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To evaluate the importance of external mass transport on
the overall rates of contaminant reduction by iron metal
(Fe0), we have compared measured rates of surface reaction
for nitrobenzene (ArNO2) to estimated rates of external
mass transport in a permeable reactive barrier (PRB). The
rate of surface reaction was measured at a polished Fe0

rotating disk electrode (RDE) in an electrochemical cell, and
the rate of mass transport was estimated from a correlation
for mass transport in packed-bed reactors. The kinetics
of ArNO2 reduction were studied in pH 8.4 borate buffer at
a potential below which an oxide film would form. The
cathodic current measured in this system was dependent
on the electrode rotation rate, and the measured first-
order heterogeneous rate coefficient for surface reaction
[krxn ) (1.7 ( 0.2) × 10-3 cm s-1] was about 10 times
faster than the first-order mass transport rate coefficient
(kmt ≈ 2 × 10-4 cm s-1) estimated for PRBs. The similarity
between rates of surface reaction and mass transport
suggest that it may be important to consider mass transport
processes in the design of PRBs for contaminants such
as nitroaromatics that are highly reactive with Fe0.

Introduction
After almost a decade of research and development, it is
clear that iron metal (Fe0) permeable reactive barriers (PRBs)
are a cost-effective treatment technology for dissolved
chlorinated solvents (1). The success of Fe0 PRBs in treating
chlorinated solvents has led many researchers to investigate
other classes of reducible contaminants, such as metals (2-
5), radionuclides (6, 7), pesticides (8-10), azo dyes (11, 12),
and explosives (13-18). Of these classes of compounds,
several exhibit rates of reduction that are significantly faster
than those observed for most chlorinated solvents. The faster
reduction rates observed for these compounds increases the
likelihood that mass transport processes affect the overall
kinetics of degradation. Despite the increased likelihood of
mass transport limitations, most studies have focused on

quantifying an observed rate of reduction, with only a few
(19-21) attempting to distinguish between mass transport
to the Fe0 surface and surface processes influencing the
reaction rate. Decoupling the observed kinetics into a mass
transport contribution and a surface reaction contribution
has important practical implications for developing models
to optimize the design of PRBs.

To evaluate whether mass transport effects need to be
considered when designing an Fe0 PRB for the more labile
contaminants, we have studied the reduction of nitrobenzene
(ArNO2) by Fe0. The reduction of nitroaromatic compounds,
such as nitrobenzene (ArNO2) and 2,4,6-trinitrotoluene (TNT),
by Fe0 has been studied in both batch and column reactors,
and they have been found to be highly reactive (13, 16-18,
22). Figure 1 compares surface area normalized rate coef-
ficients (kSAs) reported for these compounds to kSAs reported
for other organic contaminants. The average rate coefficient
reported for ArNO2 (kSA ∼ 1 L m-2 h-1 (13, 17, 22)) is about
10-fold faster than the average rate coefficient reported for
carbon tetrachloride (kSA ) 0.12 L m-2 h-1 (23)), and more
than 3 orders of magnitude faster than trichloroethene (kSA

) 4 × 10-4 L m-2 h-1 (23)). The faster reduction rates observed
for ArNO2 increases the likelihood that mass transport affects
the overall kinetics of degradation.

Other evidence from batch and column experiments also
suggest that the observed rates of ArNO2 were influenced by
mass transport to the Fe0 surface. Agrawal and Tratnyek (17)
concluded that the rate of ArNO2 reduction by Fe0 was
controlled by mass transport because (i) a linear relationship
was found between the reaction rate coefficient and the
square root of the batch mixing rate (rpm1/2), and (ii) no
significant substituent effects were found on reduction rates,
despite significant differences in one-electron reduction
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FIGURE 1. Previously reported BET surface area normalized rate
coefficients for reduction of selected organic compounds by granular
iron metal: (a) calculated from the data in Table 2 of ref 13 and the
BET surface area of 0.005 m2 g-1 reported in ref 17 for untreated
Fluka Fe0; (b) average reaction rate coefficients calculated from
batch and column data summarized in ref 23; (c) calculated from
the slope of the data given in Figure 4 of ref 22 and a BET surface
area of 3.2 m2 g-1; (d) based on a visual estimate of a 6 h half-life
for TNT in the presence 2 g L-1 of Fe0 (see Figure 2 in ref 18); (e)
calculated with a BET surface area of 1.87 m2 g-1 reported by the
authors in ref 14; and (f) based on an Fe0 surface area concentration
of 6300 m2 L-1 calculated for a packed column of 0.9 cm length and
5 cm diameter with a porosity of 0.45 used in ref 16.
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potentials. To overcome the potential interference of particle
abrasion on interpretation of mass transport effects, Devlin
and co-workers designed a recirculating batch reactor in
which the granular Fe0 particles were held stationary (16).
Results from the recirculating batch experiments also showed
only a small influence of substituent effects, supporting earlier
suggestions that mass transport may be the rate-limiting step.
Evidence for mass transport limitations has also been found
in columns filled with Fe0 and sand where equilibrium
transport modeling significantly underestimated nitroben-
zene break through curves (22). A recent study showed that
the presence of ultrasound in batch reactors enhanced the
rate of ArNO2 reduction by Fe0 (13). The enhancement was
attributed to increased rates of mass transport, due to
turbulence created by the ultrasound waves, as well as indirect
chemical effects, such as surface cleaning and nitric acid
production.

