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Removal of hexavalent chromium (Cr(VI)) from wastewater typically involves reduction of Cr(VI) to insol-
uble Cr(Ill) using zerovalent iron (Fe®) or ferrous iron (Fe(Il)). This study investigates the effectiveness
of Fe(Il)-treated faujasite (zeolite Fe(Il)-Y) for reduction of Cr(VI) and immobilization (adsorption/co-
precipitation) of the Cr(Ill) reaction product. The Fe(ll)-faujasite material effectively removed high
concentrations of dissolved Cr(VI) from aqueous solution resulting in Cr solid loadings as high as
0.30mmol Cr per gram Fe(Il)-faujasite or ~1.5% Cr (w:w). Results of Cr K-edge X-ray absorption near
edge spectroscopy (XANES) confirmed that the oxidation state of Cr in Cr(VI)-treated Fe(II)-faujasite was
Cr(III). The local atomic structure of Cr was investigated by extended X-ray absorption fine structure
Zeolite (EXAFS) spectroscopy and the structure of Cr in the product was described by a Cr-O first shell of six O
Faujasite atoms at 1.98(+0.02) A plus a second atomic shell of metal (Cr, Fe) at 3.13(+0.02) A. The EXAFS results,
X-ray combined with SEM imaging and X-ray diffraction analyses, suggested that the product of the reaction
of Cr(VI) with Fe(Il)-faujasite is primarily a poorly order CryFe;_x(OH)3; mixed phase similar to previous
investigations of the reaction of Cr(VI) with Fe and not solely Cr(Ill) bound directly to zeolite cation
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exchange sites.
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1. Introduction

Chromium(VI) is a toxic contaminant found in electroplat-
ing, leather tanning, pulp production, metal finishing, paint, and
petroleum refining wastes. Contamination of the environment with
Cr(VI) is a potential concern due to both the toxicity of Cr(VI) [1-4]
and the mobility of the Cr(VI) in soil, subsurface groundwater, and
landfill environments [5,6]. Chromium exists in both the Cr(Ill) and
Cr(VI) oxidation states in the environment. The Cr(III) species is not
highly mobile in soil due to precipitation of insoluble Cr(OH)3 and
CrOOH solid phases and adsorption on soil mineral surfaces [7-9].
In contrast, the Cr(VI) species is a soluble anion (Cr,072~ or Cr042-)
with relatively poor affinity for mineral surfaces [3,10,11].

Remediation of dissolved Cr(VI) from contaminated water has
received extensive study [12-23]. Several investigations of Cr(VI)
reactions with iron species, including ferrous iron (Fe(Il)), iron sul-
fide, and zerovalent iron (Fe?), have proven effective for reduction
of Cr(VI) to Cr(Ill) [14-25]. The products of the Fe(Il)-Cr(VI) and
Fe0—Cr(VI) reactions are believed to be amoprhous Fe(IIl)-Cr(1II)
hydroxide mixed solid phase (CrxFe;_4(OH3))[15,16,22,23,26-28].
Additionally, the presence of Fe(Ill) hydroxide and amorphous silica
have been shown to accelerate reduction of Cr(VI) by Fe(II) [29,30].
The most effective substrates for remediation of Cr(VI) must both
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reduce Cr(VI) to Cr(IlI) and bind the Cr(III) product to minimize the
possibility of subsequent remobilization. Subsequent re-oxidation
of Cr(IlI) back to Cr(VI), as can occur by the reaction of Cr(Ill) with
soil manganese oxide compounds [31] must be avoided.

The approach investigated in the current study employs Fe(II) as
a Cr(VI) reductant and zeolite as a solid phase support for binding
cations (Fe2*, Fe3*, and Cr3*) and providing sites for precipitation of
Fe(Ill) and Cr(IlI) hydroxides. Zeolites are micro- and nano-porous
aluminosilicates that are widely employed for cation exchange,
catalysis, and remediation of metals in wastewaters [32-34]. The
CrO42~ anion is not strongly adsorbed on un-modified zeolite
due to permanent, structural negative charge of the crystal lat-
tice [35]. However, cationic surfactant-modified zeoilte has been
shown to be an effective Cr(VI) adsorbent [36-39]. The Cr(IIl) cation
is strongly adsorbed by a variety of natural and synthetic zeolites
[34].

