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Fe(ll) associated with iron-containing minerals has

been shown to be a potential reductant in natural
subsurface environments. While it is known that the
surface-bound iron species has the capacity to
dechlorinate various chlorinated compounds, the

role of transition metals to act as catalysts with these
iron species is of importance. We previously observed
that the reduction of Cu(ll) by Fe(ll) associated with
goethite enhanced the dechlorination efficiency of
chlorinated compound. In this study, the reductive
dechlorination of carbon tetrachloride (CCls) by dissolved
Fe(ll) in the presence of Cu(ll) ions was investigated to
understand the synergistic effect of Fe(ll) and Cu(ll)

on the dechlorination processes in homogeneous
aqueous solutions. The dechlorination efficiency of CCl,
by Fe(ll) increased with increasing Cu(ll) concentrations
over the range of 0.2—0.5 mM and then decreased at
high Cu(ll) concentrations. The efficiency and rate of
CCly dechlorination also increased with increasing
dissolved Fe(ll) concentration in the presence of 0.5 mM
Cu(ll) at neutral pH. When the Fe(ll)/Cu(ll) ratio varied
between 1 and 10, the pseudo-first-order rate constant
(kops) increased 250-fold from 0.007 h—' at 0.5 mM

Fe(ll) to 1.754 h=" at 5 mM Fe(ll). X-ray powder
diffraction and scanning electron microscopy analyses
showed that Cu(ll) can react with Fe(ll) to produce
different morphologies of ferric oxides and subsequently
accelerate the dechlorination rate of CCl, at a high
Fe(ll) concentration. Amorphous ferrihydrite was
observed when the stoichiometric Fe(ll)/Cu(ll) ratio

was 1, while green rust, goethite, and magnetite were
formed when the molar ratios of Fe(ll)/Cu(ll) reached
4—6. In addition, the dechlorination of CCl; by dissolved
Fe(ll) is pH dependent. CCl; can be dechlorinated by Fe-
(1) over a wide range of pH values in the Cu(ll)-
amended solutions, and the ks increased from 0.0057
h=" at pH 4.3 to 0.856 h~' at pH 8.5, which was 9—25
times greater than that in the absence of Cu(ll) at

pH 7—8.5. The high reactivity of dissolved Fe(ll) on the
dechlorination of CCly in the presence of Cu(ll) under anoxic
conditions may enhance our understanding of the role of Fe-
(I1) and the long-term reactivity of the zerovalent iron
system in the dechlorination processes for chlorinated
organic contaminants.
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Introduction

Chlorinated hydrocarbons such as carbon tetrachloride
(CCly), chloroform (CHCls), and trichloroethylene are the
most frequently found contaminants in soil and groundwater
(1, 2). Because they are prevalent in contaminated sites and
are highly toxic to human beings and ecosystems, studies
have been conducted to elucidate the kinetics and mech-
anisms of dechlorination of these compounds in the con-
taminated sites (3, 4). The rapid dechlorination of chlorinated
hydrocarbons in the presence of Fe(Il) species, acting as
environmental reductants under anoxic conditions, has
recently been reported (5—10). Fe(II) species can be present
in the subsurface environment in a wide variety of forms
including dissolved, soluble complexes, surface-bound, and
as a structural component in Fe(II)-bearing minerals (11).
Studies showed that ferrous ion associated with Fe(II)-
containing minerals can significantly reduce several pollut-
ants including nitroaromatics polyhalogenated alkanes,
chloroamine compounds, and carbamate pesticides (5—10,
12—17). The degradation rate and efficiency is dependent on
the environmental conditions such as pH value, surface
density of Fe(ID), available surface area of ferric oxides, and
the presence of transition metal ions.

Besides the surface-bound iron species, the dissolved
ferrous species is also a ubiquitous component in contami-
nated groundwater and plays an important role in redox
processes under the reducing environments (18, 19). Aqueous
Fe(II) is also known as a reducing agent that can effectively
reduce inorganic ions such as Tc(VII) and Cr(VI) as well as
organic pollutants (20, 21). Doong and Wu (22) showed that
it is thermodynamically possible for Fe(Il) to dechlorinate
CCl, with a relatively long incubation time of 33 d. Elsner et
al. (23) reported that hexachloroethane (HCA) can be
dechlorinated by dissolved Fe(II) under anoxic conditions at
pH 7.2 (10). However, the dechlorination capability of
aqueous Fe(Il) is usually orders of magnitude lower than
that of surface-bound Fe(Il) species (10). More recently,
studies demonstrated the catalytic activity of transition metals
species in the reduction of a range of contaminants by a
number of bulk reductants (9, 11, 24). Our previous work (9)
showed that the reduction of Cu(ll) to Cu(l) by Fe(I)
associated with goethite (.-FeOOH) could produce cuprous
oxide (Cuz0) and amorphous ferrihydrite (Fe(OH)3), resulting
in an increase in the dechlorination rate and efficiency of
CCls. This observation suggests that Fe(II) could be oxidized
to ferric oxides and oxyhydroxides by Cu(Il) to form surface-
bound iron species and thus gives impetus to use Cu(Il) to
enhance the reactivity of dissolved Fe(II) in aqueous solutions
for the dechlorination of the chlorinated hydrocarbons in
Fe(II)-rich environments.

