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Permeable reactive barriers containing zerovalent iron
are being increasingly employed for in situ remediation of
groundwater contaminated with redox active metals and
chlorinated organic compounds. This research investigated
the effect of chromate concentration on its removal from
solution by zerovalent iron. Removal rates of aqueous Cr(VI)
by iron wires were measured in batch experiments for
initial chromium concentrations ranging from 100 to 10 000
ug/L. Chromate removal was also measured in columns
packed with zerovalent iron filings over this same
concentration range. Electrochemical measurements were
made to determine the free corrosion potential and
corrosion rate of the iron reactants. In both the batch
and column reactors, absolute rates of chromium removal
declined with increasing chromate concentration.
Corrosion current measurements indicated that the rate
of iron corrosion decreased with increasing Cr(VI)
concentrations between 0 and 5000 xg/L. At a Cr(VI)
concentration of 10 000 ug/L, Tafel polarization diagrams
showed that chromium removal was affected by its diffusion
rate through a passivating oxide film and by the ability

of iron to release Fe?* at anodic sites. In contrast, water
reduction was not mass transfer limited, but chromium did
decrease the exchange current for the hydrogen evolution
reaction. Even at the most passivating concentration of
10 000 ug/L, effluent Cr(VI) concentrations in the column
reactors reached a steady state, indicating that passivation
had also reached a steady state. Although chromate
contributes to iron surface passivation, the removal rates
are still sufficiently fast for in situ iron barriers to be
effective for Cr(VI) removal at most environmentally relevant
concentrations.

Introduction

Chromium is one of the most common groundwater con-
taminants at industrial sites and military facilities due to its
widespread use as a metal corrosion inhibitor (1). In recent
years, there has been great interest in using permeable
reactive barriers containing zerovalent iron for in situ
treatment of groundwater contaminated with chlorinated
organic compounds and redox active metals (2). For reme-
diating redox active metals, the iron serves as an electron
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donor to reduce dissolved metal ions to valence states that
are less water soluble. To date, more than 32 permeable
barriers have been installed for groundwater remediation in
the United States and Canada (3).

Previous investigators have shown that highly water
soluble Cr(VI) may be removed from solution via reduction
to Cr(Ill) according to (4—9):

Fe® + CrO~ + 4H,0 = Cr(OH), + Fe(OH), + 20H™ (1)

In addition to precipitation of Cr(OH)s), Cr(lIl) may also
form Cr,03) or solid solutions with Fe(l1l) according to (4,
5,7)

xFe(OH); + (1—x)Cr(OH); = (Fe,Cr,_)(OH); (2)

where x can range from 0 to 1. In addition to reduction by
zerovalent iron, Cr(VI) may also be reduced by atomic
hydrogen adsorbed to iron surfaces (4, 10, 11), by Fe(ll) in
solution (11-16), or in mineral phases (17—21), or by
dissolved organic compounds (22, 23).

Soluble chromate removal by zerovalent iron media has
been described by a kinetic expression of the form (11)

d{C;(tVD} = —KA{Cr(VI)}**{H"}°5 ®)
where {Cr(VI)} is the aqueous chromate activity, k is the
reaction rate constant, and A is the reactive surface area. The
rate constant defined by eq 3 was found to depend on both
the solution ionic strength and the mixing rate. Other
investigators have found that chromate removal by iron
media is dependent on the composition of the iron (5) and
may also be affected by the presence of inorganic mineral
phases that impact the solution chemistry (4).

The Kkinetic expression in eq 3 is 0.5 order in Cr(VI)
concentration. Reaction orders less than unity are often
indicative of reactive site saturation effects. However, in the
case of zerovalentiron, the number and activity of the reactive
sites is not fixed and depends on both the iron and solution
potentials. Therefore, the apparent 0.5 reaction order may
be due to a rate-limiting mechanism that involves electron
transfer and will thus be dependent on both the reactant
concentration and the potential of iron.