In the current study we investigate the reaction of Cr(VI) with
Fe(Il)-exchanged faujasite. A variety of experimental techniques
were employed including equilibrium batch reactions, competi-
tive Cr(Ill)/Fe(Il) experiments, and several X-ray techniques for
elucidation of the chemical characteristics of the products. The
objectives of this study were to (1) evaluate the Cr(VI) reduction
capacity of Fe(Il)-exchanged zeolite, (2) investigate the elemental
composition, morphology, crystallography, and structural atomic
environment of Cr in the products, and (3) develop a conceptual
model for the mechanism of Cr(VI) reduction and Cr(III) immobi-
lization by the Fe(Il)-faujasite material.
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2. Experimental
2.1. Materials

All chemicals in this study were reagent grade (FeCl,, CrCls,
NayCrO4, HCl) and all solution preparations employed deion-
ized (DI) water. Sodium-exchanged faujasite (zeolite-Y, or NaY)
powder was used in this study (Zeolyst International CBV100,
Si0,/Al;03 =5.1, Na form). The NaY material is a calcined, synthetic
zeolite containing a sodalite secondary building unit (truncated
cubo-octahedron) with a high surface area (=500m2g-') and an
effective channel width of 7.4 A [40] capable of accepting hydrated
cations (Cr3*, Fe3*, and Fe?*) and anions (CrO42~) into interior
channel sites. The Na-Y material was used without additional
preparation or purification.

2.2. Fe(ll), Fe(Ill), Cr(1ll), and Cr(VI) batch reactions

Adsorption reactions employed a reciprocating shaker
(100rpm) and were conducted using 50.0(£0.1)mg zeolite
solid in 20.0(#0.1) mL solution volumes contained in 50 mL poly-
carbonate centrifuge tubes at room temperature (22+4+1°C). A
preliminary investigation determined that 48 h was adequate time
for equilibration of the zeolite solid-solution mixtures and thus all
batch reactions were terminated at 48 h. Samples were centrifuged
at 8000rpm for 10 min, decanted, and filtered through 0.2 pm
membrane disks to remove particulates. Total dissolved metal
(Fe and Cr) analyses were performed by flame atomic absorption
spectrometry (FAAS) with a Varian 220FS spectrometer. In all
batch experiments equilibrium solution pH was measured for
determination of activities, speciation, and solubility limits.

Treatment of faujasite with Fe(II), Fe(III), and Cr(IIl) involved dis-
solving and diluting FeCl,, FeCls, and CrCl3 salts in 0.001 M HCI to
prevent precipitation. The Fe(II) solutions were prepared fresh prior
to each experiment to prevent oxidation of Fe(II) to Fe(III). Both sin-
gleion (Fe(Il) and Cr(Il)) and dual ion experiments were performed.
Dual ion experiments were performed either as simultaneous
(Fe(II) + Cr(Ill)) or sequential (Fe(Il)— Cr(Ill), Cr(Ill) — Fe(Il), and
Cr(III) — Fe(Ill)) ion additions. For sequential experiments, reaction
mixtures (50 mg faujasite solid in 20 mL solution) were allowed to
equilibrate by shaking 48 h followed by removal of the first ion
solution (centrifuge, vacuum decant, filter) and replacement with
the second ion solution. After 48 h shaking the second solution was
removed, filtered, and immediately analysed for total Cr and Fe
concentration by FAAS.

The equilibrium Fe(II) adsorption isotherm (see Fig. 1) was used
to evaluate the maximum Fe(Il) uptake by faujasite. A maximum
loading of 1.05 mmol/g was shown to be reproducible and was
chosen for further reaction studies with Cr(VI). The Cr(VI) reaction
experiments were conducted by first centrifuging the Fe(Il)-treated
faujasite (8000 rpm for 10 min), decanting excess Fe(Il) solution
from solid pellets, and rinsing once with 0.001 M HCI. The solids
were then resuspended in 20 mL of varying dissolved Cr(VI) con-
centration (0-1.8 mM) and allowed to react for 48 h followed by
analysis of total Fe and Cr in solution by FAAS.

