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Abstract

Four simulated waste streams relevant to the vitrification of Hanford
nuclear waste were studied to the evaluate the removal kinetics of
technetium-99 (Tc) and co-mingled Cr(VI) during treatment with solid ferrous
hydroxide (Fe(OH),(s)). Simulants were: (i) 1 M NaOH (control system), (ii)
1M NaOH solution with 1570 ppm Cr(VI), (iii) secondary off-gas (OG) waste
stream simulant, and (iv) 5M Na LAW (low activity waste). Simulants treated
with Fe(OH).(s) were reacted for 24 hours and sub-sampled periodically to
monitor Tc and Cr(VI) removal. Solution sample analysis during the reaction
was coupled with solid phase characterization, e.g. X-ray absorption
spectroscopy (XAS) and X-ray diffraction (XRD), to establish influence of the
solid phase product on Tc and Cr(VI) removal rates. Based on these results,
the majority of Tc and Cr(VI) removal occurs within the first five minutes of
simulant contact with Fe(OH),(s). However, the order in which Tc and Cr(VI)
are completely removed from each simulant depends on the simulant
chemistry, the preferred reduction pathway, and the nature of the solid
phase product, e.g. magnetite (Fes04) versus goethite (a-FeOOH). Low pH
and low Cr(VI) concentrations favor rapid Tc removal, with XRD and XAS
confirming that Fes;O, readily incorporates reduced Tc(lV) into its structure.
High pH, high Cr(VI) concentrations, and the presence of other co-mingled
constituents, favor heterogenous Tc removal early in the reaction (<1 hours).

At reactions times >1 hour, Tc removal slows as homogenous reduction and



49 removal of Cr(VI) starts to dominate, concurrent with an increase in the

50 formation of FeOOH as the solid phase reaction product.
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1. Introduction

The US Department of Energy Hanford Site is tasked with the vitrification
of ~54 million gallons of liquid nuclear waste that is currently stored onsite
in underground tanks.'? One of the challenges associated with this approach
is the generation of secondary waste streams to collect hazardous
radionuclides that are volatilized under vitrification operating temperatures
(>1000 °C). Technetium-99 (Tc) is a radioactive fission product that persists
in the low activity waste streams at Hanford and is susceptible to
volatilization. Due to its long half-life (2.1x10° years), high fission vyield
(~6%), and environmental mobility as Tc(VIl) species in oxidizing
environments,*® Tc has been the focus of intense research to support site
operations and cleanup. Specifically, the development of sequestration
technologies or additives that can minimize volatilization, or be used to
separately treat Tc in secondary waste streams, are currently being
tested.'®!? However, treatment of containing waste streams, both
before and after vitrification, has two major challenges: (i) reduction of
Tc(VIl) to less mobile and less volatile Tc(IV) in the presence of co-mingled
redox-sensitive constituents, e.g. Cr(VI), nitrate (NOs); and (ii) Tc
stabilization in a phase that inhibits reoxidation and release into secondary

waste streams or the environment.

To overcome these challenges, the use of solid ferrous hydroxide
Fe(OH).(s).} to reduce Tc(VIl) in the presence of redox-competitors, and
immobilize Tc(lV) in Fe (oxyhydr)oxide minerals formed during Fe(OH)(s)

5
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| oxidation, has been studied.&1012 In these studies, Fe(OH).(s) was

successful at reducing and sequestering Tc to varying levels even in the
presence of co-mingled constituents. The research shows that the extent of
Tc reduction is highly dependent on the composition of the nuclear waste
stream, e.g. secondary constituents, pH, E, and that incorporation of
reduced Tc into a stable solid phase is dependent on the mineralogical
composition of the reaction product. However, an investigation into the
kinetic processes that drive Tc and co-mingled contaminant, e.g. Cr, removal
by Fe(OH).(s) and solid phase formation has not yet been undertaken for
pertinent nuclear waste streams. Such studies are necessary for defining a
representative treatment period to be accounted for in waste processing
procedures, where treatments requiring a few minutes as opposed to days

are less likely to inhibit waste treatment and throughput.

Although monitoring rate of removal by measuring total Tc and Cr
concentrations in solution is not a direct measure of reduction, negligible
sorption of the TcO, or CrO4* oxyanions is expected, as the Fe(OH), mineral
surface will be negatively charged under the alkaline conditions in this
system.'®* Thus, constituent removal from solution via precipitation or
incorporation into the mineral phase is expected to be concurrent with
reduction. Tc(VIl) and Cr(VI) reduction is expected to proceed via
heterogeneous and/or homogeneous pathways, where heterogenous
reduction is a surface mediated process, e.g. interactions with Fe(ll) sorbed

to an iron oxide surface and Fe(ll)/Fe(lll) electron transfer,'*'” and
6
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homogenous reduction occurs in solution, e.g. Fe(ll)aq. As reported in
previous studies, the reduction of Tc(VIl) to Tc(lV) often favors
heterogeneous reduction where electron density is higher at mineral
surfaces compared to Fe(ll) in solution.**” Furthermore, Fe(ll) sorbed on the
surface of iron oxides is a more effective heterogeneous pathway for Tc
reduction than Fe(ll) trapped within a crystal lattice, e.g. magnetite
(Fe(Il)Fe(ll1)204).” Thermodynamically, homogeneous reduction of Tc(VII) is
also possible, but kinetically hindered as a three-step single-electron
reduction process.!*>1820 Comparatively, Cr(Vl) homogeneous reduction to
Cr(lll) occurs nearly instantaneously in the presence of Fe(ll),,, due to a more
oxidizing Cr(VI)/Cr(lll) redox couple (+1.34 V) compared to Tc(VII)/Tc(IV)
(+0.748 V),'® and the heterogeneous pathway is often slower.'®223 The Fe(ll)
capacity for targeted Tc and Cr treatment, and the rate of reduction, are
expected to be influenced by the presence of dissolved oxygen and redox-
sensitive anions, e.g. NO2, NOs, SO,%, and POy, for both heterogeneous and

homogeneous reduction pathways.