The degree to which mass transport determines the overall
rate of ArNO2 reduction by Fe0, however, is difficult to resolve
from these studies because of the multitude of indirect effects
(both chemical and physical processes) that may occur in
batch and column reactors. The granular Fe0 used in these
studies (and others) is covered by a layer of oxide formed
from the accumulation of corrosion products at the Fe0-
water interface (24). Mass transport through the oxide layer
(e.g., by pore diffusion) as well as external diffusion gives rise
to three potential kinetic domains: (i) mass transport limited
kinetics, where ArNO2 diffuses to the surface more slowly
than it reacts at the surface, (ii) reaction limited kinetics,
where ArNO2 reacts at the surface more slowly than it diffuses
to the surface, and (iii) intermediate kinetics, where mass
transport and surface reaction occur on similar time-scales.
Behavior typical of mass transport limited kinetics (e.g., faster
rates with increased mixing intensity) may occur from indirect
physical effects such as abrasion of the oxide layer (16, 19),
making it difficult to confirm whether the observed kinetics
are measuring diffusion rates, reaction rates, or a combination
of both.

To overcome these difficulties, we have developed an
alternative experimental approach that avoids the formation
of an oxide layer and separates external mass transport rates
from surface reaction rates (21). The experimental design
consists of an electrochemical cell with an oxide-free Fe0

rotating disk electrode (RDE). Since no oxide forms on the
Fe0 RDE (in the potential range of active corrosion), pore
diffusion is eliminated as a potential mass transport process.
These conditions create an Fe0-ArNO2-H2O system where
external mass transport and surface reaction (which includes
sorption processes, such as surface attachment and rear-
rangement, as well as electron transfer) are the dominant
processes. The controlled hydrodynamics of an RDE are well
understood (25, 26) and can be used to quantify the external
mass transport and surface reaction contributions to the
observed reduction rate. In this study, the RDE is used to
isolate mass transport rates from the rate of ArNO2 reduction
by Fe0.

The specific objectives of this study were (i) to measure
a first-order heterogeneous reaction rate coefficient (krxn)
for the reduction of ArNO2 by Fe0, (ii) to estimate a first-
order mass transport coefficient (kmt) for the transport of
ArNO2 in PRBs, and (iii) to evaluate the significance of mass
transport effects on removal rates of highly reactive com-
pounds in Fe0 PRBs. For this study, we have focused on ArNO2

as a representative nitroaromatic compound, high-purity iron
in the absence of corrosion products, and pH 8.4 borate
buffer.

Background
Electrochemical Kinetic Model. We have previously pre-
sented a conceptual model of carbon tetrachloride (CCl4)

reduction at an Fe0 RDE that includes a two-step reaction
sequence consisting of diffusion through the hypothetical
stagnant layer formed at the Fe0 RDE-water interface and
reaction at the Fe0 RDE surface. Based on this model, we
have shown how to derive a first-order heterogeneous
reaction rate coefficient (krxn) from experimental current
density versus voltage (j-E) data (21). Several variations on
this derivation have been published in more recent studies
dealing with other electrochemical aspects of contaminant
degradation using Fe0 (27-30). The number of intermediates
and products obtained by the reduction of ArNO2 by Fe0,
however, requires a more complex model with multiple steps
to account for the reaction and diffusion of each intermediate
to and from the electrode (17).