The effect of potential and Cr(VI) concentration on the
chromate reduction current (I) associated with a corroding
iron electrode can be described by (24)

I = nFAK[{Cr(VIy}e /<" Eon &) — {Cr(i11)) e/ &)
4

where n is the number of electrons transferred; F is the
Faraday constant; A is the reactive surface area; k is the
standard rate constant; 55" and f<" are the cathodic and
anodic Tafel slopes, respectively, for the Cr(VI)/Cr(I11) redox
couple; E%is the standard reduction potential for the Cr(VI1)/
Cr(l11) redox couple; Ecorr is the free corrosion potential; and
{Cr(VI)} and{Cr(l11)} are the activities of the Cr(VI) and Cr(l1I)
species, respectively. The standard rate constant is inde-
pendent of potential and depends only on the kinetic facility
of the redox reaction on the surface of interest (24).

Field studies have demonstrated that permeable iron
barriers are effective for Cr(VI) removal over extended periods
of operation (25—27). However, chromate is a strong oxidant
and is a well-known passivator of iron (10). Therefore, the
buildup of chromium compounds on the iron surfaces may
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decrease reaction rates for chromate removal. This research
investigated the hypothesis that increasing concentrations
of chromate may contribute to decreasing reaction rates
through increased surface passivation. The specific objectives
of thisinvestigation were to determine the effect of the Cr(VI)
concentration on its removal rate and on the corrosion rate
of the zerovalent iron.

Materials and Methods

Batch Reactors. Batch experiments measuring soluble Cr(VI)
removal by iron wires were performed in well-stirred, sealed
0.85 L glass reactors containing potassium chromate in 3
mM CaSO, background electrolyte solutions. In experiments
measuring Cr(VI) removal rates, a single 10 cm long by 1.2
mm diameter iron wire of 99.9% purity (Aesar, Ward Hill,
MA) was used as the reactant. Anaerobic conditions were
maintained by purging the reactors with humidified nitrogen
gas. Samples were taken using a 1 mL glass syringe, with and
without 0.1 um nylon syringe filters (Whatman, Clifton, NJ).
In all experiments, solution pH values were measured with
color-calibrated test strips, and agqueous chromium con-
centrations were determined using a Perkin-Elmer (San Jose,
CA) model 4110zL graphite furnace atomic absorption
spectrophotometer.

Packed Column Experiments. Column experiments were
performed using either a50 cm long by 2.5 cm outer diameter
(o0.d.) glass column or a 25 cm long by 0.9 cm o.d. stainless
steel column. Both columns were packed with Master
Builder’s Supply (Cleveland, OH) iron filings GX-27 blend.
The glass column contained three intracolumn sampling
portsat 12.5, 25, and 37.5 cm from the influent end. One port
at each location served for taking aqueous samples and for
measuring the redox potential of the solution. The other port
was used to determine the free corrosion potential of the
iron reactants. The corrosion potentials were measured using
an iron wire permanently inserted into the column through
a rubber septum at each port. The columns were operated
with Cr(VI) concentrations ranging from 100 to 10 000 x«g/L
in 3 MM CaSO, background electrolyte solutions. The mean
hydraulic residence time in the 25 cm column was 25 min
and was 19 min in the 50 cm column.

Electrochemical Experiments. Two types of electro-
chemical experiments were performed to assess the effect of
chromate concentration on iron corrosion rates. To assess
the effect of concentration on initial rates of iron corrosion,
a single 10 cm long iron wire was placed in 0.75 L of 3 mM
CaSO, electrolyte solution in one of the glass reactors
containing acalomel reference electrode and a stainless steel
counter electrode. The solution was continuously purged
with 50 mL/min of humidified nitrogen gas, and potassium
chromate was added to the reactor through the vent tubing
to produce dissolved chromium concentrations ranging from
100 to 10 000 ug/L. The wire was exposed to each concen-
tration for 1 day, at which point a Tafel scan was performed.

To determine the effect of elapsed time on iron corrosion
rates in solutions of approximately constant chromium
concentration, 2.6 cm long iron wires were placed in the
nitrogen-purged, glass reactors containing Cr(VI) at con-
centrations of 0, 100, 5000, or 10 000 ug/L. Short wires were
used in order to minimize changes in solution concentration
over the course of these experiments. Tafel scans were
performed to measure changes in the corrosion currents and
free corrosion potentials as a function of elapsed time.

