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Pertechnetate (TcO,4) is the most abundant chemical form of the radioactive contaminant °°Tc present in
legacy nuclear waste streams and in the subsurface of nuclear waste storage sites. One proposed remedia-
tion approach is reductive separation of TcO4 and sequestration in low-temperature waste forms. The de-
velopment of relevant technologies has been slow due to the lack of reductive materials that retain their
functionality and are otherwise suitable for application in multicomponent and aggressive media such as
highly alkaline, brine-like solutions typifying nuclear tank wastes. In this work, a tin-based reductive material
was prepared, and its potential utility for the separation of TcO4 from alkaline nuclear wastes was demon-
strated. This material consists of Sn(i/iv) phosphate supported by a polycrystalline aluminophosphate matrix.
The aluminophosphate matrix is inert to the reaction conditions and offers the benefits of high stability and
low solubility in concentrated alkaline solutions. This Sn(ii/iv)-based material exhibits a high loading capacity
for Tc and selectively removes a major fraction of TcO,4 from the tank waste supernatant simulant, which
contains 7.8 M total sodium and 2.43 M free hydroxide concentrations. Observed Ky values for Tc are
about 13000 and 2200 mL g for simulant solutions containing no or 33 mM Crv), respectively,
positioning Sn(i/iv) aluminophosphate among the best-performing reductive sorbents for TcO4~ developed
to date. This advanced behaviour is attributed to the synergistic combination of the Sn(i/iv) alumino-
phosphate functionalities. The presence of Sn(i/iv)-rich fibres facilitates the reduction of TcO4 to Tc(v),
which is embedded along the fibre branches. Importantly, the Sn(iv)-containing inert polycrystalline matrix
also incorporates Tc(iv) which triggers its crystallization to cassiterite SnO, phase and stabilizes Tc(iv) in the
polycrystalline matrix.
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Nano impact

Tc-99 is a radioactive contaminant of significant environmental concern. The total Tc inventory continues to increase worldwide due to generation of
nuclear power, and methods are needed for its separation from multi-component matrices and stabilization for long-term storage. In order to address this
need, we describe a novel redox active Sn(i/iv) aluminophosphate nanocomposite that can reductively separate TcO, , the most common chemical form of
Tc, converting it to less mobile Tc(iv) and providing a robust platform for potential immobilization.

quantities by nuclear weapon production during the Cold
War." The total Tc inventory continues to increase worldwide

Introduction

Technetium-99 (Tc), a high-yield fission product of uranium-
235 and plutonium-239, has been generated in significant
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due to the generation of nuclear power, driving interest to ad-
vance the understanding of Tc chemistry and to reduce the
uncertainty associated with its long-term environmental im-
pact. Because of its long half-life (213 000 years),” Tc contrib-
utes significantly to the radiotoxicity of nuclear wastes (repre-
sentative examples being the U.S. Department of Energy
(DOE) Hanford and Savannah River Sites) and affects waste
processing and remedial decisions. It exists predominantly in
the liquid fractions of alkaline tank waste, generally in the
anionic form of pertechnetate, TcO, . The high aqueous solu-
bility of TcO, coupled with its weak retention in soils and
minerals results in its mobile behaviour in the subsurface,’
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making immobilization of TcO, in cementitious or mineral
waste forms for long-term storage difficult. Reductive separa-
tion of TcO, and the resulting sequestration of the much
less soluble Tc(wv) product is a commonly considered remedi-
ation strategy. Despite extensive past investigations of the
Te(vi)/Te(1v) couple in presence of different reducing systems
such as zero valent iron,* Fe(n)/goethite,” magnetite,® Fe(u)-
bearing oxides,” and sulfides,®° limited progress has been
achieved in developing reductive materials for practical sepa-
ration and sequestration of TcO, from solutions high in
ionic strength and alkalinity typifying nuclear waste matrices.

Divalent tin, Sn(u), is known for its strong reductive char-
acter, and SnCl, is widely used for reduction of **™TcO,” in
physiological buffer media during the preparation of **™Tc-
labeled radiopharmaceuticals.'® Similarly, SnCl, has demon-
strated quantitative reduction of TcO, and precipitation of
the resulting insoluble Tc(iv) at high pH.'" A recent system-
atic investigation of the Tc(vir)/Tc(wv) couple in chloride solu-
tions of variable concentration concluded that SnCl, is an ef-
fective reductant for TcO, and completely converts it to
Te(wv), even at high ionic strengths and a pH of 14.5."> How-
ever, the applicability of SnCl, for separation purposes is lim-
ited because of its relatively high aqueous solubility, and the
requirement of an additional step for the removal of the re-
duced Tc(wv).