Chemical Reactions. The complete reduction of ArNO2

to aniline (ArNH2) by Fe0 involves six electrons and can be
written as

Equation 1 represents the sum of several two-electron half-
reactions: the oxidation of Fe0

and the sequential reduction of ArNO2 to nitrosobenzene
(ArNO), phenyl hydroxylamine (ArNHOH), and aniline

In addition to the reduction of ArNO2 and oxidation of Fe0,
the reduction of water (by Fe0) also occurs and must be
considered in evaluating current densities at an Fe0 electrode:

The net current density (jnet, A m-2) observed at an Fe0

RDE in the presence of dissolved ArNO2 is the sum of the
partial current densities (jx, A m-2) for each of the reactions
described in eqs 2-6

where Fe, NB, NO, NHOH, and H refer to the overall partial
current densities associated with each reaction, respectively.
It will be shown, however, that the current from the reduction
of ArNO and ArNHOH (jNO + jNHOH) are small compared to
that from the reduction of ArNO2 (jNB). The net current density
can therefore be approximated by

For the case of reaction limited kinetics (i.e., negligible
mass transport effects), the partial current density for the
reduction and oxidation of species x, respectively, can be
approximated by a form of the Tafel eq (31)

where n is the number of electrons in the reaction, F is
Faraday’s constant (96485 C mol-1), kx

0 (for reaction x) is the
standard heterogeneous rate coefficient, Cx

s is the aqueous
concentration of species x at the surface, E is the electrode

ArNO2 + 3Fe0 + 6H+ f ArNH2 + 3Fe2+ + 2H2O (1)

Fe0 f Fe2+ + 2e- (2)

ArNO2 + 2H+ + 2e- f ArNO + H2O (3)

ArNO + 2H+ + 2e- f ArNHOH (4)

ArNHOH + 2H+ + 2e- f ArNH2 + H2O (5)

2H2O + 2e- f H2(g) + 2OH- (6)

jnet ) jFe + jNB + jNO + jNHOH + jH (7)

jnet ) jFe + jNB + jH (8)

jx,rxn ) -nFkx
0Cx

s exp{-(E - Ex
eq)/bx} (9)

jx,rxn ) nFkx
0Cx

s exp{(E - Ex
eq)/bx} (10)
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potential (relative to a specified reference electrode), Ex
eq is

the equilibrium potential for the half reaction or an ap-
proximation thereof, and bx is an empirical parameter known
as the Tafel slope.

A first-order heterogeneous reaction rate coefficient for
a reduction process can be calculated from

The value of kx,rxn that is relevant for Fe0 surfaces not under
potential control, as in most groundwater remediation
operations, can be calculated from eq 11 by setting the applied
potential (E) equal to the corrosion potential (Ecorr). The
corrosion potential can be found (for a given concentration)
by setting the net current density, jnet, equal to zero in eq 8.

Mass Transport. For the case of mass transport limited
kinetics, the partial current density for the reduction of species
x at an RDE can be approximated by the Levich eq (31)

in which jx is the current density at the electrode, Dx is the
molecular diffusion coefficient, ν is the kinematic viscosity
of the electrolyte, ω is the angular velocity of the rotating
disk (ω ) 2π f, where f ) rotation rate in s-1), and Cs and Cb

are the aqueous concentrations of species x at the surface
and in the bulk solution.

Intermediate Kinetics. For the case of intermediate
kinetics, where both chemical reaction and mass transport
processes influence the reaction rate, the overall partial
current density for the reduction of species x (for a first-
order irreversible chemical reaction under steady-state
conditions) is

Experimental Section
Electrochemical Experiments. Experiments were carried out
in a custom three-electrode glass cell, which has been
described previously (21). The cell consisted of an Fe0 RDE
working electrode (geometric surface area ) 0.071 cm2), a
double-junction saturated calomel reference electrode, a Pt
mesh counter electrode, and a pH 8.4 borate buffer electrolyte
(0.11 M). Pretreatment of the electrode has been described
previously (21). Following pretreatment, ArNO2 was intro-
duced into the cell by injection of a known volume of
deaerated aqueous stock solution through a septum. Linear
sweep voltammograms (LSVs) were obtained with and
without ArNO2 using a potentiostat (EG&G Model 283A). All
LSVs were obtained by scanning anodically at a scan rate of
0.2 mV s-1. Initial experiments at slower scan rates verified
that 0.2 mV s-1 provided sufficient time for steady-state
conditions to develop. Potentials are reported relative to the
standard hydrogen electrode (SHE), and currents are reported
in accord with IUPAC convention (anodic current is positive
and cathodic current is negative). Coulometry was used to
assess the current efficiency, that is, the fraction of the current
passed that results in the transformation of ArNO2. The
concentration of ArNO2 and its reaction products were
determined by HPLC with UV absorbance detection. Details
of the analytical method have been described previously (17).