All Tafel diagrams were produced by polarizing the wires
+200 mV with respect to their open circuit potentials (28).
The polarization experiments were performed usingan EG&G
(Oak Ridge, TN) model 273A scanning potentiostat and M270
software. All potentials are reported with respect to the
standard hydrogen electrode (SHE).
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FIGURE 1. Aqueous Cr(VI) concentrations in the iron wire batch
reactors with differing initial Cr(VI) concentrations. Zero order (ko)
removal rate constants for each initial concentration are presented
in Table 1.

TABLE 1. Zero Order Rate Constants (ko) with 95% Confidence
Intervals for Chromate Removal from Solutions with Different
Initial Cr(VI) Concentrations (C,)

Co (glL) ko (pg/m?min) correlation coeff (R ?)
100 94 +£ 10 0.98
400 567 0.97
1700 48 + 22 0.82
5000 14 +7 0.86

Results and Discussion

Removal Kinetics. AqQueous chromate concentrations in the
batch reactors as a function of elapsed time are shown in
Figure 1. Filtered and unfiltered samples gave similar results,
indicating that the chromate removed from solution was
associated with the iron wires. Comparison of chromium
removal rates in stirred and unstirred reactors indicated that
the observed rates were not significantly affected by hydro-
dynamic boundary layer mass transfer limitations. In all
experiments, pH values remained constant at approximately
7. No detectable removal was observed in the reactor with
an initial concentration of 10 000 ug/L. In the remaining
reactors, the chromate removal kinetics could be adequately
described by a zero-order kinetic model, as illustrated in
Figure 1. However, for initial concentrations between 100
and 5000 ug/L, the observed removal rates decreased with
increasing chromate concentration, as shown in Table 1.

The decreasing Cr(VI) removal rates with increasing
concentration can be explained by lower rates of iron
corrosion at higher chromate concentrations. Figure 2a shows
the corrosion rate of a single iron wire exposed to increasing
chromate concentrations for 1 day at each concentration.
The higher corrosion potentials and lower corrosion currents
observed with increasing concentration between 100 and
5000 ug/L are indicative of the action of an oxidant/passivator
like chromate (28, 29). As shown in Figure 2b, corrosion
currents in the constant concentration reactors also de-
creased with increasing chromate concentration.

In contrast to many catalytic systems where the activity
of the reactive sites is independent of the reactant concen-
tration, the reactivity of sites on zerovalent iron may be
expected to decline with increasing oxidant concentration.
This can be attributed to the effect of potential on the rate
of electrochemical reactions and on the passivating effect of
acorrosion inhibitor like chromate. As shown by the potential
data in Figure 2a, between 100 and 5000 «g/L, higher Cr(VI)
concentrations resulted in higher Eqo values. According to
eq 4, the rate of Cr(VI) reduction by zerovalent iron should
be dependent on both the Cr(Vl) concentration and the
potential of the iron. However, the behavior predicted by eq
4 is not consistent with the results in Table 1. For example,
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FIGURE 2. (a) Corrosion currents (/) and free corrosion potentials
(Ecorr) for asingle 10 cm long iron wire immersed in anaerobic Cr(VI)
solutions after 1 day elapsed at each concentration. The wire was
exposed to each Cr(VIl) concentration for 1 day before each
measurement was taken. (b) Corrosion currents for 2.6 cm long iron
wires immersed in anaerobic solutions of different initial Cr(VI)
concentration. In the 5000 and 10 000 g/L reactors, there was no
measurable Cr(VI) removal over the duration of the current
measurements.

using the measured cathodic Tafel slope for Cr(VI) reduction
of 0.0049 dec/mV and the potential data in Figure 2a, eq 4
predicts that the Cr(VI) removal rate at a concentration of
5000 ug/L should be 44 times greater than that observed at
a concentration of 100 ug/L. However, as shown in Table 1,
the removal rate actually declined with increasing Cr(VI)
concentration. This behavior can only be attributed to
increasing iron surface passivation with increasing chromate
concentration.