In an effort to combine reductive and sorptive functionali-
ties in one material, Sn(u) apatite Sns(PO,)3(F, Cl, OH) was
designed," albeit through a complicated synthetic pathway.
This material demonstrated quantitative removal of Tc from
dilute solutions, even outperforming SnCl,; however, its ef-
fectiveness was significantly reduced in the alkaline brine-
like solution simulating nuclear waste, the diminished effec-
tiveness attributed to the presence of Cr(vi) interfering with
the reduction of Tc(vi) by Sn(m)."* A similar approach has
been explored using a nanoporous stannous phosphate mate-
rial, which was shown to effectively reduce and sequester not
only TcO, but also other redox-sensitive contaminants in-
cluding Np(v), Th(v), and Cr(vi) from dilute bicarbonate me-
dia.” While this material is promising, it lacks selectivity for
TcO,, which might disqualify it for application in the com-
plex media that characterize tank waste supernatants.

In an effort to address the practical drawbacks of Sn-
based materials while preserving their promising qualities,
the objective of this work was to develop a Sn-containing
composite material offering the synergistic benefits of reduc-
tive uptake of TcO, from a complex, alkaline, high ionic
strength matrix and selective association of reduced Tc(w)
with the material. It is well established that any precipitated
Tc(iv) deposited on surfaces free to the atmosphere is highly
susceptible to reoxidation back to the mobile TcO,” state.'®'”
A way to prevent the reoxidation of Tc(w) is to increase its oxi-
dation potential either through a strong chemical association
of Tc(v) with the sorbent material or by incorporating it as a
thermodynamically stable phase integral to the sorbent ma-
trix, such that it is more resistant to oxidation compared to
free Tc(v). Recent work has demonstrated that Tc(iv) obtained
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from reduction of TcO, by goethite-based Fe(u) in solution
and subsequently incorporated in the octahedral site of goe-
thite by substituting Tc(wv) for Fe(m) is resistant to reoxidation
when exposed to oxidizing conditions.” We hypothesize that
a composite system containing mixed Sn-containing phases
benefits from a two-in-one functionality, where Sn(u) serves
as a reductant for TcO,” while the presence of an inert crys-
talline platform serves to integrate Tc(v) within any structur-
ally compatible phases. Bearing in mind the octahedral na-
ture of Tc(wv) oxide, the presence of any Sn phases possessing
high complementarity for Tc(iv) can be uniquely
advantageous.

One such phase is cassiterite, SnO, with a rutile structure;
literature data suggest that it is possible for Tc(iv) dioxides to
(a) adapt a cassiterite structure as observed in the case of
TcO, (ref. 18) or (b) be incorporated within a rutile structural
framework as observed with TiO,.'° In this work, to obtain a
sorbent framework suitable for the separation of the seques-
tered Tc(wv), Sn(u)/(iv) is combined with an aluminophosphate
supporting matrix. The selection of this matrix is based on
recent studies demonstrating that incorporation of substan-
tial quantities of both Sn(u) and Sn(wv) within the alumino-
phosphate framework can be achieved (ref. 20 and the refer-
ences therein). Additional considerations supporting this
choice are the high stability and low solubility of the
aluminophosphate phase in concentrated alkaline solutions
as well as its lack of interfering redox activity. The obtained
Sn(u)/(1v) aluminophosphate-supported composite (referred to
in the text as Sn-Al-PO,) was structurally characterized be-
fore and after reductive uptake of TcO, , and its selectivity
over interfering redox species, most notably Cr(vi), was evalu-
ated using a multicomponent, brine-like, highly alkaline
solution.

Experimental

Chemicals and materials

Radiation safety disclaimer! Technetium-99 has a half-life
of 2.12 x 10° years and emits a low-energy (0.292 MeV) j3 parti-
cle; common laboratory materials provide adequate shielding.
Normal radiation safety procedures must be used at all times to
prevent contamination.