Herein, four simulated waste streams relevant to the Hanford Site, and
with varying Cr concentrations, pH, Ex, and other co-mingled constituents,
were studied to evaluate trends in the kinetics driving reduction and removal
of Tc and Cr, over a 24 hour period. These simulants were (i) 1 M NaOH
solution (control system), (ii) 1M NaOH solution with 1570 ppm Cr(VI) to
evaluate effect of Cr(VI) on Tc removal kinetics under high alkaline

environments, (iii) off-gas (OG) simulant to mimic the secondary waste

7
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stream containing volatilized Tc, and (iv) 5M Na LAW (low activity waste)
simulant to evaluate waste treatment by Fe(OH).(s) prior to vitrification.
Simulant aliquots were treated with Fe(OH).(s) and allowed to react for 24
hours at 75°C. Periodic sampling was used to monitor the removal of Tc and
Cr from solution. Solution analyses to determine trends in Tc and Cr(VI)
removal rates were coupled with solid phase characterization, e.g. X-ray
absorption spectroscopy (XAS) and X-ray diffraction (XRD), to identify the
solid phase reaction product. Experimental variables including pH, Cr(VI)
concentration, and co-mingled redox sensitive anions, e.g. NOs, are
expected to influence the order in which contaminants are removed from
solution, the Fe oxide/oxyhydroxide reaction product, and the Tc loading
capacity of these stable solid phases. All variables and outcomes have
implications for the treatment of nuclear waste streams and identifying the
optimal implementation pathway within planned nuclear waste processing

operations.

2. Experimental

Fe(OH):(s) Synthesis. The synthesis procedure and product
characterization for Fe(OH),(s) may be found in previously published work.%!
Briefly, Fe(OH).(s) was prepared and stored inside an anoxic chamber (Coy
Laboratories) that was maintained using a gas mix of N, (98%) and H. (2%).
Ferrous iron (Fe(ll)) was sourced from 14 g of FeCl,-4H,O (>95%, Fisher
Scientific) and dissolved in 400 g of N.-purged double deionized water (DDI,
Millipore 18 Q). The dissolved Fe(ll) was then precipitated as Fe(OH).(s) by

8
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adding 8.2 mL of 10 M NaOH (Fisher Scientific) to solution followed by hand
mixing. The solid was reacted overnight and then separated from the
supernatant using a sterile 0.45 um Nalgene® filter. Fe(OH).(s) was dried
completely over the course of 24-48 hours. Within 24 hours before use,
Fe(OH).(s) was ground into a powder using a mortar and pestle and the
desired mass pre-weighed into a 20 mL polybottle.

Simulant Preparation. Four simulated waste streams were used in this
work: a 1 M NaOH solution, a 1 M NaOH solution containing ~1570 ppm
Cr(VI1), an average 5 M Na low activity waste (LAW) simulant with ~1100 ppm
Cr(Vl), and an off-gas (OG) simulant with ~90 ppm Cr(VI). The Cr(VIl)
concentration in the 1 M NaOH simulant matrix (95% NaOH pellets, Fisher
Scientific) was adjusted using Na,Cr,0;:2H,0 (=99.5%, Allied Chemical).
Previously published procedures for the OG and LAW simulants were also
used in this work.®?4%> Each simulant, depending on the desired experimental
conditions, was also spiked with 1 or 100 ppm Tc(VIIl) using a 10,000 mg/L Tc
stock solution (NH,TcO,4). The starting composition of each simulant was
confirmed for each prepared sample by inductively coupled plasma - optical
emission spectroscopy (ICP-OES), ICP-mass spectrometry (ICP-MS), and/or
ion chromatography (IC). Measured pH and Ej, values for select simulants and
reacted supernatants were also determined. Simulant composition, pH, and
E, (standard hydrogen electrode corrected) results are reported in Table 1.

Table 1. Simulant Compositions

Constituent 1 M NaOH 1 M NaOH + Cr LAW oG
ppm ppm ppm ppm

9




165

166

167

168

169

170

171

172

173

174

175

176

Al - - 8410 £ 570 261
Cr - 1570 + 80 1100 £ 50 90 + 1
Pb - - 48 + 6 -
P - - 910 + 40 5+1
K - - 1300 + 110 121 + 7
Na 22,900 + 23,200 £ 1700 119,000 += 2650 +
1800 9000 60
- 810 +
S - 2810 = 230 10
NH4* - - - 1950™
F- - - <1000" 1450
Cl - - <2500" 950™
NOy - - 26,800" 10”
Br - - <5000" -
NO5 - - 102,000" 4770
SO.* - - 10,100" 2340™
PO,* - - <7500" 17"
pH 13.3 13.5 13.5 5.6
E, (Initial), 90 + 32 408 +
mv 124 79 +1 10
E; (Final), 81 + 7 68 + 8 26 284
mV

" Values from Saslow et al. 2018°
™ Calculated values based on simulant recipe, same recipe used in Wang
et al. 2019.%°

Kinetics of Tc(VIlI) and Cr(VI) Removal by Fe(OH)z(s). For all kinetic
experiments, 0.60 - 0.75 g of Fe(OH):(s) was removed from the anoxic
chamber and immediately added to 12 - 15 mL of simulant to achieve a
Fe(OH),(s) mass to simulant volume ratio of 50 g/L. Based on previous
work,®* 50 g/L is the minimum ratio required to completely or partially
remove 1 ppm of Tc in the presence of 1570 - 1080 ppm Cr(VI). Once
combined, samples reacted for 24 hours (= 1 hour) in air and in an oven set
to 75°C. During the reaction period, supernatant sub-samples of 0.2 - 0.5 mL
were taken with a pipette approximately 5, 10, 30, 60, and 360 minutes after
starting the reaction to monitor Tc and Cr removal. Sub-sampling required

the sample to be removed from the oven for ~1 minute. After 24 hours, the

10
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oven was turned off and the samples allowed to cool inside the oven for at
least two hours before the solid material was filtered (0.45 um Nalgene®
filter), rinsed with ~50 mL of DDI, and air-dried for at least 24 hours. Aliquots
of the supernatant and DDI rinse were collected separately for total Cr
analysis by ICP-OES and total Tc analysis by ICP-MS. Total Tc, Cr, and Fe
concentrations were used to monitor constituents throughout the 24-hour
reaction period and calculate constituent removal rates.