2.3. SEM-EDX and XRD analyses

Imaging of the reacted faujasite solids was performed with a
Zeiss Ultra 55 field emission scanning electron microscope (SEM)
equipped with a Gemini FEG column. Samples were mounted on
Al stubs with carbon tape. Images were collected with a secondary
electron in-lens detector. Elemental composition was analysed by
energy-dispersive X-ray (EDX) analyses with an Oxford X-Max Si
drift detector at a working distance of 10 mm, accelerating voltage
of 13 keV, 35° take-off angle, and a count rate of 10,000 cps. This
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Fig. 1. Measured Fe(ll) on faujasite adsorption isotherm and Langmuir model
least-squares fit (solid curve). The dotted line indicates the Fe(Il) treatment level
(1.05 mmol/g) used for further experiments with Cr(VI).

provided an X-ray resolution of 126 eV (FWHM). The crystallogra-
phy of the untreated (Na form), Fe(Il)-, Cr(Ill)-, and Cr(VI)-treated
Fe(Il)-faujasite was investigated with a Bruker D8 ADVANCE X-ray
diffractometer using a Cu Ko source (40 keV), Bragg-Brentano pri-
mary beam optics (slit width 1.0 mm), and scan parameters from
10 to 100° 26 at 0.05° 260 increments. The faujasite samples anal-
ysed by SEM-EDX and XRD were identical in preparation to those
described below for X-ray absorption spectroscopy.

2.4. X-ray absorption spectroscopy

Samples for XAS analysis were prepared in four batches of 2.5g
of Fe(Il)-faujasite powder (1.0 L 200 mg/L Fe(Il) in 1L HDPE bottles).
After 48 h shaking the solids were collected by vacuum filtration
with 47 mm diameter 0.2 wm filter-disks, and the filtrate reserved
for metals analysis by FAAS. The wet paste samples were rinsed
with 50-100 mL DI water, divided into three aliquots, weighed,
and the individual portions transferred to 500 mL HDPE bottles for
immediate treatment with 333 mL of 0.85 mM Cr(III) or Cr(VI). After
48 h shaking, the solids were again recovered as a wet pastes with
the filtrate analysed for total Cr and Fe by FAAS. The wet paste sam-
ples were stored on the filter-disks for 3 days in Ar-purged plastic
centrifuge tubes prior to XAS analysis.

The XAS measurements were conducted at the GeoSoilEnviro-
CARS facility, beamline 13BM-D, at Argonne National Laboratory’s
Advanced Photon Source (APS). Several model compounds were
measured to provide reference data, including Cr metal foil for
energy calibration, Cr(VI)-treated Fe oxyhydroxide (FeOOH), Cr
salts (NayCrO4 and CrCl3), and Cr solutions. Zeolite, Cr salt, and
Cr solution samples were mounted in 24 mm x 5mm slots cut
in 2mm thick plexiglass sample-holders with Kapton tape. Both
Cr and Fe K-edge absorption spectra were collected. The Cr and
Fe X-ray absorption edges were scanned from 5860-6370eV (Cr)
and 6980-7500eV (Fe). Energy step intervals were 0.5 eV within
—20 to +20eV of the edge step (XANES region) and 1.0eV in
the extended (EXAFS region). X-ray energy was controlled with
a Si(111) monochromator. The K-edge absorption spectra were
collected as X-ray fluorescence using a Canberra 16 element Ge
solid-state multielement detector, with the samples mounted at
a 45° angle to the incident beam. Incident beam energy (Ip) was
recorded using a standard N, ionization detector. In all cases eight
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scans per sample were collected. The potential for photoreduction
of Cr(VI) by the X-ray beam was assessed by performing a time
series measurement on a reference Cr(VI) solution. No photoreduc-
tion of Cr(VI) was detectable over the timescale of our measurement
runs.