Iron surface passivation can be attributed to both anodic
and cathodic inhibition of iron corrosion. The cathodic (I¢)
and anodic (l,) currents produced in the Tafel scans can be
expressed as (28)

I, = 15 FelEEea) ®)

Ia — IgeﬂC(E_qu) (6)

where I§ and IS are the anodic and cathodic exchange
currents, respectively, while EZ, and Eg, are the equilibrium
potentials for the anodic and cathodic redox reactions. The
exchange currents depend on the kinetic facility of the
reaction, the reactant concentrations, and the surface area
available for reduction or oxidation (28). Figure 3a compares
Tafel diagrams generated in the blank and 100 #g/L solutions.
The cathodic Tafel slopes of 0.0065 dec/mV in both solutions
are similar to literature values for water reduction in neutral
and alkaline media of 0.006 to 0.0072 dec/mV (30—32). This
indicates that water was the primary oxidant in both solutions
and that the current associated with Cr(VI) reduction was
too low to measurably contribute to the observed corrosion
current.
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FIGURE 3. Tafel scans after 1 day elapsed for 2.6 cm long iron wires
immersed in anaerobic 3 mM CaSO, background electrolyte solutions
with initial Cr(VI) concentrations of (a) 0 and 100 gg/L and (b) 5000
and 10 000 pg/L.

Although the Tafel slopes shown in Figure 3a were similar
in both solutions, there was lower current at each potential
in the Cr(VI) containing reactor. As illustrated by eq 5, the
lower cathodic current in the chromate reactor can be
attributed to a factor of 2 decline in IS for water reduction.
This decrease in IS for water can likely be attributed to the
deposition of Cr(l1l) oxides at cathodic sites on the iron
surface (32, 33). Spectroscopic analysis has found that both
Cr(OH); and Cr,03 deposit at cathodic sites on iron surfaces
(7,9, 32). As illustrated by eq 6, the lower anodic current in
the chromate versus the blank solution can be attributed to
a decrease in I2. This factor of 1.6 decline in current in the
anodic Tafel region likely results from the presence of Fe(lll)
or mixed Cr(l11)/Fe(lll) oxides at anodic sites on the iron
surface. These oxides decrease the surface area available for
the anodic reaction of iron oxidation.

Figure 3b shows Tafel scans taken after 1 day elapsed for
the iron wires immersed in the 5000 and 10 000 u«g/L Cr(VI)
solutions. Comparison of the diagrams in Figure 3a,b show
that the 3. values after 1 day elapsed decreased with increasing
Cr(VI) concentration. This can be attributed to a decreasing
contribution of water reduction to the total rate of iron
corrosion. The inhibition of water reduction was caused by
the increase in potential of the iron and by a decrease in the
IS for water reduction. At a chromate concentration of 100
ug/L, the S of 0.0065 dec/mV indicates that water reduction
was the primary cathodic reaction. However, inhibition of
water reduction increased the contribution of other cathodic
reactions to the observed corrosion current. At a concentra-
tion of 10 000 ug/L, reduction of chromate appears to be the
dominant reaction contributing to iron corrosion after 1 day
elapsed. The j. of 0.0049 dec/mV in the 10 000 x«g/L solution
is close to the . of 0.0050 dec/mV observed by other
investigators for achromate-coated iron electrode immersed
in a 780 000 u«g/L Cr(VI) solution (32). Additionally, the
potential in the 10 000 ug/L solution of —400 mV is close to
the equilibrium potential for water reduction, indicating that
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FIGURE 4. Tafel scans after 1, 18, and 37 days elapsed for a 2.6 cm
long iron wire electrode immersed in an anaerobic 3 mM CaSO,
background electrolyte solution with an initial Cr(VI) concentration
of 10 000 pug/L.

there was minimal hydrogen evolution after 1 day elapsed.
As shown in Figure 3b, the f. of 0.0057 dec/mV in the 5000
ug/L solution was intermediate to the f. values in the blank
and 10 000 ug/L reactors. This indicates that both water and
chromate reduction contributed to the observed rate of iron
corrosion at 5000 ug/L.