In natural subsurface environments, high concentrations
of dissolved Fe(II) can be primarily generated from chemical
and physical weathering, oxidation of pyrites and other iron-
bearing minerals, and biological processes of reductive
dissolution of ferric oxides and oxyhydroxides by dissimilatory
iron-reducing bacteria (DIRB). Moreover, dissolved Fe(II)
can be generated and released into the subsurface environ-
ment from the oxidation of metallic iron in permeable reactive
barrier (PRB) systems. However, the role of Fe(I) in the
reduction of chlorinated compounds is still unclear, especially
when chlorinated hydrocarbons and transition metal ions
coexist in the contaminated groundwater. Therefore, the
objective of this study was to investigate the influence of
Cu(ID) ions on the reductive dechlorination of CCl, by aqueous
Fe(Il) species under anoxic condition. The effects of pH and
concentrations of Fe(II) and Cu(II) on the dechlorination of
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CCly were also examined. Moreover, X-ray powder diffraction
(XRPD) and scanning electron microscopy (SEM) were used
to identify the crystal phases and the morphologies of the
precipitates generated from the reaction of Fe(II) and Cu(II)
in aqueous solutions.

Materials and Methods

Chemicals. All chemicals were used as received without
further treatment. Carbon tetrachloride (CCly) (>99.8%, GC
grade), chloroform (CHCl3) (>99.8%, GC grade), and tris-
(hydroxymethyl)aminomethane (TRIS buffer) (>99.8%), CuCl,:
2H,0 (99%) were purchased from Merck Co. (Darmstadt,
Germany). FeCl,-4H,0 (99%), FeCl;-6H,0 (99%), N-(2-hy-
droxyethyl)piperazine-N'-2-ethanesulfonic acid (HEPES
buffer) (>99.5%), 2-(N-morpholino)ethanosulfonic acid (MES
buffer) (>99.5%), and sodium tartrate-2-hydrate (CsHsNa,Oe-
2H,0) (>99.5%) were purchased from Sigma-Aldrich Co.
(Milwaukee, WI). Methylene chloride (DCM) (>99.8%, GC
grade) and ethanol (HPLC grade) were obtained from J. T.
Baker Co. (Philipsburg, NJ). Bathocuproinedisulfonic acid
disodium salt (C,6H15N2Na,06S,) (90%) was purchased from
Fluka (Buchs, Switzerland). All the solutions were prepared
using distilled deionized water (Millipore, 18.3 m€2) and were
deoxygenated in vacuum-sealed bottles under an N, atmo-
sphere (9, 25, 26).

Dechlorination Experiments. Batch experiments were
conducted using 70 mL serum bottles filled with 50 mL of
deoxygenated buffer solutions under anoxic conditions.
Anoxic HEPES (50 mM) buffer solutions were used to control
pH at 7.0 & 0.1. Anoxic solutions were prepared by purging
with N» (99.9995%) at a flow rate of 42 L min™! in vacuum-
sealed bottles. This process was repeated 4—5 times to remove
trace amounts of oxygen in solution (9, 25, 26). Stock solutions
of Fe(IlI) were prepared in 50 mL of deoxygenated buffer
solutions and injected into the vacuum-sealed serum bottles
after filtration through a 0.2 um PTFE filter cartridge. The
Fe(Il) concentration in the filtrate was quantified by the
ferrozine method at 562 nm (9, 26). The stock solution of
Cu(Il) was prepared by dissolving CuCl, in deoxygenated
deionized water in sealed serum bottles. Appropriate amounts
of Fe(Il) and Cu(II) stock solutions were introduced into the
deoxygenated buffer solutions using N-purged plastic
syringes to obtain final concentrations of 3 and 0.5 mM,
respectively. For the pH effect experiment, 50 mM MES
solutions were used for pH 5.5, 6.0, and 6.5. HEPES buffer
was selected to maintain the pH at 7, 7.5, and 8.0, while TRIS
buffer was used for pH 9. The concentration effects of Fe(II)
and Cu(ll) were also conducted by introducing various
volumes of stock solutions into deoxygenated buffer solutions
to get final concentrations ranging between 0.5 and 5.0 mM.
All the reactor bottles were sealed with Teflon-lined rubber
septa and aluminum crimp caps. After 20 h of equilibrium,
an aliquot (50 uL) of the CCly stock solution dissolved in
anoxic methanol was delivered into serum bottles by a
gastight glass syringe to obtain the final concentration of 20
uM CCly. Serum bottles were then incubated in an orbital
shaker at 150 rpm maintained at 25 £ 1 °C in the dark. The
total liquid volumes were maintained at 50 mL, resulting in
a 20 mL headspace for headspace analysis. The headspace
of the bottles was maintained under anoxic conditions by
filling with a mixture of N, and Ar (80/20, v/v). Control
experiments were also carried out without the addition of
Fe(I) or Cu(I). All experiments were run in duplicate or
triplicate.