Analysis of EXAFS and XANES data were performed using
SIXPACK [41] and IFEFFIT [42] software. Individual scans were
averaged, the linear pre-edge was subtracted, and the absorption
post-edge step was normalized for all samples. The EXAFS spectrum
was produced by isolation of the x(k) function with a cubic spline
function followed by k3 weighting. Theoretical EXAFS amplitude
and phase functions for Cr-0, Cr-Cr, Cr-Si, and Cr-Fe single scatter-
ing paths were generated by FEFF 8.0 [43]. Fitted parameters such as
amplitude reduction factor (Sg), Fermi shift (Ey), inter-atomic dis-
tance (R), and Debye-Waller factor (02) were fitted in k-space. The
Cr-0 shell coordination number (N) was held constant at N=4 for
Cr(VI) and N =6 for samples containing Cr(IlI). The Sg was initially
established as 0.8 by fitting of a 2.0 mM Na,CrO4 solution EXAFS
spectrum with fixed values of N=4 0 atoms and R¢;_o = 1.69 A. Fit-
ting of subsequent spectraused S2 = 0.8 as a starting value followed
by adjusting this parameter as a final step in the fit. The quality of
the overall fits were calculated using the following goodness of fit
parameter

2
Fit(%) = M « 100 1)
Z(Xexp)

where Yexp and xg; are the experimental and calculated y(k) func-
tion data, respectively. Errors in fitted parameters generated in
SIXPACK output were +0.02 A for R and +20% for N.

3. Results and discussion
3.1. Fe(1l) and Cr(Ill) uptake by faujasite

Cation exchange of faujasite was explored under a variety of
conditions for Fe(Il) and Cr(IIl). Equilibrium single ion and sequen-
tial ion exchange isotherm data were measured and used to
determine the adsorption capacities by fitting with a Langmuir
adsorption model

 SmKCy
STI1YKG

where Cs is the amount of adsorbed solute, C; the equilib-
rium solute concentration, K and Sy, are constants representing
the solute affinity and maximum adsorption capacity, respectively.
The Langmuir fitted parameters are provided in Figs. 1 and 2 along
with the experimental data. The Fe(Il) uptake on faujasite dis-
played a steep, high-energy uptake region (0-0.6 mmol Fe(II)/g) at
low Fe(Il) coverage which reached a maximum at S;; =1.10 mmol
Fe(Il) per gram faujasite (Fig. 1). The Langmuir fit was not ideal
in the equilibrium dissolved Fe(Il) concentration range between
0.2 and 0.5 mM. However a satisfactory fit was accomplished at
lower coverage (0-0.6 mmol Fe(II)/g) and higher coverage near the
adsorption maximum. The Fe(Il)-faujasite used for Cr(VI) treatment
studies contained 1.05 mmol Fe(Il) per gram faujasite.

Results of Cr(Ill) uptake by untreated faujasite are shown in
Fig. 2. The goal of this experiment was to confirm that Cr(III) (the
Cr(VI) reduction product) was effectively adsorbed by faujasite.
Since Cr(III) solubility is pH dependent, the solubility limits were
calculated using the measured equilibrium pH of 3.3 to confirm that
the Cr(IIl) removal was an adsorption process rather than precipita-
tion of Cr(OH)3. For the results in Fig. 2 the calculated solubility limit
for Cr(IlI) was approximately 100 times greater than the measured
Cr(Ill) concentrations at equilibrium. The impact of pH on Fe(Il)
and Cr(IIl) uptake was also evaluated indicating a relatively small
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Fig. 2. Measured Cr(IlI) isotherms and Langmuir model least-squares fit. Data pre-
sented are for simultaneous, dual ion Cr(III) + Fe(I) uptake (Cr:Fe mole ratio=0.67)
and single ion Cr(IIl). The Langmuir isotherm least-squares fit includes both data
sets.

competitive influence by H* (data not shown). On a charge equiva-
lents basis, the observed adsorption capacity for Cr(IIl) by faujasite
was equal to, or slightly higher than that for Fe(Il), depending only
slightly on pH within the pH range studied (pH 3-4). In addition,
Cr(IIT) adsorption was nearly independent of Fe(Il) concentration
over a wide [Fe(II)] range. Measurements using simultaneous, com-
petitive uptake of Fe(Il) and Cr(Ill) on faujasite (Fig. 2) indicate a
significantly higher affinity for Cr(IIl) than for Fe(II), consistent with
the higher coulombic potential of the trivalent Cr3* cation.