X-ray Diffraction (XRD). Select dry solids were prepared for XRD
analysis by homogenizing the dry sample into a powder using a mortar and
pestle. Powder sub-samples were then weighed and spiked with ~10 weight
% internal standard (TiO,, Sigma Aldrich) and re-homogenized before
analysis. XRD patterns were collected using a Rigaku Miniflex [I XRD unit
equipped with a Cu Ka radiation (A=1.5418 A at 30-40 kV and 15 maA)
source. Samples were scanned at minimum between 3 and 90 degrees 20 at
20 seconds per step and a step size of 0.05 degrees. Rietveld refinements
were performed using Bruker TOPAS software (v5, Bruker AXS, Germany)
with crystal structures obtained from the Inorganic Crystal Structure
Database (Fachinformationszentrum Karlsruhe, Germany). Since the angular
resolution of the instrument is 0.005 degrees 20, differences of <0.01 A for
diffraction angles greater than 10 degrees 20 are resolved during
quantification.

X-ray Absorption Near Edge Structure (XANES) and Extended X-ray

Absorption Fine Structure (EXAFS) Spectroscopy. XANES and EXAFS

11
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were used to determine the bulk oxidation state and/or local coordination
environment, respectively, of Tc and Cr within collected solids exposed to
100 ppm Tc in the starting simulant. Samples were prepared by
homogeneously packing a portion of damp solid (collected immediately after
filtering) into a Teflon window with Kapton tape sealing one side. Once
packed, a second piece of Kapton tape was used to enclose the sample and
then the window thoroughly sealed on all sides with additional Kapton tape.
Sample windows were individually heat sealed into a plastic and Mylar bag
for a total of three layers of containment. Samples were shipped to the
Stanford Synchrotron Radiation Laboratory (SSRL) while adhering to SSRL

radiological sample shipment procedures.

Tc K edge (21044 eV) spectra were collected under ambient conditions
on SSRL beamline 11-2 and Cr K edge (5989 eV) spectra were collected on
SSRL beamline 4-1. For Tc, data were obtained from 250 eV below the edge
to ~900 eV above the edge. Data from 20 eV below the edge to 30 eV above
the edge was obtained with 0.5 eV spacing and data from 1.62 = k = 15.2 in
the EXAFS region were collected in 0.05 increments weighted by k3. Pre-edge
data were collected in increments of 10 eV. At the Cr K edge, XANES data
were obtained from at least 200 eV below the edge to 600 eV above the
edge. Data from 30 eV below the edge to 20 eV above the edge was
obtained with 0.3 eV spacing. Data from 1.65 = k = 5.2 in the XANES
spectrum were collected at 0.05 increments weighted by k® and the

remaining data points were collected in 1 eV increments also weighted by k3.
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Cr pre-edge data were also collected in increments of 10 eV. The
monochromator was detuned 50% for Tc and 70% for Cr to reduce the
harmonic content of the beam. Transmission data was obtained using N, (Cr)
or Ar (Tc) filled ion chambers. Fluorescence data was obtained using a 100

element (11-2) or 32 element (4-1) Ge detector.

Data were dead time corrected and reduced from raw data to spectra
using SixPack.?® ATHENA software was used to normalize collected spectra
and to perform a linear combination analysis (LCA) using standard spectra.?’
XANES spectra for Tc and Cr were energy calibrated using TcO, adsorbed on
Reillex-HPQ polymer resin or Cr foil as the energy reference, respectively.
The sample XANES spectra were allowed to vary in energy during LCA fitting.
Shell-by-shell fitting of Tc K-edge EXAFS spectra was performed using

ARTEMIS software.?’

3. Results and Discussion

Early Tc and Cr Removal (0 - 0.08 hours). Trends in Tc and Cr removal from
simulants over the course of 24 hours are shown in Figure 1. Immediately
apparent is the rapid removal of 8 - 96 % of both constituents within the first
0.08 hours (5 minutes) of the reaction. In the OG and LAW simulants, the
difference in Tc and Cr removal percentages are = 13% (some within
experimental error), suggesting that changes to the aqueous environment
impact removal of Tc and Cr similarly. However, in the 1 M NaOH + Cr
system, Tc removal is 15 - 43 % less than Cr removal, suggesting that these

high pH, high Cr conditions promote homogeneous reduction over
13



246 heterogeneous processes in the early stages of reaction, and facilitate more

247 Crremoval compared to Tc.
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249 Figure 1. Removal of Tc and/or Cr as a function of time in (A) 1M NaOH, (B)
250 1M NaOH + Cr, (C) OG Simulant, and (D) LAW Simulant. Error bars indicate
251 the standard deviation (10) of the average value determined from two to
252 | four replicate samples.

253

14



254

255

256

257

258

259

260

261

262

263

264

265

266
267

To quantify the effect of the simulant on rate of removal for metals
with vastly different initial concentrations, initial rates were calculated as a
fraction of the starting concentration, ([M]o - [M]t)/[M]o (where M = Tc or Cr,
[M]o = concentration of metal at O hr, and [M]; = concentration of metal at
0.08 hr), versus time (0.08 hr) for each initial Tc concentration (0, 1, and/or
100 ppm) and simulant studied ( Table S1 and ). For Fe, the initial
concentration in each simulant was non-detect; therefore Fe
in solution after 0.08 hr would suggest release of Fe from the solid as a result
of Fe(OH).(s) dissolution. In these cases, the mol fraction of Fe released
FeJ/Feo (where Feo, = the total moles of Fe in Fe(OH).(s) added at O hr, and Fe,
= moles of Fe in solution at 0.08 hr), versus time is used to calculate Fe

release rate.