Analytical Methods. The headspace analytical technique
was used for the determination of chlorinated hydrocarbons
(9, 25). The concentrations of CCl, and the byproducts in the
headspace of the test bottles were monitored by withdrawing
50 uL of gas in the headspace using a 100 uL gastight syringe.
The mixture was then injected into a gas chromatograph

(GC) (Perkin-Elmer, Autosystem) equipped with a flame
ionization detector (FID) and an electron capture detector
(ECD).A60m VOCOL fused-silica megabore capillary column
(0.545 mm x 3.0 um, Supelco Co.) was used to separate the
chlorinated compounds. The column was connected to FID
and ECD simultaneously by a Y-splitter with 40% of the flow
(1.85 mL min™!) to ECD to better identify and quantify the
chlorinated hydrocarbons. The column temperature was
isothermally maintained at 90 °C with nitrogen (>99.9995%)
as the carrier gas. The relative standard deviation (RSD) for
GC analysis was controlled within 10% in ECD and 5% in
FID. The limits of detection (LODs) for CCl, and CHCl; were
0.04 and 0.1 uM, respectively. After headspace analyses, serum
bottles were opened under N, atmosphere, and the pH and
redox potential (ORP) were measured using a Microprocessor
pH meter equipped with a pH electrode and ORP combina-
tion electrode.

XRPD was performed using an X-ray diffractometer
(Regaku D/max-II B) and a Cu Ka radiation source (1 =
1.54056 A) with 30 kV voltage and 20 mA current to identify
the crystal phases of the precipitates. The precipitates were
allowed to settle after the termination of the dechlorination
experiment, and the supernatant was carefully removed from
the sealed bottles using a N,-purged syringe. After drying the
precipitates using a gentle stream of N,, samples were
mounted on a glass sample holder using small amounts of
grease. A drop of glycerol was immediately added to the
mounted powder layer to minimize the exposure to air. The
scan range for all samples was between 5 and 90° (26) at a
scanning speed of 4°/min. Moreover, SEM (Topcon ABT-
150s) was used to identify the morphology of the precipitates.

Concentrations of HCl-extractable Fe(Il) in the serum
bottles were monitored by withdrawing 0.5 mL of suspension
using N-purged syringes and were immediately acidified
with 1 M HCI (26). The acidified samples were centrifuged
at 14000g for 10 min to remove particles, and the acid-
extractable Fe(Il) contents were analyzed using the ferrozine
method at 562 nm (9, 26). To determine the dissolved fraction
of Fe(Il) in serum bottles, aliquots were withdrawn with a 1
mL N,-purged plastic syringe and then immediately filtered
into an acidic solution using an acidified filter cartridge (0.2
um). The concentration of the dissolved Fe(Il) in the filtrate
was determined by the ferrozine method, and the sorbed
Fe(Il) concentration was calculated from the difference
between the total and dissolved concentrations. In addition,
the total concentration of iron species was determined using
an inductively coupled plasma optical emission spectrometer
(ICP-OES) (Perkin-Elmer, Optima 3000XL).

The concentration of extractable Cu(I) was determined
using the bathocuproinedisulfonic acid method with minor
modifications (27). The aliquot was withdrawn by a 1 mL
N,-purged plastic syringe and was immediately added into
the mixture containing 1 mL of 10% tartrate solution and 0.5
mL of 1% bathocuproinedisulfonic acid solution. After 30
min of reaction, the mixture was centrifuged at 14000g for
5 min. The Cu(I) concentration in the supernatant was then
determined at 483 nm. Standard solutions of Cu(l) were
prepared using 10% hydroxylammonium chloride as a
reductant to reduce the CuCl, solution. The added Cu(Il)
concentration in the serum bottles was prepared based on
the gravimetric concentration of CuCl; in the anoxic stock
solution and was confirmed by ICP—OES analysis.

Results and Discussion

Concentration Effect of Cu(II) on CCl,; Dechlorination in
the Presence of 3 mM Fe(II). To understand the synergistic
effect of aqueous Cu(Il) and Fe(II) on the dechlorination of
CCl, under anoxic conditions, the concentration effect of
these divalent ions was evaluated. Figure 1 shows the
dechlorination of CClL,; as well as the change in pH and ORP
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FIGURE 1. Effect of Cu(ll) concentration on (A) the dechlorination of 20 M CCl,, and (B) the change in pH and ORP in anoxic buffered
solution containing 3 mM Fe(ll). HEPES (50 mM) was used to maintain the pH at 7.0 & 0.1 in the Cu(ll) concentration range of 0—0.5 mM.
The decrease in pH at Cu(ll) concentrations higher than 0.5 mM is due to the production of high concentrations of protons.
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FIGURE 2. Effect of Fe(ll) concentration on (A) the dechlorination of CCl; and (B) the production of CHCI; in the presence of 0.5 mM Cu(ll)
at neutral pH. The initial concentration of CCl, was 20 M, and the pH was maintained at 7.0 & 0.1 using 50 mM HEPES buffer.