Mass transfer limitations are evident in the cathodic Tafel
slopesinthe 10 000 ug/L solution. The flattening of the 10 000
ug/L cathodic Tafel slope in Figure 3b at a current of 1 uA
was due to mass transfer effects. During the cathodic scan,
reduction of Cr(VI) decreased the chromate concentration
in the vicinity of the cathodic sites. At a potential of —520
mV, the rate of reduction became faster than the rate of
Cr(V1) diffusion to cathodic sites. This limited the reduction
rate to the rate of chromate diffusion and resulted in a
cathodic mass transfer limited current (I},,) of ~1 uA.

There was a gradual decline in Ij,, at 10 000 ug/L with
increasing elapsed time. Tafel scans for this reactor at 1, 18,
and 37 days elapsed are compared in Figure 4. The I}, values
for Cr(VI) reduction declined from ~1 uA after 1 day elapsed
to 0.4 uA after 37 days. This can be attributed to increasing
mass transfer limitations for Cr(VI) reduction with elapsed
time. However, the small difference in mass transfer limita-
tions between 18 and 37 days suggests that the surface
passivation was approaching a steady state.

The Cr(VI) concentration also affected the anodic Tafel
slopesineach reactor. Asillustrated by the 5, values in Figure
3a,b, increasing chromate concentrations resulted in de-
creasing anodic Tafel slopes for iron oxidation. Decreasing
fa values are indicative of increasing anodic inhibition of
iron corrosion. This inhibition likely arises from formation
of Fe(l1l) and Fe(111)/Cr(111) oxides produced via reaction of
Cr(VI) with Fe?" released at anodic sites (4, 10). These
insoluble oxides decrease the rate that Fe?" released at
underlying anodic sites may enter the solution. The buildup
of Fe?* under the oxide layer leads to concentration
polarization and thereby reduces the thermodynamic fa-
vorability for further iron oxidation. This effect is essentially
a mass transfer limitation on the iron oxidation reaction.

Although increasing cathodic inhibition was observed with
elapsed time in Figure 4, there was decreasing anodic
inhibition between 1 and 18 days elapsed. This decreasing
anodic inhibition can be seen by the greater mass transfer
limited current for iron oxidation (If,,) at 18 days compared
to that at 1 day. This type of behavior has been attributed
to reductive dissolution of the iron oxide film, and to
morphological changes in the oxides coating the iron (34).
Changing oxide morphology can be seen in the Tafel slopes
that occur after the mass transfer limited current for iron
oxidation. The 1 and 18 day scans in Figure 4 show two
additional anodic Tafel slopes, while the 37 day scan shows
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FIGURES. Effluentchromium concentrations as a function of elapsed
time for a 25 cm long column packed with 40 g of iron filings and
operated at Cr(VI) concentrations ranging from 100 to 10 000 gg/L
inan anaerobic 3mM CaSO, background electrolyte solution. Influent
and effluent chromium concentrations for the entire experiment
are listed in Table 2.

TABLE 2. Influent and Effluent Cr(Vl) Concentrations for the 25
c;nztslolu.mn Operated with a Mean Hydraulic Detention Time
of 25 min

days influent effluent
elapsed concn (ug/L) concn (ugl/L)

0—-117 100 0
117-132 300 0
132—-146 600 0
146—183 1000 0
183-193 1500 0
193-207 5000 0
207—-252 10 000 7000
252—-267 1000 200
267274 shut-in shut-in
274-296 1000 20

only one additional slope beyond that for iron oxidation.
These additional slopes result from oxidation of different
iron oxides (32). The fact that there was only one oxide Tafel
slope at 37 days elapsed suggests that the oxide is more
uniform at this time than at 1 and 18 days.