Table 2. Early (0 - 0.08 hrs) Removal and Release Rates for Tc, Cr, and Fe
Constituents

Initial Early Removal Rate Early Release Rate
Simulant [Tcl, ( hrt) ( hrt)
ppm Tc Cr Fe
1 1
1 12 11
oG 100 12 11 9
o N 9
1M NaOH + 1 5 . 9
Cr
100 1 6 8
o N 14
LAW 1 9 9 45
100 7 9 34
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In the 1M NaOH control system, early removal of Tc proceeds at the
maximum rate recorded (12 hr') regardless of the initial Tc
concentration, 1 or 100 ppm. Upon introduction of Cr (1570 ppm, 1M NaOH +
Cr simulant), Tc removal rate decreases to 5 hr! (1 ppm
Tc) and 1 hr' (100 ppm Tc). The difference in Tc removal rate between
starting Tc concentrations suggests that the effect of co-mingled Cr is
dependent on the Tc concentration. Since Fe(OH).(s) is expected to undergo
a dissolution-oxidation-recrystallization process;*28
Fe(ll) into solution, Cr may scavenge Fe(ll)sq thus limiting surface Fe(ll)
capable of heterogeneously reducing Tc. With Tc present, Fe(OH)x(s)
dissolution increases and is consumed by Cr, translating into an increase in
Cr removal rates, from 5 hrt (1M NaOH + Cr, no Tc) to 6 hrt (100
ppm Tc) and 7 hr' (1 ppm Tc). Therefore, until Fe(ll),, oxidizes and
recrystallizes or Fe(ll)aq sorbs to a mineral surface, Tc removal (and likely
reduction) will remain slower than Cr .—_A similar trend was also
observed in the LAW simulant (Error: Reference source not foundD), where
Cr removal rate increased from 5 hr! (no Tc) to 9 hr' when 1 or
100 ppm Tc is present, suggesting the additional ions in the simulant negate
the Tc concentration dependence on Cr removal rate. The release rate of Fe
into LAW also increased by up to ~3x compared to the Fe release rate in
LAW without Tc, potentially providing additional Fe(ll),q for homogeneous
reduction of Cr. Curiously, Tc removal rates in the LAW system are higher

relative to the 1M NaOH + Cr system: 7 hrt at 100 ppm Tc and 9 hrt
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314

at 1 ppm Tc. This increase in Tc removal rates may be due to the decrease in
total Cr in the system from 1570 ppm (1M NaOH + Cr) to 1080 ppm (LAW).
Additionally, the presence of complexing ions, such as S0;> and NOs,
facilitate faster Fe(OH).(s) dissolution, as evidenced by the increase in Fe
released into solution over the initial 0.08 hr (Table 2). SO,* and NOs are
also , promote oxidation and recrystallization,
providing additional surface area for Fe(ll) sorption and heterogeneous

reduction of Tc.?328

Finally, in the OG simulant Tc and Cr removal proceeds rapidly at rates
of 12 hr!and 11 hr?, respectively, due to the drop in pH (from >13
to 5.6) resulting in a decrease in oxidation of Fe(ll).q oxidation by dissolved
oxygen, lower Cr concentrations (down to 90 ppm), and other co-mingled
constituent concentrations, e.g. SO4*, which is known to complex with Fe(ll)
ions and increase solid dissolution and nucleation.?*?® This OG simulant
environment may provide the necessary conditions to simultaneously
promote both homogeneous and heterogeneous reduction, such that both Tc

and Cr are eventually removed at similar rates.

Early Solid Phase Formation and Mineralogical Characterization. In
addition to rapid removal of Tc and Cr, the amount of Fe released into
solution during the initial 0.08 hour of reaction is only a small fraction (=4 %)
of the available Fe in the system, suggesting that (i) Fe(ll),q oxidation is
occurring, and (ii) reaction products are being formed (Supporting

Information (Sl), Table S1). Following reduction of Cr(VI) and Tc(VIl), several
17
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331

potential pathways are expected to contribute to their removal and
stabilization, including Cr(lll) and Tc(IV) incorporation into iron spinels (e.g.,
magnetite [Fes04] and chromite [FeCr;0,]),}1%12293% jron oxyhydroxides (e.q.,
goethite [a-FeOOH] and feroxyhyte [6-FeOOH]),1*73638 or the formation of
other oxide and hydroxide phases, e.g. TcO;:xH,O and Cr(OH);,131639-42
However, formation of the final solid product is highly dependent on the
simulant chemistry?328434> gnd critical to
assessing the fate of Tc and Cr. X-ray diffraction (XRD) patterns collected
from select solids after reaction in Tc-free simulants were used to quantify
the distribution of mineral phases and identify mineralogical differences as a
function of simulant chemistry (Error: Reference source not found, Error:
Reference source not found). Little change in the final mineralogical
composition is expected in Tc-containing solids due to the relatively low Tc
concentrations studied and the negligible change in calculated lattice
parameters, indicative of contaminant substitution, expected upon Tc(lV)

substitution for Fe(lll) due to their identical crystal radii, 0.785 A.7-3233

| Table 3. Solid Mineralogy Determined by XRD Pattern Analysis®

Spinel a Goethite

Simulant pH par?bl;nfter Spinel FeE)u(;H] ll::grg:g(‘)yl-tlf Amorph.
| 1M NaOH<® 135 8.394(1) 27% 25% 8% 40%
IMNGOH+ 135 8.3840(4)  30% 34% 25% 11%
| Off-Gas 56  8.4038(2)  95% - - 5%
\ LAW®@ 13.5 - - 77% 17% 6%

@XRD samples do not contain Tc.
® Reference spinel a parameters: magnetite [Fe;0,] = 8.396 A, chromite [FeCr,0,] =
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333

334
335
336
337

338

8.378 A, and maghemite [y-Fe,0s] = 8.34 A.***7 Values in parentheses indicate the
standard deviation of the last decimal place.

© As reported by Saslow et al. 2017

@ As reported by Saslow et al. 2018°

-: Not Detected

1M NaOH
—‘-k.l_l.»“\.,-l A_Ll — ’

1M NaOH
+ Cr(VI)

ll oG

. A

LAW

‘ Magnetite
I I

Normalized Intensity [a.u.]

‘ J Goethite
[ 1 II il .