of the solutions in the presence of various concentrations of
Cu(II) at a constant Fe(II) concentration of 3 mM. No obvious
dechlorination of CCl; by 3 mM Fe(Il) was observed in the
absence of Cu(Il). Addition of low concentrations of Cu(Il)
significantly enhanced the dechlorination of CCl,. The
dechlorination efficiency of CCly; by Fe(II) increased with
increasing Cu(Il) concentrations ranging from 0.2 to 0.5 mM.
Further increase in Cu(II) concentration lowered the dechlo-
rination efficiency of CCly, and only 35% of the initial CCl,
was removed within 12 h when the Cu(Il) concentration was
increased to 4 mM. This decrease in dechlorination efficiency
at high Cu(ll) concentrations may be attributed to the
decrease in pH values and the increase in redox potentials.
As depicted in Figure 1B, the pH value was maintained at 7.0
+ 0.2 after 12 h within the Cu(Il) concentration range of
0—0.5 mM, while the pH value decreased to 5.5 when the
concentration was up to 4 mM. In addition, the redox
potentials of the solutions increased from —350 mV in the
absence of Cu(Il) to +100 mV at 4 mM Cu(Il). Maithreepala
and Doong (9) depicted that 4 mol of protons could be
released into the solution when 1 mol of Cu(Il) reacted with
1 mol of Fe(IT). When the Cu(II) concentration increased, the
Fe(II) concentration could decrease by oxidizing to Fe(III).
Moreover, the hydrolysis of Cu(Il) ions can also release
protons into the solution to lower the buffer capacity. Because
of both the decrease in pH and the oxidation of Fe(II), the
redox potential increased and the dechlorination efficiency
of CCl, decreased (9).

Concentration Effect of Fe(II) on CCl; Dechlorination
in the Presence of 0.5 mM Cu(Il). Figure 2 shows the

6678 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 38, NO. 24, 2004

dechlorination of CCl,; and the production of chloroform
(CHCI) in the presence of various concentrations of Fe(II)
and 0.5 mM Cu(Il). The dechlorination efficiency of CCly
increased from 15% at 0.5 mM to 93% at 2 mM within 24 h.
A nearly complete degradation of CCl, was observed when
the Fe(Il) concentration was higher than 1.5 mM, clearly
showing that Fe(II) species is the crucial factor controlling
the CCly dechlorination efficiency and rate in aqueous
solution. The measured ORP values decreased from +106
mV at 0.5 mM Fe(Il) to —219 mV at 2 mM Fe(II) and then
slowly to —257 mV when the Fe(I) concentration was
increased to 5 mM (Figure S1, Supporting Information).
Chloroform was identified as the major product of CCl, via
hydrogenolysis, and the maximum concentrations of 13—14
uM were obtained after the termination of the experiment.
This corresponds to 60—70% of CCl, dechlorination, which
is in good agreement with the reported results (7, 27).
Moreover, small peaks of dichloromethane (CH,Cl,) and
tetrachloroethylene (C,Cly) appeared in the GC-ECD chro-
matograms. A trace amount of methane in the headspace
was also detected by GC—MS when a high concentration of
CCl; (3 mM) was used in the dechlorination experiment,
implying that further dechlorination to the less chlorinated
byproducts or non-chlorinated final products was occurred.
In addition, several studies showed that CCl; could be
transformed to carbon monoxide (CO) and formate (HCOO")
via reductive hydrolysis (I, 8, 23), suggesting that the 30—
40% loss of CCl; may be due to the formation of formate and
carbon monoxide in the liquid phases.



TABLE 1. Concentrations of Acid-Extractable, Dissolved, Surface-Bound, and Fixed Fe(ll) in Aqueous Solutions Containing 0.5 mM

Cu(ll) and Various Initial Concentrations of Fe(ll) after 24 h?

concentrations of Fe(ll) (mM)

initial Fe(ll)/Cu(l1)? total Fe® acid extractable? dissolved surface-bound® fixed Fe(ll)f Cu(l) (mM)
0.5 1 0.48 £0.12 0.23 £ 0.02 0 0.23 0.06 0.21
1.0 2 1.03 £ 0.17 0.26 + 0.05 0.025 + 0.03 0.23 0.33 0.41
1.5 3 1.47 £ 0.15 0.33 £ 0.04 0.055 + 0.02 0.27 0.76 0.41
2.0 4 1.98 +£0.19 0.75 + 0.03 0.29 + 0.06 0.46 0.84 0.41
2.5 5 2.54 +£0.21 1.03 £ 0.02 0.32 £ 0.05 0.71 1.06 0.41
3.0 6 3.01 £0.15 1.30 £ 0.06 0.32 £ 0.04 0.98 1.29 0.41
4.0 8 4.03+0.18 2.11 £ 0.08 0.35 £+ 0.07 1.76 2.53 0.42
5.0 10 4.89 + 0.23 2.96 + 07 0.35 £ 0.05 2.61 1.61 0.43
2 The pH of the system was controlled at 7.0 & 0.1. » The molar ratio of initial Fe(Il)/Cu(ll). ¢ The total Fe concentrations determined by ICP—OES.
9 Concentration of 1 M HCl-extractable Fe(ll). ¢ Surface-bound Fe(ll) concentration = acid-extractable Fe(ll) — dissolved Fe(ll). f Fixed Fe(Il) = initial
Fe(ll) — acid extractable Fe(ll) + oxidized Fe(ll). The oxidized Fe(ll) concentration was assumed to be equal to the determined Cu(l) concentra-
tion.
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FIGURE 3. Pseudo-first-order rate constant (k) for CCl; dechlo-
rination as a function of the ratio of [Fe(ll)]/[Cu(ll)] and the surface-
bound Fe(ll) concentration in aqueous solutions containing 0.5 mM
Cu(ll) at neutral pH.