Changes in the oxide coating the iron are reflected in
changes in electrode potential. The temporal oscillations in
Ecorr illustrated for the 10 000 ug/L reactor in Figure 4 were
observed in all reactors. These potential oscillations are
associated with oscillations in Cr(VI) removal rates, as
illustrated in Figure 1 for the 400 and 1700 ug/L reactors.
Periods of declining potential are associated with faster
removal rates, while periods of increasing potential are
associated with slower removal rates.

Column Results. Results from a long-term column
experiment measuring Cr(VI) removal rates as a function of
influent concentration are shown in Figure 5. The influent
Cr(VI) concentration for each period are summarized in Table
2. Influent and effluent pH values were always 7 + 0.5. For
influent Cr(VI) concentrations between 100 and 5000 ug/L,
effluent concentration in the 25 cm column remained below
the detection limit of 0.5 ug/L. This indicates that rates of
Cr(VI) removal were too fast to be measured for influent
concentrations between 100 and 5000 ug/L. However, as
shown in Figure 5, an influent concentration of 10 000 xg/L
resulted in chromium breakthrough, with a steady-state
effluent concentration of ~7000 ug/L. This steady-state
removal was observed for a period of 30 days (~1700 pore
volumes) until the experimental conditions were changed.

Upon lowering the influent concentration back to 1000
ug/L at 252 days elapsed, the effluent concentration declined
to a steady-state value of ~200 ug/L. Previously, as shown
in Table 2, an influent concentration of 1000 u«g/L resulted
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TABLE 3. Influent and Effluent Cr(VI) Concentrations for the 50
cm Column Operated with a Mean Hydraulic Detention Time

of 19 min
influent effluent
days elapsed concn (ug/L) concn (ugl/L)

0—-6 100 0
6—-12 200 0
12-18 400 0
18—-24 800 0
24-32 1200 0
32-40 2500 0

40—-46 5000 02
46—-122 10 000 9100
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FIGURE 6. Data for a 50 cm long column packed with 323 g of iron
filings and operated with influent Cr(VI) concentrations ranging
from 100 to 10 000 #g/L in an anaerobic 3 mM CaS0, background
electrolyte solution. Influent and effluent chromium concentrations
for the entire experiment are listed in Table 3: (a) Ecorr values for
an iron wire probe permanently inserted into the column at the
middle sampling port; (b) solution potentials measured at the middle
sampling port; and (c) aqueous chromium concentrations at the
middle sampling port.

in complete chromium removal. Therefore, the greater
effluent concentration between 252 and 267 days indicates
thatexposure of the iron to the 10 000 xg/L solution produced
a loss in reactivity that resulted in slower rates of Cr(VI)
removal. However, this loss in reactivity was slowly reversible.
To investigate recovery in iron reactivity, the column was
sealed between 267 and 274 days elapsed. Upon resuming
flow at an influent concentration of 1000 ug/L, the effluent
concentration decreased to ~20 ug/L, as shown in Figure 5.
This behavior indicates that the performance of zerovalent
iron for Cr(VI) removal is hysteretic and is highly dependent
on the condition of the iron surfaces.

Data from the 50 cm glass column indicate that the
condition of the iron surfaces varied with time and location
along the length of the column. In all three sampling ports,
the potential of the iron decreased with elapsed time until
the chromate front reached that port. Figure 6a shows the
iron wire potential from the middle sampling port of the
glass column, while Figure 6b,c show the solution potential
(Eaq) and chromate concentration, respectively. During the
period when there was complete chromate removal before
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2 Steady-state concentration of 580 ug/L was observed at port 1.

sampling port 2, a continuous decrease in Eorr Was observed
after an initial potential fluctuation. This decreasing potential
is consistent with the potential behavior in the batch
experiments and cannot be explained by changes in solution
potential, since the solution potential increased monotoni-
cally with time. The potential fluctuations observed during
the first 15 days elapsed can most likely be attributed to
reduction of the air-formed oxide and the subsequent
formation of Fe(OH); (35). The almost linear potential drop
between 15 and 47 days elapsed can likely be attributed to
transformation of Fe(OH), to a porous layer of magnetite
(FesQy), as observed by previous investigators (35).