Results and Discussion
Coulometry. To confirm that the observed current densities
are due to the reduction of ArNO2 by the Fe0 RDE, the
concentrations of reaction products in the cell solution were
compared to those expected from the total cathodic charge
passed. From Faraday’s law, the amount of product (N, mol)
is related to the amount of charge (q, C) by N ) q/nF. For

nitrobenzene reduction, however, the comparison must take
into account the formation of the nitroso and hydroxylamine
intermediates as well as the final amine product. Therefore

where 2, 4, and 6 represent the number of electrons
transferred to form the product from the reduction of ArNO2.
A comparison of the products measured by HPLC and the
total charge provides an estimate of the current efficiency.
Approximately 72% of the total cathodic charge (qtot ) 2.08
C) could be accounted for by nitrosobenzene (60%) and
aniline (12%) in a long-term electrolysis experiment (26 h
with Eappl ) -0.60 V). An unidentified peak at a retention
time of 4.4 min (cf. ∼5.4 min for aniline, 8.6 min for
nitrobenzene, and 9.1 min for nitrosobenzene) most likely
corresponds to the hydroxylamine intermediate for which a
standard was not available (17, 32, 33), and this could
contribute to the 28% of measured charge that is not
accounted for by the formation of identified projects. To
check if any of this 28% may be due to products sorbed to
the Fe0 surface (which has been shown to occur with granular
Fe0 (16)), we extracted products from the Fe0 surface with
hexane. No products were detected in the hexane indicating
that sorption of reaction products on the Fe0 electrode is not
significant.

Linear Sweep Voltammetry with an Fe0 RDE. LSVs with
the Fe0 RDE in aqueous borate buffer and in aqueous borate
buffer with ArNO2 are shown in Figure 2. For comparison to
our previous work (21), a voltammogram for CCl4 is also
shown. In the potential region where the passive film does
not form (i.e., E < -400 mV), the presence of both CCl4 and
ArNO2 result in an increase in cathodic current density
compared to that observed in borate buffer alone. Although
the increase in current density appears to be of a similar
magnitude for both compounds, it is important to note that
the concentration of CCl4 used (5 mM) is more than 50 times
greater than that of ArNO2 (90 µM). The primary product
observed for both CCl4 and ArNO2 (CHCl3 and ArNO,
respectively) corresponds to two electrons transferred to form
the product (i.e., n ) 2). The observed current densities are
therefore directly comparable, and the similarity for such
different concentrations suggests that the rate coefficient
for the reduction of ArNO2 at an Fe0 RDE is considerably
larger than the rate coefficient for CCl4 reduction. This
observation is consistent with reduction rates observed in
batch experiments with granular Fe0 metal, where the average
surface area normalized rate coefficient reported for ArNO2

(kSA ∼ 1 L m-2 h-1) (13, 17, 22) is about 10 times greater than
the average value reported for CCl4 (kSA ) 0.12 L m-2 h-1)
(23).

kx,rxn ) kx
0exp{-(E - Ex

eq)/bx} (11)

jx,mt ) 0.620nFDx
2/3 ω1/2 ν-1/6(Cx

b - Cx
s) (12)

jx ) jrxn,x jmt,x/(jrxn,x + jmt,x) (13)

FIGURE 2. Effect of CCl4 and ArNO2 concentration on steady-state
j-E curves at an oxide-free Fe0 RDE rotating at 2500 rpm.

qtot ) (2NNO + 4NNHOH + 6NNH2
) × F (14)
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In addition to differences in rates of reduction, there are
notable differences in the shape of the LSVs for ArNO2 and
CCl4. An exponential j-E relationship is observed for CCl4

that is indicative of Tafel behavior (eq 9), whereas the j-E
relationship for ArNO2 is initially linear (at low overpotentials)
and then approaches a plateau in current density at more
negative potentials (high overpotentials). The Tafel behavior
observed for CCl4 is consistent with a reaction that is not
affected by mass transport (i.e., the surface CCl4 concentration
does not differ appreciably from the bulk concentration) (21).
On the other hand, the leveling-off behavior observed for
ArNO2 suggests that ArNO2 is being reduced as fast as it can
be transported to the electrode surface.