The results of sequential treatments (Fig. 3) indicated that most
of the Fe(Il) was displaced by Cr(IlI)-exchange. In these experiments
faujasite was loaded with cation (either Fe2* or Cr3*) to the adsorp-
tion maxima prior to addition of the second cation. Sequential
treatment with Cr(III) followed by Fe(II) displaces a small amount
of Cr(Ill). The displacement of Fe(II) by Cr(IIl) suggests that Cr(III) is
adsorbing to the zeolite, rather than precipitating. Since the amount
of adsorbed Fe(Il) or Cr(Ill) are about the same when quantified
as equivalents of charge, displacement of Fe(Il) by Cr(Ill) can be

100
QO Cr(11I) displaced by Fe(II)
% & Fe(II) displaced by Cr(II1) *
80 4 A Cr(IIl) displaced by Fe(III)
T 70 -
2 *A
2 60 -
a
& s0 4
.§ L\
& 40 4 .0
£ 304 A
|
£ 20 - &
10 - O
1&) o0 O
0 1 ] 1 I

T
0.0 1.0 2.0 3.0 4.0 5.0 6.0
[Cr+Fe] Total Conc. (meq/L)

Fig. 3. Competitive exchanges on faujasite using sequential treatments of Cr(III)
followed by Fe(II), Fe(II) followed by Cr(III), and Cr(III) followed by Fe(III).
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Fig. 4. Uptake of Cr(VI) by Fe(Il)-treated zeolite. The initial adsorbed Fe(II) concen-
tration is 1.05 mmol/g. Data have been normalized to the amount of adsorbed Fe(II).
Initial Cr is the total added Cr(VI). At low [Cr(VI)], adsorbed Cr tracks available Cr.
At higher [Cr(VI)], available Fe(II) limits the uptake near a Cr:Fe ratio of 1:3 (see Eq.
(4)).

approximately described by
Z--(3/2)Fe*t + Cr3t « Z...Cr3*+ 4 (3/2)Fet (3)

where Z. .- represents a zeolite cation exchange site. As shown
in Fig. 3, the sequential addition of Fe(lIll) effectively displaces
Cr(III). However, in subsequent experiments where oxidation of
Fe(II) to Fe(Ill) by Cr(VI) occurred, minimal dissolved Fe or Cr were
detectable suggesting that either (a) there were adequate zeolite
exchange sites available for both Cr3* and Fe3* cation adsorption or
(b) precipitation of Fe(IIl)/Cr(Ill) hydroxides had occurred.

3.2. Cr(VI) uptake by Fe(Il)-treated faujasite

Measured Cr(VI) uptake at varying initial Cr(VI) concentrations
(expressed as a mole ratio, [adsorbed Cr:adsorbed Fe]) is shown
in Fig. 4. The mole ratio of (available Cr)/(adsorbed Fe) is also
plotted to provide a reference. The removal of Cr(VI) by Fe(Il)-
faujasite reached a maximum solid loading of ~0.30 mmol Cr/g
Fe(Il)-faujasite (~1.5% Cr, w:w). Uptake of Cr(VI) by Fe(Il)-treated
faujasite correlated directly with the measured amount of adsorbed
Fe(II), with an observed Cr/Fe ratio close to 1:3 (Fig. 4). This result
is consistent with the stoichiometry of the redox reaction:

3Fe2t + HCrO42~ + 7H* < 3Fe3* +3Cr3* +4H,0 (4)

At initial Cr(VI) treatment concentrations <0.80 mM the Cr(VI)
uptake is directly proportional to added (initial) Cr(VI) under the
experimental conditions (50 mg solid in 20 mL solution). However,
at higher dissolved Cr(VI) (>0.80 mM) the fixed amount of adsorbed
Fe(II) limits the amount of Cr(VI) uptake when the Cr:Fe mole ratio
in the system is greater than or equal to 1:3. Below Cr:Fe=1:3
excess Fe(Il) is present and Cr(VI) uptake is nearly complete. Above
Cr:Fe =1:3 there is excess Cr(VI) and Cr(VI) uptake levels off.