SnCl,-2H,0 was purchased from JT Baker. All other
chemicals (reagent grade) were purchased from Sigma Al-
drich or Baker & Adamson Chemicals and used without fur-
ther purification. Deionized (DI) water was used for the prep-
aration of the aqueous solutions. NH,TcO, was obtained
from in-house stocks available at the Radiochemical Process-
ing Laboratory at Pacific Northwest National Laboratory, WA,
USA.

Solution preparation. The affinity of the Sn-Al-PO, com-
posite towards TcO, and the kinetics of its uptake initially
were evaluated from stock solutions prepared by dissolving
NH,TcO, in an aqueous solution composed of 2 M NaOH
and 2 M NaNO;. As the composite exhibited favourable up-
take of TcO, from these media, uptake kinetics was further

This journal is © The Royal Society of Chemistry 2016
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monitored from a TcO, -containing Hanford low activity
waste (LAW) simulant solution. This simulant was developed
based on component concentrations designed to match the
output of Hanford Tank Waste Operation Simulator (HTWOS)
model runs used previously in support of the River Protection
Project System Plan Revision 6 (ref. 21) according to a proto-
col reported elsewhere.>” The simulant composition is listed
in Table 1. In order to explore the influence of Cr(vi) on
TcO, uptake, an alternate version of the same simulant was
also prepared where chromate was excluded from the
simulant composition.

Sn-Al-PO, composite synthesis. In a general procedure,
0.38 g (1.01 mmol) of Al(NO3);-9H,0 and 1.48 g (12.34 mmol)
of NaH,PO,-7H,0 were dissolved in ~50 mL of deionized wa-
ter. The solution was stirred for about 15 minutes followed
by the addition of 0.68 g of SnCl,-2H,0 (3.02 mmol) and 0.26
g of SnCl,-5H,0 (0.75 mmol). To the resultant suspension,
0.5 M NaOH solution was added with stirring until a pH of
12.0 was achieved. It is to be noted that the composite chem-
istry is highly dependent on the pH of the reaction solution
and the reaction conditions. Consequently, we observed some
variability in the composite and the better performing speci-
mens are reported here. The mixture was transferred to a
Teflon-lined autoclave and kept at 140 + 5 °C for 72 hours to
yield the aggregate. The obtained off-white solid was gravity-
filtered, washed with excess water until neutral pH of the
rinse was achieved, and dried. The elemental analyses of the
samples were obtained from electron dispersive spectrometry
(EDS) data and are summarized in a later section and in
Table 2.

Batch contact experiments. The Sn-Al-PO, composite (25
mg) was suspended in 5 mL of a ~20 uM (~2.1 ppm)
NH,TcO, solution in 2 M NaOH/2 M NaNO; so that the ratio
of the solution volume to the weight of the sorbent was 200
mL g, agitated using a rotor shaker, and the liquid phase
was periodically aliquoted after centrifugation (2000 rpm for
15 minutes) for analysis of *Tc uptake. The batch contacts
using LAW simulants were conducted by combining 25 mg of
the composite and 25 mL of ~40 uM NH,TcO, solution in
the LAW simulant (solution-to-sorbent ratio is 1000 mL g ™).

Table1 Composition of the LAW simulant

Waste constituent Average concentration, mol L™

Al 0.48

K 0.06
Na 7.80
clr 0.06
CO,> 0.43
F 0.05
NO,~ 0.88
NO;~ 2.53
PO 0.08
S0, 0.13
TOC total 0.12
Free OH™ 2.43
cd 0.00025
Cr 0.033
Pb 0.0004

This journal is © The Royal Society of Chemistry 2016
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Table 2 Elemental analysis of the marked regions in Fig. 3 for the

untreated composite obtained from EDS analyses showing the respective
atomic percentages of the elements

Atomic percent, %

Region C o Na Al P Sn

1 20.2 52.6 1.4 2.5 9.4 13.9
2 16.3 56.4 1.6 2.5 10.3 12.9
3 11.3 70.5 0.95 0.68 8.2 8.3
4 12.6 69.5 1.9 0.42 7.2 8.3

Two types of LAW simulant solutions, containing either 0 or
33 mM Cr(v1), were tested. The kinetics of TcO,  uptake was
monitored for 24 and 72 hours from 2 M NaOH/2 M NaNO;
and simulant solutions, respectively. At different time points
post beginning of the experiment, batch contact samples
were centrifuged, and 20 pL of the contact solution was re-
moved for analysis. The concentration of TcO, in the sub-
samples was quantified by liquid scintillation counting (LSC).
For each time point, the solution volume was corrected for
the withdrawn aliquot. The distribution coefficient, K4 (mL
g '), was calculated using eqn (1),

c-c v
=1 L 1
c y (1)

t C

Ky

where C; is the initial concentration of pertechnetate in the
contact solution, C; is the Tc concentration of Tc in the solu-
tion at time ¢, V is the volume of the contact solution in milli-
liters, and W is the weight of the dry composite material in
grams.