LSVs at different concentrations of ArNO2 (29-302 µM)
are shown in Figure 3. Higher ArNO2 concentrations result
in larger current densities over the entire range of applied
potentials. Similar to Figure 2, a plateau in current densities
occurs at more negative potentials. The proportional increase
in the plateau current density with ArNO2 concentration
(shown in Figure 3 inset) confirms that ArNO2 reduction at
the Fe0 RDE is a first-order process (R 2 > 0.99).

Effect of Electrode Rotation Rate. LSVs measured at
different electrode rotation rates (in the presence of ArNO2)
are shown in Figure 4A. In our previous work (21), rotation
rate had little effect on the reduction of CCl4 at an Fe0 RDE.
In contrast to the Fe0-CCl4-H2O system, current densities
due to ArNO2 reduction increase as the rotation rate is
increased, indicating that mass transport to the surface is
influencing the overall reaction rate. The influence of mass
transport on the rate of ArNO2 reduction by the Fe0 RDE is
consistent with the similarity in reduction rates observed for
a series of monosubstituted nitroaromatic compounds by
granular Fe0 (16, 17).

To quantitate the degree of mass transport influence on
ArNO2 reduction by the Fe0 RDE, the steady-state current
densities in Figure 4A are replotted against the square root
of rotation rate in Figure 4B. For a reaction that is completely
mass transport limited, current should vary linearly with the
square root of electrode rotation rate (rpm1/2) and have a
y-intercept of zero (eq 12). For reduction of ArNO2 at the Fe0

RDE, a linear relationship is observed between current density
and square root of rotation rate for electrode rotation rates
below 4900 rpm. At higher rotation rates (rpm > 4900), the
deviation from a straight line indicates that ArNO2 is being
transported to the surface as fast as it can react. For potentials

less than -0.55 V, extrapolation of the linear regions of Figure
4B to rpm ) 0 results in y-intercepts close to the origin (-2
( 12 and -3 ( 6 µA cm-2). This region corresponds to high
overpotentials, where ArNO2 reacts faster than it can be
transported to the surface (i.e., where the current density
plateaus in Figure 4A). At more positive potentials (E > -0.55
V), the values of the y-intercepts are significantly different
from zero (-18 ( 1 and -26 ( 4 µA cm-2), corresponding
to the foot of the waves in Figure 4A, where both reaction
and mass transport to the surface are influencing the overall
reaction rate. These deviations from a completely mass
transport limited behavior (i.e., a straight line that intersects
the origin) suggest that the reaction kinetics of ArNO2 at an
Fe0 RDE are influenced by both surface reaction and mass
transport (i.e., an intermediate kinetic domain) over the range
of conditions studied.

Chemical Reaction Kinetics. Since the reduction of ArNO2

in our system occurs under an intermediate kinetic domain
where mass transport effects are significant, the surface
reaction kinetics cannot be quantified directly from the LSVs
presented in Figures 3 and 4A (as was previously done in the

FIGURE 3. Effect of ArNO2 concentration on steady-state j-E curves
at an oxide-free Fe0 RDE rotating at 7400 rpm. Only a representative
number of data points are shown to distinguish between the model
and the data. The kinetics are modeled with eq 15, and the local
parameters are given in Table 1. Inset: Current densities at E )
-0.58 V as a function of ArNO2 concentration.

FIGURE 4. (A) Effect of electrode rotation rate on steady-state j-E
curves at an oxide-free Fe0 RDE in the presence of ∼90 uM ArNO2.
Only a representative number of data points are shown to distinguish
between the model and the data. The kinetics are modeled with
eq 15 and the local parameters given in Table 1. (B) Effect of rotation
rate on ArNO2 current densities at an Fe0 RDE. Steady-state current
densities at E ) -0.60 V for 103 µM ArNO2 (triangles), E ) -0.55
V for 90 µM ArNO2 (squares), E ) -0.50V for 82 µM ArNO2 (circles),
and E ) -0.45 V for 76 µM ArNO2 (inverted triangles). Solid lines
represent linear regression of data collected at lower rotation rates,
whereas the dashed lines connect the two data points at higher
rotation rates.
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Fe0-CCl4-H2O system). To decouple the overall kinetics into
separate parameters for chemical reaction (ko

NB, bNB) and
mass transport (DNB), we have applied an electrochemical
kinetic model to characterize the reaction kinetics of the
Fe0-ArNO2-H2O system. By combining eqs 8 and 13, an
expression for the net current density (jnet) can be derived
for the simplified case where the reduction of ArNO2 to ArNO
is the dominant reaction:

A combination of eq 15, the Tafel equations (eqs 9 and 10),
and the Levich equation (eq 12) results in a multivariate model
where the observed current density, jnet, can be expressed in
terms of applied potential (E), electrode rotation rate (rpm),
and bulk concentration of ArNO2 (Cb).