The reduction of Cr(VI) by Fe(Il) is thermodynamically favor-
able and the results shown in Fig. 4 are consistent with previous
work suggesting that Cr(VI) is reduced to Cr(III) followed by precip-
itation [15,16,22,23,26-28]. In addition, substantial evidence now
suggests that Fe(Il) is the predominant reducing agent generated
during corrosion of metallic Fe [44,45]. The redox and adsorption
reactions (Egs. (3) and (4)) favor the formation of products so their
coupling should mutually enhance reactivity; the Cr(Ill) product
of Eq. (4) is a reactant for Eq. (3). Hypothetically, Fe(Il) adsorbed

at sites inaccessible to Cr(VI) within the faujasite crystal structure
could be displaced by Cr(Ill) (or Fe(lll)) redox products and then
would be available for reaction with dissolved Cr(VI). Addition-
ally, solid surfaces such as silica and goethite have been shown
to enhance the rate of reaction of Fe(Il) with Cr(VI) [30] and the
Fe(Il)-faujasite may have similar surfaces.

3.3. SEM-EDX and XRD analyses

The results of SEM imaging showed faujasite particles with
a blocky, angular morphology with uniform sizes (~400-500 nm
width by ~600-800nm length) (Fig. 5A). The faujasite parti-
cle morphology remained intact during and after the Fe(Il) and
Cr(VI) treatments. Elemental analysis by EDX suggested that pure
faujasite was free of Fe contaminants (Fig. 5A) and the Fe(Il)-
faujasite gave measurable Fe Kal and K@31 peaks at 6.40 and
7.06 keV, respectively (Fig. 5B). Some evidence can be seen for
formation of a fine, nano-scale precipitate in the Cr(VI)-treated
Fe(Il)-faujasite sample associated with the surfaces of faujasite
particles (Fig. 5C). This feature was probed by EDX spectroscopy,
however the length scale was too small for EDX elemental map-
ping and thus it remains unclear if this feature is pure Fe(Ill) or
Cr(IIT) hydroxide, or if a mixed Fe(IIl)-Cr(Ill) hydroxide is present.
Both Fe Kol and KB1 peaks and Cr Ka1 and K31 peaks (at 5.41
and 5.95 keV, respectively) were detected. The relative Fe and Cr
EDX peak intensities corresponded well with previously measured
solid Fe and Cr concentrtaions measured in batch experiments.
The results of XRD analysis (Fig. 6) indicated that no alteration in
the crystal structure of faujasite occurred, nor were any new crys-
talline phases detected. This suggests that if a mixed phase such
as CrxFe;_y(OH)3 product is present that it is amorphous or poorly
ordered.

3.4. XANES analysis

Cr K-edge XANES results indicate that Cr(VI) was reduced to
Cr(Il) by Fe(Il)-faujasite (Fig. 7). A reference Na,CrO,4 solution,
metallic Cr foil, CrCl3 solution, and Cr(lll)-treated faujasite were
also analysed. The reduction of Cr(VI) to Cr(IIl) can be inferred by
both the absence of the strong pre-edge absorption peak char-
acteristic of Cr(VI), along with the position of the K-edge. In
tetrahedral Cr(VI) the pre-edge peak at 5994.5eV is attributed
to a symmetry-allowed transition of a 1s electron to a t,* anti-
bonding orbital [22,24]. The Cr(VI) pre-edge peak is not present
in the CrCl; reference solution or Cr(Ill)-treated faujasite sample.
The Cr(Ill) samples show a weak pre-edge absorption feature at
5992.5 eV associated with transitions of 1s electrons to antibond-
ing orbitals with octahedral symmetry [46]. The XANES spectrum
for Cr(VI)-treated Fe(Il)-faujasite retains a weak absorption peak
at 5994.5 eV from the Cr(VI) pre-edge feature indicative of a trace
amount (~1%) unreacted Cr(VI). Aside from the small Cr(VI) con-
tribution, the XANES data for the Cr(VI)+Fe(Il)-faujasite reaction
suggest the product is predominantly Cr(Ill). Though some sim-
ilarities to Cr(Ill)-treated faujasite are evident, the Cr(VI)-treated
Fe(II)-faujasite XANES spectrum exhibits differences from the pure
Cr(Ill)-faujasite sample such as a slight broadening of the main
XANES peak centered at 6011eV as well as different post-edge
features detectable in the EXAFS region.