Characterization techniques. The structural and morpho-
logical features of the composite materials before and after
exposure to TcO, solution in DI water were examined by
X-ray diffraction (XRD), scanning electron microscopy (SEM)/
energy dispersive spectroscopy (EDS), and transmission
electron microscopy (TEM) studies, while the vibrational
structure of the composites were evaluated by infrared (IR)
spectroscopy. Changes in the metal center chemical environ-
ment upon Tc uptake and the Tc oxidation state in the com-
posite matrix were monitored through X-ray photoelectron
spectroscopy (XPS), in situ TEM, and electron paramagnetic
resonance (EPR) studies. To prepare Tc-loaded samples for
diffraction, microscopy and spectroscopic studies, ~50 mg of
the composite material was brought into contact with 1 mL
of the 10 mM TcO, solution in DI water under agitation at
room temperature. After 24 hours the liquid phase was re-
moved from the sample by centrifugation and decantation,
and the loaded composite was rinsed with DI water (5 x 10
mL) and air-dried at room temperature until completely dry.
LSC analysis indicated nearly quantitative uptake of Tc by the
composite so that the Tc loading of the Sn-Al-PO, composite
was estimated to be 0.2 mmol g™ or 20 mg g .

FTIR measurements were conducted using a spectrometer
(ALPHA model, Bruker Optics) operated with OPUS software
(Version 6.5, Build 6.5.92). Samples were run directly on a di-
amond attenuated total reflectance (ATR) cell. For each

Environ. Sci.: Nano, 2016, 3, 1003-1013 | 1005
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Sn-Al-PO, before
TcO, exposure

TeO,(aq)

SN 3d,

Sn-Al-PO, after
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Fig. 1 (Left) Overlays of X-ray photoelectron spectra of Sn 3ds,, and 3ds,, regions of the Sn-Al-PO,4 composite (top) before and (bottom) after ex-
posure to 10 mM TcO4; (blue squares = experimental data; orange trace = Sn() fit based on the literature; red trace = Sn() fit based on the litera-
ture®-32). (Right) X-ray photoelectron spectrum of (top) Tc 3ds/» and 3ds» regions of pure NH,TcO, stock and (bottom) Tc region in the composite
after being exposed to TcO,4~ for 24 hours (black dashed line = experimental data; red trace = TcO, fit based on the literature;**>* dark blue trace

= Tc(wv) fit based on the literature; 3334 33,34)

sample, 24 scans with a resolution of 4 wavenumbers (cm™)
were averaged to give the final spectrum. A background of
ambient air was used for all samples.

XRD patterns of the samples were recorded on a Rigaku
Miniflex 600 Bragg-Brentano diffractometer equipped with a
fixed Cu anode operating at 40 kV and 15 mA. XRD patterns
were collected in the 5-100° 26-range with 0.02° steps at a
rate of 4 s per step. The powders were packed in well in a zero-
background plate held within a custom holder with Kapton
X-ray windows to prevent spread of radioactive contamination.
Phase identification was performed using JADE 9.5.1 from Ma-
terials Data Inc. and the 2012 PDF4+ database from ICSD.

XPS was used to identify the oxidation states associated
with the solid composites before and after TcO, uptake.
Spectra were recorded using a Kratos AXIS Ultra DLD sys-
tem equipped with a monochromatic Al Ko X-ray source
(1486.7 eV) and a hemispherical analyzer. Samples were
mounted using double-sided Scotch brand tape attached to
a silicon substrate. The instrument work function was cali-
brated to give a binding energy (BE) of 83.96 + 0.1 eV for
the Au 4f;), line for metallic gold and the spectrometer dis-
persion was adjusted to give a BE of 932.62 + 0.1 eV for
the Cu 2p;,, line of metallic copper. High resolution analy-
ses were carried out with an analysis area of 300 x 700
microns using a pass energy of 40 eV with a step size of
0.1 eV. Surface charge was eliminated using a charge neu-
tralizer and data were corrected through referencing the
285.0 eV C 1s peak. The percentages of individual elements
detected were determined from the relative composition
analysis of the peak areas of the bands on the basis of the
relative peak areas and their corresponding sensitivity fac-
tors to provide relative compositions. XPS peak fitting was
performed using CasaXPS.