From the measured steady-state j-E curves in Figures 3
and 4A, values of the parameters ko

NB, bNB, and DNB for ArNO2

reduction were determined by nonlinear least squares
parameter adjustment with the multivariate model (eqs 9,
10, 12, and 15). The model was fit separately to each data set
in Figures 3 and 4 and globally to the combined data set. The
parameters derived from the local and global fitting can be
compared in Table 1. The currents estimated from the model
with the local parameters are shown by the solid lines in
Figures 3 and 4A. A graphical and statistical comparison of
experimentally measured currents with estimated currents
from the model (with the global parameters given in Table
1) is provided in the Supporting Information.

The surface reaction parameters derived from this model
(ko

NB and bNB) provide a basis for estimating a first-order
heterogeneous rate coefficient for the reduction of ArNO2 by
Fe0 (under no applied potential). The current due to ArNO2

reduction (for a given concentration) can be estimated from
the corrosion potential found from eq 8 (by setting jnet ) 0)
and the global parameters given in Table 1. A plot of current
(i.e., “rate”) versus ArNO2 concentration gives a line with a
slope of nFkNB,rxn (data not shown, R 2 ) 0.94). From this
slope, we can calculate a surface area normalized hetero-
geneous rate coefficient due to surface reaction. The value
obtained is kNB,rxn ) (1.7 ( 0.2) × 10-3 cm s-1 (63 ( 8 L m-2

h-1). This value is about 50 times greater than the average
reduction rate coefficient determined from previously re-
ported batch and column experiments performed with
granular iron (kSA ≈ 1 L m-2 h-1) (13, 17, 22). A greater
reduction rate at the Fe0 RDE is expected due to the slower
rate of mass transport in batch experiments (due to less
mixing intensity) and the absence of an oxide film that is
typically present in conventional experiments and field-scale
PRBs.

Mass Transport Kinetics. The mass transport parameter
derived from our model is the diffusion coefficient for ArNO2

(DNB). The value of DNB ranges from (7.9 to 9.6) × 10-6 cm2

s-1 for the local and global fitting methods (Table 1). These
values are consistent with those estimated by Devlin and
co-workers (16) (DNB ) 8.2 × 10-6 cm2 s-1) and Agrawal and
Tratnyek (17) (DNB ) 6.8 × 10-6 cm2 s-1) using the method
developed by Wilke and Chang (34). The diffusion coefficient
is a fundamental parameter that is independent of reactor
geometry and flow rates. The actual rate of mass transport,
however, is strongly influenced by both of these and (for
comparison purposes) can be expressed as a single lumped
parameter known as the mass transport coefficient (kmt) (35).
Given the significant differences in geometry and flow, mass
transport rates in a PRB are likely to be quite different from
those at an oxide-free Fe0 RDE. To assess the likelihood of
mass transport effects in PRBs, we need to compare mass
transport rates relevant to a PRB to the surface reaction rate
determined from the Fe0 RDE experiments.

As a first approximation, mass transport coefficients
relevant to a PRB were estimated from empirical correlations
developed to describe mass transport in packed-bed reactors.
These correlations typically take the form of the Sherwood
number (Sh ) kmtd/D) as the dependent variable and both
the Reynolds number (Re ) ud/ν) and Schmidt number (Sc
) ν/D) as independent variables (35, 36) (d is the particle
diameter and u is the fluid velocity). A correlation developed
for packed bed reactors with hydrodynamic conditions
corresponding to low Reynolds numbers (37) has been used
previously by Arnold and co-workers (19) to estimate mass
transport coefficients in a hypothetical PRB packed with
granular zinc metal:

The correlation predicts that mass transport rates in a packed-
bed reactor will decrease with particle size diameter (d) and
increase with fluid velocity (u). Thus, the mass transport
coefficient in a PRB will be dependent on the velocity of the
groundwater and size of the Fe0 grains. Assuming an ideal
spherical geometry, granular Fe0 used in Fe0 PRBs (e.g.,
Connelly or Peerless) can be characterized with particle
diameters (d) ranging from 0.5 to 2 mm (35 to 20 mesh size).
For a groundwater velocity of 0.3 m dy-1(1 ft dy-1), an Fe0

particle diameter of 1.0 mm, a porosity (ε) of 0.65 (38), and
a ArNO2 diffusion coefficient of 9.0× 10-6 cm2 s-1, we estimate
a mass transport coefficient of 2.3 × 10-4 cm s-1 using eq 16.
Given accurate input parameters, the accuracy of these solid-
liquid mass transport correlations is estimated to be about
( 10% (35). Greater uncertainty, however, may be introduced
by equating flow in a PRB with flow in a packed-bed reactor.

Implications for PRB Design. Mass transport coefficients
estimated with the packed-bed correlation given in eq 16
can be compared with the measured rate coefficient for
reaction to determine whether the overall rate of contaminant
removal is limited by mass transport. Using the estimated
kmt of 2.3 × 10-4 cm s-1 and the measured krxn of 1.7 × 10-3

cm s-1, we calculated an external effectiveness factor (Ω)
close to zero indicating that external resistance to mass
transfer is significant (39). Another dimensionless number
often used to quantify the relative rates of reaction and mass
transport is the second Damköhler number (Da2 ) krxn L2/D)
(35, 40). For Da2 , 1 (i.e., surface reaction is much slower
than mass transport), the removal process is controlled by
the rate of surface reaction, and there is little that can be
done in terms of the hydraulic design of a PRB to enhance
the removal rates. On the other hand, for a process influenced
by mass transport (i.e., Da2 . 1), increasing the groundwater
velocity through the PRB will increase kmt, and hence, increase
koverall (since by analogy to eq 13, koverall ) kmtkrxn/[kmt + krxn]).

TABLE 1. Electrochemical Kinetic Parameters for
Fe0-ArNO2-H2O Systema

LSV k0 (cm s-1) b (V) D (cm2 s-1)

no. of
data

points

local 4.0 × 10-17 3.7 × 10-2 9.6 × 10-6 225
Figure 3 f(C) LSVs
local 7.8 × 10-22 2.8 × 10-2 7.9 × 10-6 701
Figure 4 f(rpm) LSVs
global 1.2 × 10-17 3.6 × 10-2 9.0 × 10-6 926
Figures 3 and 4

a Estimated with n ) 2 and Eeq(W) ) 0.78 V for ArNO2 reduction to
ArNO (46) and eqs 9, 12, and 15. The partial current densities for Fe0

oxidation and water reduction were estimated with parameters previ-
ously determined for the Fe0-CCl4-H2O system (Fe: jFe

0 ) 1.5 × 10-6 A
cm-2, bFe ) 0.077 V, and EFeeq ) -0.620 V; water: jH0 ) 5.5 × 10-6 A
cm-2, bH ) 0.061 V, and EHeq ) -0.500 V) (21)).

jnet ) jFe + jH +
jNB,rxnjNB,mt

jNB,rxn + jNB,mt
(15)

Sh ) kmtd/D ) 1.09ε
-2/3 Re1/3 Sc1/3 (16)
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Figure 5 shows the effect of groundwater velocity on koverall

for a series of compounds with a range of surface reaction
rates. For slower reactions (such as the reduction of
chlorinated aliphatics by Fe0), the surface reaction is much
slower than mass transport (i.e., Da2 , 1), and koverall is
independent of groundwater velocity. For faster reactions,
such as those observed for ArNO2, the rate of mass transport
is slower than the rate of surface reaction and a velocity
dependence arises. A similar dependence of overall rates on
groundwater velocity has been depicted for the reduction of
chlorinated ethanes in a hypothetical PRB of zinc metal (19).

The increase in koverall with faster groundwater velocities
accounts for rate-limited degradation caused by solute mass
transport processes that are slower than the surface reaction
(i.e., Da2 > 1). A second cause of transport limited degradation
occurs when hydraulic residence times (τRH) are slower than
mass transport times. The ratio of mass transport times to
system hydraulic residence time is quantified by the first
Damköhler number (Da1 ) koverallL/u). As groundwater
velocities are increased, low values of Da1 can occur which
result in longer times for a PRB to reach steady-state
conditions (41, 42). Thus, as groundwater velocities are
increased, there are two transport related changes that may
affect PRB performance: (i) a faster mass transport time,
which would result in a faster overall removal rate and
improved PRB performance and (ii) a shorter residence time,
which would hinder PRB performance.