Feroxyhyte

A N T | R
TiO,

o | (st

I I 1 I 1 I 1 I I
20 40 60 80
20 [*]

Figure 2. XRD diffraction patterns for solids formed in 1M NaOH (black), 1M
NaOH + Cr (purple), OG Simulant (blue), and LAW Simulant (red). Standard
diffraction peak intensities for magnetite (Fes0,), goethite (a-FeOOH),
feroxyhyte (y-FeOOH), and the TiO, internal standard shown in grey.
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From analysis of the XRD patterns, the impact of pH on the minerals
produced in the solid phase is immediately apparent: 95% of the solid
formed in the OG simulant (pH 5.6) consists of iron spinel, primarily as
magnetite based on the lattice a parameter (8.4038 A). Magnetite is
favorably formed via co-precipitation of aqueous Fe(lll) and Fe(ll) ions,
provided that the ratio of Fe(lll) to (Fe(lll) + Fe(ll)) is ~0.66, and that the OH/
Fewta ratio is > 2.4 At lower pH, Fe(ll),q oxidation by dissolved oxygen is
slower, though homogeneous reduction of Cr in the OG would increase
Fe(ll)., oxidation rates. These two competing processes may maintain the

desired fraction of Fe(lll).q needed to primarily form magnetite.

When the pH of the simulant is increased to 13.5, the mineral phases
present in the reaction product are dominated by iron oxyhydroxide phases
rather than spinels, as Fe(ll).q oxidation occurs more rapidly. For instance, in
the 1M NaOH simulant without Cr, magnetite accounts for only 27% of the
reaction product, based on the measured spinel a parameter (8.394 A).%+
The remaining solid consists of 33% iron oxyhydroxides (goethite and
feroxyhyte) and 40% amorphous material. Upon Cr addition to 1M NaOH, the
amount of amorphous material in the solid drops from 40% to 11% with a
subsequent increase in spinel (30%), goethite (34%) and feroxyhyte (25%)
contributions. The spinel a parameter also decreases to 8.384 A, a value that
falls between reported values for magnetite and chromite/maghemite, that
suggests either magnetite is oxidizing and forming maghemite or Cr is being

incorporated into the spinel phase*®*’ thus reducing the spinel a parameter
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due to the smaller crystal radius of Cr(lll), 0.755 A, compared to Fe(lll), 0.785
A. However, Cr(lll) is likely incorporated to some degree into all of the

detected Fe(lll)-bearing phases. 40414952

In the LAW simulant, the reaction product was 94% iron oxyhydroxides,
with the remainder being amorphous material. SO,> and ClI" have been
previously reported to drive the formation of goethite (a-FeOOH) and other
polymorphs of FeOOH depending on their concentration and

co-mingled.**** Additionally, NOs in the presence of oxygen has also
been shown to drive the formation of goethite.?®* Since the LAW simulant
has the highest concentration of SO4* and NOs— of the four simulants tested,
the lack of spinel phases in the solid is expected. Furthermore, since the 1M
NaOH and 1M NaOH + Cr simulants do not contain SO.* and other redox
competitive anions, the formation of spinel phases at a detectable level
remains feasible despite alkaline conditions, pH ~13.5. Finally, the low pH of
the OG simulant likely overcomes any mineralogical impact caused by the
presence of SO4* in the OG, although the SO,* concentration in the OG is
~75% less than in LAW, so would have a lesser impact on mineralogy in this

system regardless of pH.

Late Constituent Removal (0.08 - 24 hours). With nearly all Fe
associated with the solid phase 0.08 hours (5 minutes),
solution phase reduction and removal processes are limited for Tc and Cr
after 0.08 hours. As a result, the solid mineralogy, simulant chemistry, and

preference towards heterogenous vs. homogeneous reduction pathways play
21
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a greater role in the reduction and removal of the remaining Tc and Cr.
Across all four simulants, key changes in Tc and Cr removal occurred
between 0.08 - 1 hour and 1 - 24 hours. The transition at 1 hour also
correlates with the approximate time required for complete Fe(OH)x(s)
transformation.?843-4 To quantify changes in removal rate, Table S2
provides second order rate constants determined for each time period and
constituent. Whereas previous studies show that Tc reduction occurs via a
pseudo first order reaction,'*'® the reaction kinetics for the more complex,
multi-component simulant solutions studied here can be better described
using a second order rate model for Tc, Cr, and Fe. These rate constants
were determined from a linear fit to the data, plot as 1/[M/Mo] vs. time,
where M represents Tc, Cr, or Fe and My is the initial concentration in the

system for that constituent.

As a first example of how the solid phase and reduction mechanisms
influence the rate of Tc and Cr removal within 0.08 - 1 hour, the inset plot in
Error: Reference source not foundC shows that Tc is preferentially removed
over Cr within the OG simulant. Considering that the solid formed is 95%
magnetite, electron-shuttling between Fe(ll)/Fe(lll) sites near the magnetite
surface are capable of heterogeneously reducing Tc, likely at a rate similar or
faster than homogenous reduction Cr in solution. As a result, Tc removal is
complete before or in parallel with Cr. Furthermore, incorporation into
magnetite is more favorable for Tc than Cr, due to Tc(IV) sharing an identical

crystal radius with Fe(lll) that makes incorporation into the iron oxide phase
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energetically more favorable. 73233 After 1 hour , less than 1 ppm
of Tc and Cr remain in the system, and a decrease in removal rate is

observed, likely due to Le Chatelier's principle.

In the 1M NaOH simulant, 92 - 93% of Tc is removed within the first
0.08 hours of reaction and 27% of the solid formed is magnetite. Similar to
the OG samples, Tc removal continues to completion by the end of the 24
hour period; however, within the 0.08 - 1 hour time period, Tc removal from
the 100 ppm Tc system stops whereas the 1 ppm Tc system continues
nearer to complete removal. In the 1M NaOH system only, these
observations in Tc removal rates inversely correlate with Fe removal rates (SI
Table S2). As Tc is heterogeneously reduced at the magnetite surface, Fe
removal may be slowed if Tc occupies sorption sites also used for Fe(ll)/Fe(lll)
electron transfer and mineral growth. This scenario may explain the
decrease in Fe removal rate as Tc removal in the 1 ppm Tc system
continues, as well as the inverse observed in the 100 ppm Tc system, where
Fe removal rate increases and Tc removal decreases within the 0.08 - 1 hour

period.