The dechlorination of CCl; by Fe(II) in Cu(Il)-amended
solutions followed pseudo first-order reaction kinetics (9):

IN(C/Cy) = —k it (1)

where C and C; are the concentrations of CCl, at the initial
time and at time ¢, respectively, and kos is the first-order rate
constant for CCl; dechlorination. The degradation of CCl, in
Figure 2A showed a clear first-order behavior at concentra-
tions of 3—5 mM. At low Fe(Il) concentrations, however, the
first-order kinetics was followed only within the initial period
of time. It means that the same reaction kinetics assumption
for CCl, dechlorination will be followed for simplicity at low
Fe(Il) concentrations. Figure 3 shows the rate constants for
CCly dechlorination as functions of the initial and the sorbed
Fe(Il) concentrations in the presence of 0.5 mM Cu(Il) at pH
7. The kobs increased slightly from 0.007 to 0.252 h™! when
the initial Fe(II) concentrations increased from 0.5 to 3 mM.
Further increase in Fe(II) concentration dramatically in-
creased the dechlorination rate. When the initial Fe(I)
concentrations were within the range of 4—5 mM, the kobs
for CCly dechlorination was 4—7 times higher than that with
3 mM Fe(Il). The increase in kops at high Fe(II) concentration

is probably due to the formation of precipitates when the
anoxic solutions contained both Fe(II) and Cu(II) (9):

2Fe’" + 2Cu** + 7H,0 — Cu,0 + 2Fe(OH), + 8H' (2)

Accordingto eq 2, amorphous ferrihydrite and cuprous oxide
are formed when the molar ratio between Fe(II) and Cu(Il)
is 1. At high concentrations of Fe(II), the excess ferrous ions
would adsorb onto the surfaces of ferric oxides to form
surface-bound iron species, which subsequently accelerate
the dechlorination rate of CCl, at neutral pH.

Table 1 shows the changes in concentrations of dissolved
and surface-bound Fe(II) after 24 h of the addition of various
concentrations of Fe(Il) in the buffered solutions containing
0.5 mM Cu(Il). The extractable Cu(I) concentrations at each
system are also shown in Table 1. The total extractable Cu(I)
concentrations, except those from the 0.5 mM Fe(ID)-
amended solution, were within the range of 0.41—0.43 mM,
implying that similar amounts of ferric oxides were produced.
The lower recovery of Cu(l) in the solution with 0.5 mM
Fe(II) might be due to the incomplete reduction of Cu(Il).
In contrast, the surface-bound Fe(Il) concentrations in-
creased with increasing initial Fe(II) concentration, which
was in a good agreement with the kobs. This means that Fe(IT)
species plays an important role in the dechlorination rate of
CCly in the presence of Cu(ll) ions. Previous studies (6, 7, 9)
showed that the reaction rate constant of CCl, in an
heterogeneous Fe(II) —Fe(IIl) system followed a linear rela-
tionship with respect to the surface-bound Fe(II) concentra-
tion. In this study, however, a two-linear phase relationship
between the kops and the surface-bound Fe(II) concentration
was observed (Figure 3B), suggesting that the dechlorination
of CCly in solutions containing Fe(II) and Cu(Il) is controlled
not only by the surface-bound Fe(II) concentration but also
by other factors such as the molar ratio of Fe/Cu. Several
studies have reported that Fe(II) could be fixed to Fe(II)-
containing mineral surfaces, resulting in the formation of
different morphologies of iron(IIl) oxides after a relative long
contact time (5, 28, 29). Jeon et al. (28) observed the
interactions of dissolved Fe(II) with hematite surface that
transformed into magnetite (Fe'Fe,'0,) after a relative long
time. Satapanajaru et al. (30) also reported that ferrihydrite
could react with Fe(Il) to form magnetite. In this study, the
acid-extractable concentrations of Fe(Il) in all batches were
lower than the initial concentrations of Fe(II) after 24 h, and
the difference in total Fe(I) between the measured and the
added amounts increased with increasing initial Fe(I)
concentration. This shows the possibility of the fixation of
Fe(ID) and the change in mineral phase of amorphous ferric
oxide to the crystalline ferric oxides at various Fe/Cu
ratios.
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FIGURE 4. SEM images of the precipitates in solutions containing 0.5 mM Cu(ll) and various Fe(ll) concentrations ranging between 0.5
and 5 mM at neutral pH. The stoichiometric ratios between Fe(ll) and Cu(ll) were (A) 1:1, (B) 4:1, (C) 6:1, and (D) 10:1. All the precipitates

were harvested after 48 h under anoxic conditions.

