to the Fe® content of RNIP. H, evolution is
represented by eq 10, where protons and electrons (Fe?) are
required to form adsorbed H atoms (k). Two adsorbed H
atoms can combine to form H, (k,).

k k.
2Fe + 2H" +2¢ — 2Fe — H' —2Fe + H, (10)

For H; evolution the first-order dependence on Fe® content
and H" indicates that k, > k; and that formation of adsorbed
H species is the rate controlling step for H, evolution. This
agrees with published reports for hydrogen evolution at near
neutral pH where k; has been shown to be the rate controlling
step (32, 33). TCE reduction requires that TCE adsorb to the
iron surface, and that TCE reduction occur via direct electron
transfer or via adsorbed H. Both reduction mechanisms would
be a function of the availability of electrons, i.e., Fe content.
Reduction by adsorbed H would also be a function of pH.
The weak dependence of the TCE dechlorination rate on
both Fe’ content and H* implies that chemical or physical
factors other than electron transfer are controlling the rate
of TCE reduction.

Implication for In Situ NZVI Application. The corrosion
rate of the Fe? in NZVI is an important consideration for
storage, shipping, and the reducing power of the NZVI
injected into the ground. Even at high pH > 10, there is a
slow decay of the Fe? in the particles. Based on the results
of this study, changes in the Fe® content will not appreciably
change its reactivity with the target contaminant such as
TCE, butit will have less reducing capacity than fresh particles
with higher Fe® content and should be considered in the
economics of NZVI application. The accumulation of pres-
surized H, in sealed containers over extended times may
pose potential explosion risk. The storage and transport of
concentrated NZVI suspensions in nonreactive solvents, e.g.,
polyethylene glycol, followed by dilution with H»O just prior
to injection should be considered if other properties such as
dispersion stability are not adversely affected.

The high buffer capacity of most soil implies that there
will be little pH change with a typical injection amount of
NZVI (<0.5%, (7)). The rapid H; evolution observed at neutral
pH will greatly affect the lifetime of NZVI, and may
significantly affect the NZVI dose needed to achieve reme-
diation goals. This is especially true if NZVI is used for plume
treatment where target contaminant concentrations are low,
and if the evolved H, cannot be utilized downgradient by
microorganisms that can also degrade the target contami-
nant. At neutral pH, the reduction capacity of NZVI would
be utilized in just a few weeks, and additional injections would
be needed compared to application where pH is 8.0 or greater.
Ensuring that NZVIis injected at or very near the source area
where contaminant concentrations are high (>10 mg/L for
TCE) may help mitigate this problem as increased contami-
nant concentrations have been shown to reduce the amount
of H, evolved (3, 4).

The consistent H, evolution from RNIP over its lifetime
implies the potential for enhanced bioremediation for TCE
removal by acting as long-term H, source. H, is the preferred
electron donor for microorganisms that biodegrade chlori-
nated solvents (34). Based on the H; evolution rates deter-
mined in this study, an injected amount yielding 0.5 wt %
(the upper application dose) RNIP to uncontaminated soil,
i.e., no oxidants other than H*, the H, evolved in the injection
area could exceed the solubility of H, (~800 uM at STP) and
outgas. In addition, the H, concentration in the treatment
zone, and for a distance downgradient of 3—5 times the length
of the treatment zone would be substantially higher than is
optimal for dehalorespiring bacteria which would participate
in the degradation of TCE (35) (model assumptions and
results provided in the Supporting Information). However,
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inhibited H, evolution from RNIP due to the presence of
high concentration TCE (DNAPL) (4) or other competing
oxidants (e.g., NOs;~) may provide a much lower steady-state
H, concentration that is suitable for biodegradation of
dissolved TCE near or downgradient from the source zone.
The potential for combining in situ abiotic remediation of
the source zone with enhanced bioremediation of the down-
gradient plume may be possible and could further increase
the attractiveness of NAVI as a DNAPL source-zone treatment
alternative.
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