3.5. EXAFS analysis

EXAFS spectroscopy was employed to determine the local
atomic structure of Cr in Cr(VI)-treated Fe(II)-faujasite. The exper-
imental and fitted EXAFS Fourier transforms (radial structure
functions) of Cr K-edge EXAFS spectra for 20.0 mM Na,CrOg4, Cr(VI)-
treated goethite (a-FeOOH), and the faujasite samples are shown
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Fig. 5. SEM images with corresponding EDX spectra of (A) untreated faujasite, (B) Fe(ll)-treated faujasite, and (C) Fe(Il)-faujasite after reaction with Cr(VI). The Cr solid
concentration in (C) is 0.28 mmol/g.

Table 1
Cr K-edge EXAFS fitting results from SIXPACK for Cr(VI) solution, Cr(VI)-treated goethite (a-FeOOH), Cr(IIl)-treated faujasite, and Cr(VI)-treated Fe(Il)-faujasite.
Sample Cr concentration Shell (So2)? N Eo (eV) R (AP 02 (A?) Goodness of fit (%)°
Na, CrO4 solution 20.0mM Cr-0 0.80 4.00 0.65 1.66 0.002 7.8
Cr(VI)-a-FeOOH 0.050 mmol g~! Cr-0 0.75 4.00 -1.36 1.64 0.0009 17
Cr-Fe 0.75 1.50 -1.36 3.37 0.0009
Cr(IlI)-faujasite 1.00mmol g! Cr-0 0.72 6.00 0.45 1.98 0.002 20
Cr-Cr 0.72 0.40 0.45 3.11 0.008
Cr-Si 0.72 1.80 0.45 3.51 0.001
Cr(VI)-treated 0.28 mmol g-! Cr-0 0.60 6.00 3.94 1.98 0.002 25
Fe(Il)-faujasite Cr-Cry 0.60 1.00 3.94 3.13 0.002

@ The amplitude reduction factor (Sg) was set at 0.8 during initial fitting and then allowed to vary as a final fitting step; N =coordination number (fixed during the fitting

procedure); Eqg = Fermi shift; R=inter-atomic distance; o2 = Deby-Waller factor.
b Errors in fitted R values estimated in SIXPACK were +0.02 A.

¢ Goodness of fit parameter = Fit(%) = E( xexp — xfit)?/ Z( Xxexp)?x100 where xexp and xg. are the experimental and calculated (k) function data, respectively.
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Fig. 6. X-ray diffraction patterns of (A) Na-faujasite, (B) Fe(I)-faujasite, (C) Cr(III)-
faujasite, and (D) Cr(VI)-treated Fe(Il)-faujasite. The data have been offset for clarity.

in Fig. 8 and the fitted values are given in Table 1. The results of
Cr(VI)-treated goethite (a-FeOOH) have been included for com-
parison of the Cr-0 inter-atomic distance of Cr(VI) with Cr(IIl). The
Cr(VI)-treated a-FeOOH sample yielded a first Cr-O shell composed
of four O atoms at an inter-atomic distance of R=1.66(+0.02) A
(Table 1) which is comparable to 1.69 A reported in previous Cr
EXAFS studies [22,25]. A second backscattering Cr-Fe shell peak
was used in the fit and included 1.5 Fe atoms at an inter-atomic
distance of R=3.37(+0.02) A. The Cr-Fe second shell at 3.37 A sug-
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Fig. 7. Normalized Cr K-edge XANES for Cr(VI)-treated Fe(II)-faujasite and various
reference compounds. The vertical dashed line at 5994.5 eV corresponds to the Cr(VI)
pre-edge feature described in the text. The data have been offset for clarity.
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Fig. 8. Cr K-edge EXAFS Fourier-transformed experimental spectra (solid lines) and
theoretical fits from Sixpack software (dashed lines). All data are uncorrected for
phase shift. From top to bottom: Cr(VI)-treated goethite (a-FeOOH), Na,CrO4 in
2.0 mM aqueous solution, Cr(VI)-treated Fe(II)-faujasite, and Cr(Ill)-treated fauja-
site.

gests that the CrO42~ anion binds directly to the a-FeOOH surface
by an inner-sphere adsorption mechanism [47,48].