The most striking impact that the nature of the reaction product has on
the fate of Tc and Cr in solution is observed when comparing the 1M NaOH +
Cr and LAW simulants. In each of these simulants, the removal rate of Cr
within the 0.08 - 1 hour time period is orders of magnitude slower than Cr
removal rates from the OG simulant and consistently lower than the

associated co-mingled Tc removal rates (SI Table S2). In fact, when
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observing Error: Reference source not foundB and Error: Reference source
not foundD, Cr removal appears to stall during this period while Tc removal
continues. During this time the solid surface mediated reduction of Tc(VIl),
which is more favorable than heterogeneous Cr(lll) reduction, presumably
continues and Tc is removed from solution. Furthermore, with less Fe(ll)
available in solution, Cr(VI) reduction is likely hindered. After 1 hour, the
presence of structural Fe(ll) in magnetite, found in the solid phase formed
within the 1M NaOH + Cr simulant, allows for Tc(VIl) removal to proceed in
parallel with Cr(VI) removal until completion. Due to the increase in Tc
concentration, the 100 ppm Tc spiked 1M NaOH + Cr simulant takes longer
to achieve complete removal of Tc compared to the 1 ppm spiked simulant.
This is in contrast with the LAW simulant, where Tc(VIlI) reduction likely
ceases after one hour in the absence of magnetite, and Tc is not completely
removed within the 24 hour reaction period. Yet with the cessation of Tc
removal, Cr removal rates continuously increase and complete Cr removal is
achieved after 24 hours. This trend in Cr removal suggests that the
additional Fe in solution determined from the sub-sample taken at 1 hour (SI
Table S1) provides Fe(ll)oq that continues to facilitate Cr(VI) homogeneous

reduction and removal.

Speciation of Cr and Tc in the Bulk Solid Phase. As alluded to in the
discussion of the XRD results, the removal of Tc and Cr from solution occurs
through the formation of a solid phase and partial or complete incorporation

into one of the iron oxide or oxyhydroxide phases formed (Table 3). To
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explore which reduction pathways are influential in the removal of Cr and Tc
from each simulant, the speciation of Tc and Cr was determined using X-ray
absorption near edge structure (XANES) spectroscopy on the solids collected
from the 100 ppm Tc batch experiments. In Table 4, the fractional
distribution of Tc and Cr species are provided for each simulant. These
values were determined from linear combination fits to the XANES spectra
shown in Figure 3. Procedures for fitting XANES spectra using liner

combination analysis (LCA) and standards used are provided in the SlI.

Speciation trends from Tc K-edge XANES spectra and LCA fits align well
with Tc removal rates and reaction product compositions. The amount of
Tc(VII)O4 associated with the reaction product was minimal (=8 %) in spinel-
containing solids, as would be expected for Tc completely removed from
these simulants by reduction-mediated processes. Some Tc(VII)O4 (28 %) is
present in the reaction product from the LAW simulant, in which Tc removal
was not complete. However, only 8 - 14 % of Tc remained in the LAW
simulant after 24 hrs. With twice as much Tc(VII)O4 in the solid analyzed by
XANES, in addition to trace fractions of Tc(VII)O4 in solids from simulants
achieving complete Tc removal, some reoxidation of Tc(lV) between sample

preparation and analysis may have occurred.

In general, the amount of Tc(lV) associated with magnetite in the Tc K-
edge XANES spectra increased in parallel with the amount of magnetite
present in the reaction product, as determined by XRD. Although no

magnetite was detected in the reaction product from the LAW simulant by
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XRD, the 11 % of Tc-incorporated magnetite in the Tc K-edge XANES could
represent Tc(lV) replacing Fe(lll) in an ordered octahedral environment in
goethite, which accounts for 77 % of the reaction product by XRD. Tc-
incorporated magnetite accounts for 61% of Tc in the OG sample,
corresponding with magnetite forming 95% of the reaction product by XRD.
For the 1 M NaOH simulants (with and without Cr) ~40 - 50% of Tc is
associated with the mixed spinel/oxyhydroxide/amorphous phases as Tc-
incorporated magnetite. The remaining Tc in each was present as
Tc(IV)O2-xH,0O, formed as Tc(VIl) was reduced at the solid surface, but not
incorporated into the magnetite or iron oxyhydroxide mineral structure.
Tc(IV)0O2-xH,0, which is more susceptible to reoxidation than Tc(IV)
incorporated iron (oxyhydr)oxides, is the phase most likely to reoxidize
between sample preparation and analysis, inflating the fraction of Tc(VII)O4

found in the solid.

Cr speciation in the solids analyzed also support the proposed kinetic
pathways. As with Tc(VIl)Oy, very little (<1%) Cr(VI)O,*> was present in the
reaction product, supporting the requirement that Cr(VI) reduction to Cr(lll)
must occur to remove Cr from solution. In all of the simulants 30 - 40% of
Cr(lll) adopts a disordered coordination environment, even in the OG
simulant where 95% of the reaction product is magnetite. This supports the
hypothesis that reduction of Cr(VI) to Cr(lll) is not associated with the Fe-

bearing mineral phase, and occurs in solution to produce a disordered
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Cr(OH)s; or amorphous phase, which may subsequently form a protective

layer on the exterior of the Fe-bearing minerals.