Change in Morphology of Chemogenic Solids at Various
Fe/Cu Ratios. To further understand the change in mor-
phologies of chemogenic solids at various Fe(IT)/ Cu(I) ratios,
SEM and XRPD were used to identify the surface morphology
and crystal phase of the precipitates. A high concentration
of Cu(Il) (3 mM) was used to react with Fe(Il) in stoichiometric
ratios to generate sufficient amounts of chemogenic solids.
Figure 4 shows the SEM images of chemogenic solids at
various stoichiometries of Fe/Cu. The surface morphology
of the precipitates varied at different Fe/Cu ratios, and the
reactive species increased rapidly with increasing concentra-
tions of Fe(Il). Ferrihydrite was produced at Fe/Cu ratio of
1, while goethite crystals were clearly shown at Fe/Cu ratios
of 4—6 and appeared to encrust a fraction of ferrihydrite
with a lath-like habit. The XRPD patterns also showed the
change in crystal phases of the chemogenic solids at various
Fe/Cu ratios (Figure 5). The major peaks of cuprous oxide
(Cu0) were observed at 36.42°, 42.22°, and 61.3° (26), and
no distinct ferric oxide peak was identified at Fe/Cu ratio of
1.0. The SEM image of the Fe(II) and Cu(I) mixture with a
similar ratio may represent those minerals (Figure 4A). When
the ratio of Fe(I)/Cu(ll) increased to 4, at least three
morphologies of mineral particles were observed. The peaks
in the XRPD pattern (Figure 5) could be assigned to goethite,
magnetite, and cuprous oxides. Although the particles were
difficult to identify by their shapes, the needlelike particles
probably were goethite, which is in agreement with the XRPD
results (Figure 5). When the Fe(II)/Cu(ll) concentration ratio
was increased to 6, the needlelike goethite particles were
abundant but with small particle sizes. Goethite is a well-
crystallized ferric oxide and has been demonstrated to
effectively enhance the dechlorination efficiency and rate of
chlorinated compounds by Fe(II) under anoxic conditions
(5, 7,9). Therefore, the decrease in particle size may increase
the surface area to sorb more Fe(II) that can increase the rate
and efficiency of CCly dechlorination. Increasing the con-
centration ratio to 10 changed the morphology of the solids.
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FIGURE5. XRPD patterns of the solid phases precipitated at various

Fe(ll)/Cu(ll) ratios after 48 h of incubation.

The needlelike particles were not observed in the SEM image
(Figure 4D). In addition, no XRD peak related to goethite
appeared at the Fe(II)/Cu(Il) ratio of 10, revealing that an
amorphous mineral phase with small particle sizes was
formed.

XRPD patterns at various pH values ranging from 5.5 to
8.5 were also observed at the Fe/Cu ratio of 1 (Figure S2,
Supporting Information). This reflects the fact that the
precipitates could be produced over a wide pH range and
that the Fe/Cu ratio is an important factor controlling the
morphology of the precipitates. Several additional peaks,
which can be assigned to magnetite and goethite, were
observed when the molar ratios of Fe/Cu increased to 4—6
at neutral pH. Recently, Hansel et al. (31) observed the
formation of goethite and magnetite when biogenic Fe(II)
was fixed over ferrihydrite in both column and batch systems.
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Tolchev et al. (32) also found that the chemical composi-
tion of precipitates was dependent on the concentra-
tion of Fe(Il) or Fe(OH), in the suspension. These results
clearly show that the addition of excess Fe(II) concentra-
tions to solutions containing Cu(Il) can form different
mineral phases and morphologies of reactive surface-
bound Fe(I) species, resulting in an acceleration of the
CCly dechlorination rate. However, no distinct peak was
observed in XRD patterns when Fe/Cu ratios were increased
to 8—10, presumably due to the presence of the amorphous
oxides. Baltpurvins et al. (33) showed that the phase
conversion from ferrihydrite to crystalline ferric oxides was
significantly hampered in the presence of chloride ions. In
the present study, the amendment of large amounts of Fe(II)
as FeCl, increased the concentration of chloride ion in the
system and, therefore, may inhibit the formation of crystal
minerals. Ferrihydrite has a larger specific surface area than
magnetite and goethite. Therefore, the increase in surface-
bound Fe(Il) species associated with ferrihydrite due to
sorption may increase the CCly dechlorination rate at high
Fe/Cu ratios.

The mechanism for the formation of crystalline iron(III)
oxide in the presence of aqueous Fe(II) and Cu(Il) ions is not
well understood. Previous studies reported that magnetite
can be formed by the oxidation of Fe(OH), under neutral or
alkaline conditions (30) or from the oxidation of green rust
(30, 34). The poorly crystalline iron oxides may also be
transformed to goethite (35). Mann et al. (36) reported that
green rust could be formed as an intermediate during the
conversion of ferrihydrite to magnetite. In this study, a red-
brown color appeared at the Fe/Cu ratio of 1, depicting the
formation of Cu,O and amorphous ferrihydrite (eq 2). The
red-brown color then slowly changed to green-brown color
during the first 12 h when an excess molar concentration of
Fe(Il) was present. The green color is generally due to the
formation of ferrous hydroxides or green rust. Fe(OH); is
generally formed by reaction of Fe(Il) and OH™ ions under
basic conditions. During the preequilibrium of 20 h, the color
changed gradually to black-brown. This change may be due
to the oxidation of ferrous hydroxide to magnetite (eq 3) or
the formation of green rust by reacting Fe(II) ions with Fe-
(III) species (eq 4). However, no green-brown color was
observed when the concentrations of Cu(Il) and Fe(II) were
similar. These results suggest that green rust could be formed

as an intermediate and then oxidized to magnetite or goethite
(eqs 5 and 6):