1006 | Environ. Sci.: Nano, 2016, 3, 1003-1013

green trace = Tc(v/v) fit based on the literature

SEM analysis was performed using an FEI Quanta 3DFEG
Dual Beam microscope operated at 10-20 kV. The samples
were prepared by two independent methods; in the first
method, the sample particles were dispersed onto carbon
tape and coated with ~5 nm of carbon to minimize charge ef-
fects. In the second method, samples were mounted on the
tape and polished using typical metallographic techniques to
avoid colloidal silica from polishing. Compositional analysis
was performed using an Oxford 80 mm?® SDD EDS detector.
For quantitative EDS analysis, calculated K factors provided
by INCA software were used. No correction for absorption
within the specimen was performed. Both secondary electron
images (SE) and backscatter electron images (BSE) were
recorded.

For TEM analyses separate instruments were used for
non-radiological samples and radiological (Tc loaded) sam-
ples for ease of operation. The samples free of Tc were ana-
lyzed on an FEI Titan 80-300 kV transmission electron micro-
scope operated at 300 kV. The microscope is equipped with a
CEOS aberration corrector for the probe-forming lens, which
allows imaging in scanning mode with sub-ngstrom resolu-
tion. Images were acquired on a high angle annular dark
field (HAADF) detector. The detection angle was kept 3 times
higher than the probe convergence angle of 18 mrad. Compo-
sitional analysis was performed with an EDAX Si(Li) EDS
detector. Post-acquisition quantification and evaluation of
the spectra were performed using the FEI TIA software
package. The samples containing Tc were analyzed using
an aberration corrected scanning transmission electron
microscope (STEM) (JEOL JEM-ARM200F) operated at 200
kv. The images were acquired on a HAADF detector with
a beam convergence of 27.5 mrad. Elemental analysis was
performed using EDS using high collection angle SSD.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Representative SEM images of the Sn-Al-PO, composite (A) before and (B) after exposure to TcO, .

STEM-EDS data were processed using Analysis Station
(version 3.8.0.52, JEOL Engineering, Co., Ltd.).

EPR spectra were acquired on a Bruker EMX spectrometer
equipped with an ER4102ST resonator (spectra at room tem-
perature and 120 K) or an ER4116DM Dual Mode resonator
(spectra at 5 K) and an Oxford ESR910 cryostat. Tc-containing
radiological samples were doubly contained by employing
unbreakable FEP tube liners (Wilmad) inside traditional
quartz EPR tubes. The sample configurations used 3.15 mm
inner diameter liners and 5 mm outer diameter tubes.

Results and discussion

Characterisation of the Sn-Al-PO, composite before TcO,"
uptake

The IR spectrum of the solid Sn-Al-PO, composite showed
strong bands at ~1065 and ~980 ecm™,** which are consis-
tent with the symmetric and asymmetric Sn-O-P stretching
vibrations, respectively,”* suggesting the presence of a meso-
porous Sn-based phosphate framework (Fig. S11).>* A broad
asymmetric band at ca. 3440 cm ™t is due to the vy
stretching vibration of hydrogen-bonded geminal OH groups
and water molecules, and that at 1634 em™ corresponds to
the bending of water.*® A similar band was observed by
Huang and co-workers for nanolayered, 15 A, tin phosphate
materials, and indicates the presence of interlayer water mole-
cules,”” suggesting the existence of a layered structure in our
Sn-Al-PO, composite. The band at 540 cm™ is consistent with
0-P-0 bending vibrations that are characteristic of AIPO,.>**°
The X-ray diffractogram of the Sn-Al-PO, composite indi-
cates the poor crystallinity of this material (Fig. S2f). Only
the SnO, (cassiterite) phase could be identified with any cer-
tainty, although there are clearly additional diffraction peaks
present.”® These peaks could in part be attributed to an
AIPO, phase,* suggesting that the actual composition could
be a combination of these phases. However, the poorly de-
fined diffraction profile did not allow positive identification.
Photoelectron spectroscopy was used to confirm the oxida-
tion states associated with the Sn centres. The Sn region of the