The distribution of the remaining Cr(lll) between chromite (Fe,Cr(l1)O,)
and partial incorporation into an inverse spinel phase (Fe2sCr(lll)os04)
demonstrates how simulant chemistry influences Cr(lll) incorporation into the
solid. In the OG simulant, where there is minimal competition from other
constituents and the pH is 5.6,— the remaining Cr(lll) is present as Fe,Cr(l11)O4
(30%), with some partial incorporation in Fe,sCr(lll)o504 (25%), although an
insufficient quantity to influence the magnetite lattice parameter (Table 3).
Thus, while homogeneous reduction of Cr(VI) dominates, these results
suggest that some heterogeneous reduction of Cr(VI) by the Fe-bearing
mineral phase may occur in the OG. Alternatively, disordered Cr(lll) phases
that precipitate on mineral surfaces may become incorporated into the
magnetite crystal structure as mineral transformation continues. As the pH
and Cr concentration increase in the 1M NaOH + Cr simulant, Fe,Cr(lll)O4 only
contributes 12% to the reaction product, with 44% of Cr(lll) partially
incorporated into Fe,sCr(lll)os04. However, with this technique it is difficult to
distinguish between Cr(lll) incorporated into ordered octahedral sites in
magnetite or in goethite. For the LAW simulant, 51 % of the Cr(lll) is

incorporated into an ordered iron oxyhydr(oxide).

Table 4. Solid Phase Tc and Cr Speciation as Determined from LCA of XANES
Spectra

Simulant 1M NaOH 1M NaOH + Cr oG LAW
Cr XANES
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524
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527
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530
531

Cr(l11) Alum 0.30(2) 0.36(3) 0.40(2)
Fe,sCr(l)os04 0.44(2) 0.25(4) 0.51(2)
FeCr(lll),04 0.12(1) 0.30(3) 0.05(1)
Cr(|”)203 - _ _
K:Cr(V1)O, 0.009(3) 0.01(1) 0.000(3)
Tc XANES
Tc(VI)Oy4 0.08(1) 0.079(4) 0.032(4) 0.28(1)
Tc(IV)02-xH0 0.47(6) 0.40(4) 0.34(5) 0.61(5)
Tc(IV)-
Magnetite 0.44(5) 0.51(4) 0.61(5) 0.11(5)
T ear (A) P iCnl) 0, Standard (B)
—— Tc¢(IV)-Magnetite Standard —— FeCr(Ill),0, Standard
— Te(IV)Oz-xH,0 Standard —— Cr(Ill) Alum Standard
—— Te(VI)O, Standard — KoCr(VI)O, Standard

3

LAW

—

————————

(o]

oG

1M NaOH
+ Cr(VI)
T [ T [ T |

|
21040 21060 21080 21100 21120 5960 6000 6040 6080
Energy [eV] Energy [eV]

1M NaOH
+Cr(Vl)

07
Normalized Absorption [a.u]

Normalized Absorption [a.u.]

il

Figure 3. (A) Tc K-edge XANES spectra collected from the final solid phase
reacted in 1M NaOH, 1M NaOH + Cr, OG Simulant, and LAW Simulant (black
traces). LCA fits (purple, dashed) determined from TcO,4 (blue), TcO,-xH-0
(red), and Tc-Magnetite (grey) standards. The fraction of each Tc standard
contributing to the LCA fit is shown in the corresponding color under each
sample. (B) Cr K-edge XANES spectra collected from the final solid phase
reacted in 1M NaOH + Cr, OG Simulant, and LAW Simulant (black traces).
LCA fits (purple, dashed) determined from Fe,sCr(lll)os04 (green), FeCr(lll),04
(chromite, red), Cr(lll) Alum (grey), and K,Cr(VI)O, (blue) standards. The
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fraction of each Cr standard contributing to the LCA fit is shown in the
corresponding color under each sample.

Local Coordination Environment of Tc in the Solid Phase: The local
coordination environment of Tc, e.g. bond lengths between neighboring
atoms and coordination number, offers additional insight into Tc speciation
and incorporation into the final solid product that cannot be provided by
XANES. EXAFS spectra of the reaction products were interpreted using a
shell-by-shell fitting approach in ARTEMIS?’ to determine which scattering
pathways contribute to the fit. Based on previous work, goethite (LAW
sample only),*®>3* magnetite,}** Tc0,:2H,0,®> and TcO,3* models were
considered when fitting EXAFS spectra. The results of these fits and the
models used are shown in Table 5 and the EXAFS spectrum and fit for each
sample shown in Figure 4. The spectra shown for the LAW and 1 M NaOH +Cr
simulant solids have been previously published,®'! but were refit here under
fitting constraints consistently used across all four samples for better

comparison.

29



549

550
551
552
553
554

555

(A) (B)

LAW

Data
Fit

LAW

1M NaOH
+ Cr(V1)

x(k” (A7)

[X(R)| (A™)

=5

1M NaOH

=
-
=
=z
o
o
T

Data
Fit
T I ! I ' T ' I | I ! T

4 8 12 01 2 3 4
Wavenumber (A") R (A)

=

Figure 4. EXAFS spectra (A) and their Fourier transforms (B) for Tc-
containing solids formed in 1 M NaOH, 1 M NaOH + Cr, OG Simulant, and
LAW Simulant. All starting solutions initially contained 100 ppm Tc. EXAFS
fits (red) to the data (black) are based on a combination of Tc-incorporated
magnetite, Tc-incorporated goethite, TcO,-2H,0, and TcO, models.
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556 Table 5. Tc EXAFS Fit Parameters?

Sample Nz't%'r‘::r CN R+ AR(A) o2 p(F)  AE, Faftor
LAWGb OTC(VII) 12(1) 172* 0001* <0001
(Refit spectrum
from Saslow et al. (0] 4.2(1) 2.02(1) 0.004(1) <0.001
2018) 0(2) 0.021
TCreo2 1.0(1) 2.59(1) 0.007(1) 0.001
Feon 1.4(1) 3.06(2) 0.007(1) 0.006
Ferq 1.4(1) 3.55(3) 0.008(3) <0.001
0OG* 0] 6" 2.021(4) 0.004(3) <0.001
Feon 5" 3.07(1) 0.010(1)
Teor 1 3.07(1) 0.010(1) <0.001 0.7(9) 0.014
Ferq 6" 3.50(1) 0.010(1) <0.001
1M NaOH + Crite 0 6* 2.02(1) 0.003(1) <0.001
(Refit Spectrum
fromS;gllc;v;/etal. TCreo2 1.1(1) 2.59(1) 0.006(1) 0.001 12)  0.037
Feon 2.7(2) 3.03(1) 0.006(1) <0.001
Ferq 2.7(2) 3.52(4) 0.007(3) 0.001
1M NaOH¢ 0 6" 2.02(1) 0.004(1) <0.001
Feon 4" 3.07(2) 0.006(2)
TCon 2" 3.07(2)  0.006(2) 2001 2(1) 0.036
Ferq 6 3.52(1) 0.010(1) <0.001
0 6 1.95-2.09
Goethite!3853 Feon 4 3.01 - 3.28
Ferq 4 3.59
0 6 2.06
Magnetite®>* Feon 6 2.97
Fetq 6 3.48
0 4 2.06
TcO,:2H,0% 0 2 2.47
Tc 2 2.57
TcO, 0 4 1.72