3Fe(OH), + CCl, — Fe,0, + CHCI, + 2H,0 + HCl (3)

Fe(OH)," + 3FeOH" + CI” + 30H™ +
2H,0 — [Fe";Fe(OH)4] [Cl-2H,0] (4)

6[Fe",Fe"'(OH),][Cl-2H,0] + 5CCl, — 8Fe,0, +
5CHCI, + 11HCI + 28H,0 (5)

2[Fe",Fe" (OH),][Cl-2H,0] + 3CCl, — 8a-FeOOH +
3 CHCI, + 5HCI + 4H,0 (6)

Effect of pH. The pH may affect the formation of reactive
chemogenic solids and the reactivity of surface sites on the
Fe(IIl) mineral surfaces. Therefore, the effect of pH on CCly
dechlorination was examined, and the pH was maintained
within the range of 5.5—8.5 with appropriate buffers. An
unbuffered solution containing 3 mM Fe(I) and 0.5 mM
Cu(Il) at pH 4.5 was also used for comparison. Parallel
experiments in the absence of Cu(II) were also conducted to
elucidate the effect of possible precipitates on CCl, dechlo-
rination.

Figure 6 shows the effect of pH on the dechlorination of
CCls by 3 mM Fe(Il) in the absence and presence of 0.5 mM
Cu(ID). In the absence of Cu(Il), no apparent dechlorination
of CCl; was observed over the pH range of 5.5—7.0 (Figure
6A), which is similar to reported results (7). An obvious
dechlorination of CCly; by Fe(Il) occurred under alkaline
condition and the ks for CCly dechlorination increased from
0.0097 h™! at pH 7.5 to 0.0946 h! at pH 8.5. The concentra-
tions of CHCl; were within the range of 0.42—14.4 uM, which
accounted for up to 71% of CCls dechlorination (Table 2). In
contrast to the system without Cu(Il), CCl; was dechlorinated
to CHCIs over a wide pH range when 0.5 mM Cu(Il) was
added to the solution. The efficiency and rate of CCly
dechlorination increased with increasing pH values, and
removal ratios of 26—96% were obtained within the pH range
of 4.3—6.5. A nearly complete degradation of CCl, was
observed after 24 h at neutral and basic pH values. The kobs
for CCl, dechlorination increased dramatically (150-fold) from
0.0057 h™'at pH 4.3 to 0.856 h™! at pH 8.5, showing that the
pH value has a great effect on CCl, dechlorination by Fe(II)
in the presence of Cu(Il).
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TABLE 2. Comparison of the Pseudo-First-Order Reaction Rate
Constant (k) for CCl; Dechlorination by 3 mM Fe(ll) and the
Production of CHCI; in the Absence and Presence of 0.5 mM

Cu(ll) at Various pH Values

without Cu(ll) with 0.5 mM Cu(ll)
kobs max detected kobs max detected

pH (h71) CHCI; (M) (h) CHCI; (zM)
uB? 0 0.42 0.00571 0.31
5.5 0 0.44 0.0170 0.42
6.0 0 0.41 0.0224 3.93
6.5 0 0.75 0.0827 12.28
7.0 0 0.77 0.252 13.57
8.0 0.0209 8.45 0.347 13.47
8.5 0.0946 14.44 0.856 13.43

2 The measured pH values of the unbuffered solutions in the presence
and absence of 0.5 mM Cu(ll) were 5.7 and 4.3, respectively.

The increase in kops at high pH values may be attributed
to the formation of precipitates. Figure 7 illustrates the sorbed
and dissolved concentrations of Fe(Il) in the presence and
the absence of Cu(Il) after 72 h. In the solution containing
3 mM Fe(II) without Cu(Il), a total Fe(II) concentration of 3
mM was detected in the dissolved fraction at pH 5.5—7.0,
showing that no sorbed Fe(II) was present in the solutions.
Aslight green color was observed when pH values were higher
than 7.5. The sorbed Fe(II) accounted for 25—40% of the
initial Fe(II) in the solutions at pH 7.5—8.5, which is in a
good agreement with the increase in kons. Previous studies
also showed that the increase in dechlorination efficiency of
chlorinated compounds at high pH was due to the increasing
sorption density of Fe(II) onto iron(III) oxides (5, 7). However,
the total Fe(II) concentrations at various pH levels were
determined to be 3.0 &+ 0.014 mM (n = 8), which was equal
to the initial concentration of Fe(Il). Previous studies
discussed the formation of different Fe(II) species using pH—
E;, diagrams (30, 37). The most favorable Fe(II) species in the
pH range of 4—6 under anoxic conditions is dissolved Fe(II).
Green rust will be formed within the pH range of 6.5—8,
while Fe(OH); is the most abundant species at high pH values.
In this study, the measured ORP value was +180 mV in the
unbuffered solution and then gradually decreased to —20
mVatpH 5.5 and to —500 mV at pH 8.5 (Figure S3, Supporting
Information). These results suggest that no significant
amount of ferric oxide was formed in the absence of Cu(Il)
and that the sorbed Fe(II) could be green rust or Fe(OH)..