This journal is © The Royal Society of Chemistry 2016

photoelectron spectrum of Sn-Al-PO, before TcO, exposure
can be fit by two sets of doublets (Fig. 1). The two low binding
energy peaks (3ds/,) are centred at 486.9 €V and 487.9 eV and
can be attributed to Sn(u) and Sn(wv), respectively.’’*> The
intensities of the Sn(wv) peaks are significantly lower than those
of Sn(u), indicating the surface of the composite to be primarily
dominated by tin in the Sn** oxidation state. There is an addi-
tional low intensity doublet with a 3ds, value of 489.1 eV,
suggesting the presence of another high oxidation state chemi-
cal form of Sn in the composite. While XRD did not give a clear
indication of any Sn(u) containing phases, XPS suggests it to be
the dominant oxidation state in the material.

Representative SEM images (Fig. 2A) of the composite il-
lustrate a highly amorphous material indicating a large sur-
face area for uptake. A closer inspection of the materials
through TEM (Fig. 3) indicates two distinct morphological
features within the materials, the general material being
characterized by an amorphous matrix impregnated with
small islets of crystalline fibers. The amorphous matrix ex-
hibits a highly diffused diffraction and is largely character-
ized by small two-dimensional lamellar particles, ranging
from 30 to 60 nm in edge length. The EDS (Table 2) of the
polycrystalline matrix shows the dominance of Sn, associated
with a lower quantity of Al. There is a significant amount of
P, presumably present as PO,*>". The Sn:Al:P molar ratio in
the polycrystalline matrix is 1:0.18:0.73. This is consistent
with the Sn: Al molar ratio of 1:0.22 used in the preparation
of the material, indicating that nearly all Al used in the syn-
thesis comprises the polycrystalline matrix. The crystalline fi-
bers are characterized by an aggregation of linear wires, each
ranging from ~0.6 to 1 um in length, and display a structured
diffraction pattern with d spacing of 6.89 A. The diffraction data
do not match with any of the currently known Sn and/or Al
phosphates in the crystal structure database, and further char-
acterization of this phase is a focus of future work. The EDS
analysis of the crystalline fibers shows that they are primarily
composed of Sn and phosphate with a negligible quantity of Al,
the Sn:Al: P ratio being 1:0.06:0.92.

The EPR spectrum of the powdered off-white composite
shows no resonances at room temperature. Taken together,

Environ. Sci.: Nano, 2016, 3, 1003-1013 | 1007
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Fig. 3 Representative TEM images of the Sn-Al-PO, composite: (A) overall representation, (B) polycrystalline matrix, (C) crystalline fibers, (D)

diffraction of polycrystalline matrix, (E) diffraction of crystalline fibers.

these results suggest that the Sn-Al-PO, composite con-
sists of a multi-component layered, microporous matrix
containing a mixture of Sn(u) and Sn(iv) doped with Al, onto
which highly crystalline fibers rich in Sn and phosphate are
embedded.

Characterization of the Tc-loaded Sn-Al-PO, composite

The IR spectrum of the TcO, -loaded Sn-Al-PO, sample is
similar to that of the untreated sample showing strong bands
corresponding to the symmetric and asymmetric Sn-O-P
stretching vibrations®* at ~1065 and ~980 cm™ (ref. 23), re-
spectively, as well as the broad asymmetric vo_y stretching vi-
bration at ca. 3440 cm™ (Fig. S1t). Two noticeable differences
in these spectra are (i) the appearance of a new band at 1435
em™, in addition to the interlayer water bending band at
1634 cm™, and (ii) the splitting of the sharp single band at
550 cm ™' into multiple bands.

While no significant differences are observed in the XRD
profile of the Sn-Al-PO, composite prior and post loading
with TcO, , small changes are seen, which resemble “ero-
sion” of some and evolution of other phases (Fig. S21). SnO,
is still the dominant phase,*® while the other phases that
were observed in the untreated composites, are still present.
The phases are observed to have smaller crystallite sizes.