To evaluate the influence of these two opposing processes,
we modified a one-dimensional steady-state transport model
(43), which has previously been used to estimate barrier
widths for a series of chlorinated aliphatic compounds (44),
to account for solute mass transport limitations. The resulting
barrier width design curves for a 1000-fold reduction in ArNO2

are shown in Figure 6 with and without mass transport effects
incorporated into the model. Incorporating mass transport
effects results in wider barriers over a range of groundwater
velocities as well as an optimum velocity for ArNO2 removal
(u ≈ 0.2 m dy-1). The increase in required wall thickness
observed at lower groundwater velocities is a result of
decreasing the overall rate of reduction (since kmt gets smaller
as u decreases), whereas the increase in required wall
thickness observed at higher groundwater velocities is a result
of shorter residence times. The barrier widths predicted for

ArNO2, however, are significantly smaller than those predicted
for chlorinated solvents (44) (because of the faster rate of
ArNO2 reduction by Fe0) and are physically unrealistic. These
results suggest that, at realistic wall widths, mass transport
limitations due to short residence times would be unlikely
for the reduction of highly reactive compounds (such as
ArNO2 and TNT) in Fe0 PRBs. Mass transfer effects due to
solute mass transport processes, however, should be con-
sidered, as certain design strategies that increase the
groundwater velocity (e.g., funnel and gate systems) may
lead to more efficient use of the reactive media.
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Nomenclature
bx Tafel slope for reaction x, V

Cs aqueous surface concentration of reactant, mol
cm-3

Cb aqueous bulk concentration of reactant, mol
cm-3

d particle diameter, mm

D molecular diffusion coefficient, cm2 s-1

Da1 first Damköhler number

Da2 second Damköhler number

E electrode potential relative to a standard refer-
ence electrode, V

Ex
eq Nernst equilibrium potential for reaction x, V

FIGURE 5. Effect of groundwater velocity on overall rate coefficients
for reduction of organic compounds by Fe0. koverall was calculated
from koverall ) kmtkrxn/(kmt + krxn) with geometric surface area
normalized reaction rate coefficients measured with the Fe0 RDE
(krxn,NB ) 1.7 × 10-3 cm s-1 and krxn,CCl4 ) 2.3 × 10-5 cm s-1 (21))
and mass transport coefficients estimated with the packed-bed
correlation given in eq 16 (d ) 1.0 mm, ν ) 0.01 cm2 s-1, E ) 0.65,
and DNB ) 9.0 × 10-6 cm s-1).

FIGURE 6. Effect of mass transport on preliminary barrier width
design curves for 1000-fold removal of ArNO2 as a function of
groundwater velocity. Curves are based on steady-state reactive
transport model (43-45) modified to include koverall as a function of
groundwater velocity. koverall values were calculated with the
parameters given in Figure 5.
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Ecorr corrosion potential (where net current is equal
to zero), V

f revolutions per second, rev s-1

F Faraday’s constant (F ) 96485 C mol-1)

jnet net observed current density, A cm-2

jx overall partial current density for reaction x, A
cm-2

jx,rxn partial current density for reaction x, A cm-2

jx,mt partial current density for mass transport of
species x, A cm-2

jx
0 exchange current density for reaction x, A cm-2

kx
0 standard heterogeneous reaction rate coefficient,

cm s-1

krxn first-order heterogeneous reaction rate coef-
ficient, cm s-1

kmt mass transport rate coefficient, cm s-1

kSA BET surface area normalized heterogeneous
reaction rate coefficient, L m-2 h-1

koverall surface area normalized overall rate coefficient,
cm s-1 or L m-2 h-1

n number of electrons

N amount of product, mol

q amount of charge, C

Re Reynolds number

Sh Sherwood number

Sc Schmidt number

ε porosity

τRH hydraulic residence time, s

u fluid velocity, m dy-1

ν kinematic viscosity, cm2 s-1

ω angular velocity of RDE, s-1

Ω external effectiveness factor

Supporting Information Available
A comparison of experimentally measured currents with
estimated currents from eq 15 is shown. Linear regression
of the data gives a slope of 1.05 ( 0.01 (R 2 ) 0.99) which is
reasonably close to the theoretical slope of 1 for perfect
agreement between the estimated currents and experimen-
tally measured currents. This material is available free of
charge via the Internet at http://pubs.acs.org.
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