Upon breakthrough, and exposure of the iron wire in the
center port to chromate at 47 days elapsed, the potential
sharply increased due to the oxidizing action of chromate
and the formation of passivating Fe(l11)/Cr(111) oxides. The
subsequent potential decline between 55 and 63 days elapsed
can likely be attributed to reduction of the passive film (34).
After 63 days elapsed, the potential gradually increased due
to continuous exposure to high Cr(VI) concentrations and
the build-up of a chromium-enforced passive layer. Similar
temporal oscillations in potential were observed for all three
intracolumn iron wire probes, and in the batch experiments,
as illustrated in Figure 4 for the 10 000 u«g/L reactor.

Overall Cr(VI) removal in the 50 cm glass column was
similar to that observed in the 25 cm column. As indicated
in Table 3, feed concentrations less than 5000 xg/L resulted
in complete chromium removal before the first sampling
port, and the first appearance of measurable chromium in
the column effluent occurred at a feed concentration of 10 000
ug/L. Since measurable chromium concentrations were
observed only for the two highest feed concentrations, Cr-
(VI) removal rates can be calculated only for influent
concentrations of 5000 and 10 000 ug/L. Mass balances on
the column showed steady-state removal rates of 707 and 36
ug/(L min) for influent concentrations of 5000 «g/L and 10 000
ug/L, respectively. This decrease in removal rate with
increased feed concentration is consistent with results of
the batch tests and illustrates that Cr(VI) removal kinetics
cannot be described by simple zero, first, or fractional order
kinetic models that do not account for iron surface passi-
vation.

Even at the most passivating concentration of 10 000 ug/
L, effluent chromate concentrations in both columns reached
a steady state within several days. This indicates that the
extent of surface passivation had also reached a steady state.
Steady state performance may be attributed to continuous
generation of new diffusion pathways and reaction sites
arising from crack formation in the oxide layer. This is
consistent with previous reports that only thin passive films
may remain nonporous, since internal stresses lead to crack
formation as the oxide film grows (36, 37).

Similar cathodic and anodic mass transfer limited currents
at 37 days elapsed in the 10 000 x«g/L solution indicate that



chromium removal rates are affected by both the ability of
Cr(VI) to penetrate passivating oxides and by the ability of
iron to release Fe?" at anodic sites. Although Cr(VI) con-
centrations as low as 100 «g/L significantly decrease corrosion
rates, concentration increases above 1000 xg/L have only a
minimal effect on the rate of corrosion, despite significantly
impacting the rate of Cr(VI) removal. This is consistent with
an oxide film that acts as a diffusion barrier for Cr(VI)
reduction. Since rates of Cr(VI) removal are limited by its
mass transfer and the mass transfer of Fe?* ions through the
oxide film, thicker films associated with higher Cr(VI)
concentrations decrease the mass transfer rates and thereby
decrease chromate removal rates. In contrast, the Tafel scans
indicate water reduction is not limited by mass transfer, and
the effect of chromium on hydrogen evolution occurs via
directly blocking cathodic sites. Therefore, the thickness of
the oxide film has only a small impact on the rate of water
reduction.

Although results from this research show that chromate
contributes to iron surface passivation, the column results
suggest that removal rates can reach steady state values that
are sufficiently fast to provide effective removal for most
environmentally relevant concentrations, which are often
less than 10 000 ug/L (3). This is confirmed by field studies
showing that permeable barriers containing zerovalent iron
can reduce aqueous Cr(VI) concentrations to nondetectable
levels (25—27). For example, a permeable barrier operating
at a flow velocity of ~50 cm per day has been effective for
treating groundwater with Cr(VI) concentrations up to 10 000
ug/L for more than 2 years (38, 39). This indicates that for
typical groundwater flow rates, diffusion of Cr(VI) and Fe?*
through the passivating films are sufficiently fast to provide
for complete Cr(VI) removal. However, since chromate
decreases iron corrosion rates, the presence of even low levels
of Cr(VI) may adversely affect treatment of other contami-
nants at sites where permeable barriers are used for reme-
diating plumes containing both chromate and chlorinated
organic compounds.
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