X-ray photoelectron spectroscopy measurements demon-
strated that a sufficient quantity of Tc was incorporated into
Sn-Al-PO, to allow quantification of its uptake (Fig. 1 with
an estimated 47 mg incorporation of Tc per gram of compos-
ite. The Sn 3d region of the photoelectron spectrum of the
Tc-loaded Sn-Al-PO, composite shows no prominent changes
in the respective intensities of the Sn** and Sn"* bands in
comparison with unexposed material. This is to be expected
because the small fraction of Sn(u) that can be oxidized to

1008 | Environ. Sci.. Nano, 2016, 3, 1003-1013

Sn(wv) by Te(vn) is insignificant compared to the overall Sn
concentration. It is worth noting that the low intensity dou-
blet with a 3ds, value of 489.1 eV corresponding to an
additional Sn(v) species does not appear in the Tc-loaded
composite. This result is consistent with the transformation
of the Sn(iv) phases and enhancement of the cassiterite frac-
tion upon Tc exposure demonstrated by the XRD and TEM
measurements. While the exact origin of this Sn species is
still under investigation, the fact that the exposure to TcO,"
and its reductive uptake results in the consumption of a Sn
species with a higher oxidation state is consistent with the
TcO, uptake by the composite not being a simple redox pro-
cess but involving a more complex pathway. No noticeable
changes are observed in the Al or P regions of the photo-
electron spectra in going from the unloaded to the Tc-
loaded sample.

A photoelectron spectrum of the solid NH,TcO, salt was
collected to serve as a Tc(vu) reference. The Tc 3d spectrum
can be fit by a single doublet with a lower binding energy
peak at 259.4 eV corresponding to 3ds,. This value is in a
good agreement with the NIST standard for Tc(vi) at 259
€V.*>** The Tc 3d spectrum of the Sn-Al-PO, composite ex-
posed to TcO, exhibited a profile drastically different from
that of the Tc(vu) reference. There are now two sets of dou-
blets with lower binding energies centred at 255.9 eV and
258.2 €V, suggesting a reductive sorption that involves a com-
plete reduction of TcO, . The doublet with 3ds/,, binding en-
ergy at 255.9 eV can be assigned to Tc(iv) species,>® and the
second doublet with 3ds, binding energy at 258.2 eV could
arise from a species with an intermediate Tc(v)/Tc(vi) oxida-
tion state as it is positioned between the reported binding en-
ergy ranges for Tc(vm) (259.5-259.9 eV) and Te(w) (256.6-257.6
eV) species.>*** The absence of adequate XPS spectral litera-
ture data on Tc(vi) or Tc(v) oxides or oxyanions precludes

This journal is © The Royal Society of Chemistry 2016


http://dx.doi.org/10.1039/c6en00130k

Published on 12 August 2016. Downloaded by PNNL Technical Library on 1/17/2019 6:30:45 PM.

Environmental Science: Nano

assignment of the exact oxidation state associated with this
species. Overall, the generation of Tc as predominantly Tc(w)
along with minor Tc(v/vi) species, coupled with complete ab-
sence of Tc(vn), does indicate the complete reduction of the
sorbed TcO, . It is significant that the spectrum of the exact
same sample of Sn-Al-PO, composite exposed to TcO,,
taken six months after the exposure, still exhibits the Tc(iv)
signal (lower binding energy ~256 eV) with no appearance of
a Tc(vn) band, suggesting the resistance of the species to-
wards reoxidation to TcO, . This enhanced stability of the
Tc(iv) species is an important observation, as free Tc(wv) is
usually susceptible to oxidation to TcO, under oxic condi-
tions. It is also important to note that there is a significant
loss in Tc photoelectron intensity, which might suggest the
Tc migrating from the surface into the sample core.
Representative SEM images (Fig. 2B) of the TcO, -loaded
Sn-Al-PO, composite illustrates little islets of aggregation of
the crystalline fibers embedded within the matrix. A closer
inspection of the exposed composite through TEM (Fig. 4)
demonstrates changes in both the matrix and the fibers.
Interestingly, representative TEM images of the matrix, which
exhibited an amorphous character for the unexposed com-
posite, show the formation of a new, cake-like structure. The
selected area electron diffraction (SAED) of the matrix reveals
a highly structured diffraction with well-defined d-spacings,
indicating an enhancement of crystallinity of the matrix upon
uptake of Tc (Fig. 4F). The diffraction pattern can now be ac-
curately fit to a cassiterite SnO, crystal structure. However,
the cassiterite phase is not the only phase present in the ma-
trix, as EDS (Table 3) shows a significant amount of P and Al,
suggesting that either some amorphous or polycrystalline
phase associated with these elements are present in the ma-
trix, or that the crystallinity of aluminophosphate also in-
creases similarly to the cassiterite phase. Based on the ap-
pearance of the polycrystalline pattern in the diffractogram,
the former seems to be more likely. The matrix is observed to
uptake Tc in the bulk, the Sn:Al: Tc ratio in the matrix being
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1:0.15:0.05, indicating 5% Tc loading with respect to Sn
(the elemental mapping of the key elements other than Tc is
shown in the ESLj Fig. S3). Therefore, the TEM analysis sug-
gests that the formation of cassiterite phase is facilitated by
TcO, exposure as it is not as dominant in the untreated
composite. The fact that this change is not picked up by bulk
diffraction technique is due to the fact that the amount of
TcO, is small compared to the overall amount of the bulk
sample for the change to be discernible in the bulk material.
Also, treatment of the composite with DI water results in no
such enhancement in the cassiterite phase, suggesting that it
is generated upon Tc exposure. This is a significant result
suggesting the generation of the cassiterite phase to be the
result of the interaction of the composite with Tc and points
to a strong Tc(wv) association with the matrix and a possible
Tc(wv) incorporation into the cassiterite phase.