@ S5,2= 0.8; coordination number (CN); k space fit window 2 - 13, Fourier transform fit
window 1 - 3.75; interatomic distance (R + AR); disorder parameter (0?); energy shift
(AE®); goodness of fit parameter (R-factor); F-test [p(F)]. A F-test was performed on each
scattering shell to determine the best model.>® If the probability of F [p(F)] is less than
0.05, the addition of that shell improves the fit to greater than 20 and that shell was
considered to be observed in the experiments. ® Goethite model used for iron-containing
mineral phase. ¢ Magnetite used for iron-containing mineral phase. ‘Fixed Value.

557 The EXAFS data for three of the simulants could be fit with Tc(lV)
558 incorporated into a magnetite model. Only the reaction product from the

559 LAW simulant showed evidence for Tc incorporated into goethite. This is
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again consistent with interpretations of the corresponding XRD and XANES
data. Furthermore, the LAW simulant produced the only reaction product
where TcO, was required in the EXAFS fit, and it was present at the same
relative concentration as observed in the XANES spectrum. In TcO, , four
oxygen atoms are located at ~1.72 A from the central Tc atom. The
presence of 1.2(1) oxygen atoms at this bond distance for the Tc in the LAW
reaction product suggests that ~30% of Tc has four nearest-neighbor
oxygens (28 % of the Tc was present as TcO, according to the LCA fit of the
Tc K-edge XANES). The majority of the remaining Tc is present as Tc(lV) in
TcO2:2H,0 (~50%). With such a low association of Tc with the iron-bearing
mineral phase, Tc present in the LAW solid could be more susceptible to

reoxidation.

For the remaining three simulants, OG, 1M NaOH, and 1M NaOH + Cr,
clear trends in the number of Tc atoms incorporated into Fe(lll) sites offer
clues as to how these solids were formed. Tc(IV) and Cr(lll) readily substitute
for Fe(lll), so substitution of Tc and Cr into a nearest neighboring Fe(lll) site is
considered in the EXAFS fit. In the case of the 1 M NaOH + Cr simulant,
including Tc and Cr as nearest neighbors did not significantly improve the fit.
An improvement was only achieved by including a neighboring Tc atom with
a bond length of ~2.59 A, typical of TcO,2H,0. In the OG and 1 M NaOH
simulant, including neighboring Tc atoms from TcO,-2H,O did not improve
the fit, whereas including Tc atoms in neighboring Fe(lll) sites significantly

improved the fit to the EXAFS data. In the 1 M NaOH simulant, Cr is not
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present to compete with Tc incorporation into magnetite, and two Tc atoms
may be incorporated as nearest neighbors. When Cr is introduced, but at a
lower pH in the OG simulant, Tc incorporation into neighboring Fe(lll) sites

occurs to a lesser extent.

4. Conclusions

The removal of Tc by Fe(OH).(s), in the presence of Cr, and under various
waste simulant conditions, has been demonstrated previously. In this work,
novel kinetic information provides context to the success of Fe(OH).(s) and
the fate of Tc (and Cr) in the reaction products. One key observation is the
rate of Fe(OH).(s) dissolution-oxidation-recrystallization, and early removal of
Tc and Cr from solution. In nearly all of the simulants studied, 40 - 96% of Tc
and/or Cr are removed within the first five minutes after addition of
Fe(OH),(s) to the simulant. This implies that rapid addition of Fe(OH).(s) into
the waste stream and homogenization of the suspension is essential for
effective treatment. Additionally, the pH, co-mingled constituents, and
contaminant concentrations will play a key role in determining the final
Fe(OH).(s) transformation product, with incorporation of Tc(lV) into spinels,
such as magnetite, favored by low pH simulants, e.g. OG simulant pH 5.6,
and lower co-mingled Cr and other constituent concentrations, e.g. 1 M
NaOH simulant. With the higher pH simulants, e.g. > pH 13, less magnetite is
formed and oxyhydroxides, including goethite, are in some cases the favored
product. As a result, the incorporation of Tc(lV) into the iron
oxide/oxyhydroxide phase decreases and forms TcO,-2H,0 once
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reduced. Finally, the remaining Tc and/or Cr in the waste simulants studied
here reached steady-state removal within 24 hours. Only in the LAW
simulants was complete removal of Tc not reached within this time period.
Since Tc favors a heterogeneous reduction process that occurs on a solid
surface as opposed to homogeneous reduction by dissolved Fe(ll) (favored
by Cr(VI1)), Tc is primarily removed in the first hour, during which Cr removal
ceases in systems with high pH and high Cr concentrations (1M NaOH + Cr
and LAW simulants). This also coincides with the approximate time required
for the final solid iron oxide/oxyhydroxide product to form, thus limiting long-
term reduction and removal processes that rely on the Fe(OH)x(s)
transformation mechanism.— In these two simulants Cr removal resumes

between 1 - 24 hours.

With such diverse waste stream chemistries to be treated at the Hanford
Site, understanding how a treatment technology may perform differently in
these waste streams when targeting specific contaminants is critical for
evaluating possible implementation at the site. The results presented here
demonstrate the variable efficacy of Fe(OH).(s) for Tc reduction and removal
from simulated waste streams with varying concentrations of co-mingled
redox competitors, including Cr. Reduction pathways, simulated waste
chemistry, and the mineralogical composition of the solid phase are key
drivers in determining Tc removal rate and total Tc removed, and are
expected to play a role in future work understanding how these materials

age and in the process release Tc through Tc(IV) reoxidation.
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