The Cr K-edge EXAFS data for Cr(Ill)-treated faujasite were
included to compare the local atomic environment of Cr(IIl)
adsorbed on untreated zeolite with Cr(Ill) produced from Cr(VI)
reduction by Fe(Il). Both Cr(IlI)-treated faujasite and Cr(VI)-treated
Fe(Il)-faujasite show a coherent Cr-O shell of six O atoms at
R=1.98(+0.02) A. This R value agrees well a Cr-0 distance of 1.99 A
found in previous EXAFS work on synthetic Cr(OH);-nH,O precip-
itate [49], Cr(Ill) adsorption complexes on hydrous Fe(Ill) oxides
[47], and Cr(IIl) surface precipitates on silica [48].

Second shell peaks at distances greater than 1.99 A were also fit
and ascribed to backscattering from shells of metal atoms (Cr-Cr,
Cr-Fe, or Cr-Si) beyond the Cr-0 shell (Fig. 8). The Cr(Ill)-treated
faujasite contained no Fe and the spectrum shows distinct differ-
ences from the Cr(VI)-treated Fe(Il)-faujasite sample. Most notable
is the presence of a peak at 3.51A ascribed to Cr-Si which is
absent in the Cr(VI)-treated Fe(Il)-faujasite sample. In the case of
Cr(VI)-treated Fe(Il)-faujasite, either Cr-Fe or Cr-Cr shells were
successfully used to describe the second shell since EXAFS cannot
discern differences in the atomic number (Z) of nearest neighbors
that are Z+2 [25]. A reasonable fit to the Cr(VI)-treated Fe(Il)-
faujasite was determined using a Cr-0 shell at 1.98 A (N=6) and
a Cr—(Cr,Fe) shell at R=3.13(£0.02) A (N=1) (Table 1). These inter-
atomic distances agree well with previous investigations of Cr(III)
surface precipitation on silica [46] and hydrous ferric oxide [45].



J.R. Kiser, B.A. Manning / Journal of Hazardous Materials 174 (2010) 167-174 173

Based on EXAFS results it can be reasonably assumed that
the Cr3* cation is binding to the alumino-silicate cation exchange
site of the faujasite cage structure in the Cr(Ill)-faujasite sam-
ple whereas the Cr3* cation in the Cr(VI)-treated Fe(Il)-faujasite
is closely associated with other Cr3* or Fe3* cations in a poorly
ordered preciptate. Formation of amorphous, mixed phase preciti-
tates such as CryFe;_x(OH)3 have been previously reported in the
solid product mixtures after reaction of Cr(VI) with Fe(Il) and Fe®
[15,16,22,23,26-28]. The porosity and 7.4 A effective channel width
[40] of faujasite suggests that an CryFe;_x(OH)3 product could form
both on the exterior faujasite particle surfaces (see Fig. 5C) or within
channels of the faujasite frame network.

4. Implications for Cr(VI) remediation

Untreated zeolites exhibit little or no affinity for Cr(VI). How-
ever, their ability to adsorb Fe(Il) provides an effective means for
delivering this reactant for subsequent reduction of Cr(VI) to Cr(III).
The reduction of Cr(VI) by Fe(Il) is favorable under environmentally
relevant conditions and this study indicates that Fe(Il) adsorbed by
faujasite is accessible for the Cr(VI) reduction reaction. Since Cr(III)
(the product of Cr(VI) reduction) readily displaces Fe(Il) from the
faujasite exchange sites a cooperative mechanism between these
two favorable reactions occurs where generation of Cr(IIl) results in
cation exchange with Fe(II) causing more Cr(VI) reduction by Fe(II).
Furthermore, the presence of the Al-Si-O and SiO; surfaces in the
faujasite structure may assist the reaction of Cr(VI) with Fe(Il) by
providing a catalytic effect.

Further steps are needed before field application of Fe(Il)-
treated zeolite. For example, though faujasite is well-characterized
and contains minimal impurities, this synthetic zeolite would not
be cost effective on a field scale. Field application would more likely
use natural zeolite available as an industrial-scale sorbent. Col-
umn studies are also necessary to determine the efficiency of Cr(VI)
reduction under dynamic, flow-through conditions are needed. The
results of this study suggest that Fe(Il)-treated zeolites are effective
in removing Cr(VI) from aqueous solution, either alone or perhaps
as a co-additive in Fe9-based remediation.
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