Unlike the systems without Cu(II), the concentrations of
the acid-extractable Fe(II) in the presence of 0.5 mM Cu(II)
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were lower than 2.5 mM after the termination of dechlori-
nation processes. The Cu(I) concentrations in serum bottles
were in the range of 0.44—0.5 mM, and the total Fe
concentration determined by ICP—OES was 3.0 £+ 0.15 mM
(n = 8), clearly showing that the decrease in Fe(II) is mainly
due to the formation of ferric oxides. In the unbuffered system
where the pH was 4.36 (Figure 7B), sorbed Fe(II) was found
but the dechlorination efficiency of CCLy was quite low (Figure
6B). This may be due to the protonation of the surface-bound
Fe(ID) in the acidic pH range. The protonated surface-bound
Fe(II) species are less reactive as compared with deprotonated
species (3). It is noted that the formation of ferric oxide is
most prevalent at pH 6.0—7.0 and gradually decreases with
increasing pH. The SEM images showed different morphol-
ogies of ferric oxides at various pH values due to the fixation
of Fe(Il) (Figure S4, Supporting Information). In addition to
ferric oxides, iron—copper oxides may also be formed.
However, such mineral phases were not identified in this
study.

Environmental Significance. In natural anoxic environ-
ments, several biogeochemical redox processes may take
place in parallel, giving rise to several potential reductants
for the dechlorination of subsurface contaminants. The Fe-
(I —Fe(III) cycle is one of the most important redox processes
and could be the dominating removal process for chlorinated
contaminants under anoxic conditions. Recently, the impact
of transition metals on the reductive dechlorination of
chlorinated compounds by structural Fe(II) species has been
addressed. Jeong and Hayes (24) showed that the addition
of transition metal ions including Cu(Il), Ni(II), Zn(II), Cd-
(I), and Hg(Il) increased the dechlorination rates of hexachlo-
roethane (HCA) in the presence of mackinawite (FeS). The
catalytic activities of Cu(Il), Au(Ill), and Ag(I) in the reduction
of chlorinated alkanes by green rust were also demonstrated
(38, 39). A possible mechanism for the enhanced CCly
reduction is the formation of a galvanic couple involving the
zerovalent metal and green rust. Although the concentrations
of Cu(Il) used in this study are higher than naturally occurring
concentrations, our results clearly indicate the potential of
using low concentrations of Cu(II) to enhance the dechlo-
rination efficiency and rate of CCl, by aqueous Fe(Il) in the
contaminated subsurface environments. Dissolved Fe(II) can
react with Cu(Il) to chemically produce different composi-
tions of Fe(II) oxides to accelerate the dechlorination of CCl.
Several studies (40, 41) have demonstrated the possibility of
natural attenuation of CCls in the contaminated aquifers.
The observed half-lives for CCl, dechlorination range between
5 and 15 d, which are much slower than the results obtained
in this study. In contaminated aquifers where Cu(II) and



chlorinated hydrocarbons coexist, ferric oxides are present
as alternative electron acceptors by DIRB to reductively
dissolute Fe(Il). The dissolved Fe(Il) can be adsorbed onto
the surface of ferric oxides to form the surface-bound Fe(II)
species or react with Cu(II) to generate new reactive surface
sites for the dechlorination of chlorinated hydrocarbons.

Permeable reactive barriers (PRB) have recently emerged
as a possible innovative technology for in situ cleanup of
groundwater contamination. Zerovalent iron is the most
frequently utilized material, accounting for approximately
45% of PRB applications (42). The Fe(Il) species generated
by the oxidation of metallic iron are also thought to play a
key role in the long-term reactivity of metal iron reactive
walls for the remediation of aquifers contaminated with
chlorinated solvents (42—45). Several ferric oxides including
magnetite, goethite, and green rust have been observed as
products during zerovalent iron treatment (30, 46, 47).
Recently, laboratory experimental results showed the effect
of transition metal ions including Cu(II) on the dechlorination
of chlorinated compounds by zerovalent iron (48). The
synergistic effect of dissolved Cu(Il) and Fe(Il) on the
reduction of CCly shown in this study may enhance our
understanding of the role of Fe(II) and the long-term reactivity
of zerovalent iron systems in the dechlorination processes
for chlorinated organic contaminants. In conclusion, our
results clearly demonstrate the high reactive nature of
dissolved Fe(II) in CCl; dechlorination in the presence of the
Cu(Il) ion under anoxic conditions. In the contaminated
subsurface, the Fe(II) concentrations can be as high as 1.4—3
mM (17). This gives impetus to develop processes that could
be used for the coupled detoxification of chlorinated
hydrocarbons and metal ions.
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