Following pertechnetate contact, the crystalline Sn phos-
phate fibers show formation of uneven deposits along the
lengths of the fibers, and deposits seem to glue the fibers to-
gether (Fig. 4C). EDS analysis of these deposits shows a pre-
dominance of Tec, indicating the immobilization of Tc onto
these fibers with the Sn:Al:Tc ratio of 1:0.05:0.20 or 20%
Tc loading with respect to Sn (Table 3; the elemental map-
ping of the key elements other than Tc is shown in
supporting information, Fig. S4T). The SAED pattern of the fi-
bers (Fig. 4G) indicates that the fibers retain their crystallin-
ity upon Tc uptake, though the diffraction is somewhat dif-
fused compared to the unexposed composite.

The EPR spectrum (Fig. 5A) of the TcO, -loaded Sn-Al-PO,
composite shows no resonances at room temperature. On
lowering the temperature to 125 K, a broad new spectrum ap-
pears with faint hyperfine resonances corresponding to two
sets of equally spaced 10 hyperfine resonances (Fig. 5B); this
is suggestive of two different chemical environments, each
with a nuclear spin of 9/2. This corresponds to paramagnetic
Tc species, and the broad nature of the spectrum with the
faint hyperfine features is consistent with a Tc(v) species. A

Fig. 4 Representative TEM images of the Tc-loaded Sn-Al-PO, composite. (A) Broader overview showing both the composite matrix and the
Sn(i/v) fibers; (B, C) respective magnified images of the matrix and the fibers; (D, E) Tc elemental mapping of the matrix and the fibers; (F) SAED of

the matrix; and (G) SAED of the fibers.
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Table 3 Elemental analysis of the marked regions in Fig. 4 for the Tc-
loaded Sn-Al-PO, obtained from EDS analyses showing the respective
atomic percentages of the elements

Atomic percent, %

Region C o Na Al P Tc Sn

1 16.4 56.3 1.3 2.3 10.6 0.13 12.9
2 17.3 56.4 1.4 1.7 10.3 0.02 12.9
3 12.5 69.3 0.96 0.19 7.3 2.0 7.7
4 12.9 70.2 0.96 0.49 7.0 1.0 7.4

further temperature decrease to 2.5 K significantly increases
signal intensity while preserving band energy and hyperfine
profile (Fig. 5A and S57). Further, faint hyperfine lines are ob-
served in the low field section (more evident in the first deriv-
ative spectrum as shown in Fig. S5A}) which confirms the
formation of Tc(wv). These lines are attributed to zero field
splitting which is possible with a 3/2 spin of Tc(iv) and not in
an S = 1/2 system such as Tc(vi). While observation of Tc(iv)
spectra at temperatures higher than 6 K is rare, a prominent
Tc(wv) EPR spectrum with resolved hyperfine profile has been
reported for polycrystalline K,[TcF¢]-K,[PtFs] mixed crystals at
77 K, which transformed into the broad unresolved signal at
room temperature.*”

Overall the observed Tc(wv) spectrum is different from that
exhibited by Tc(wv) species incorporated within SnO, rutile
single crystals.*® However, the faint hyperfine profile ob-
served in the low field section resembles that of Tc(wv) in the
SnO, rutile based on the comparison of the derivatives of our
experimental 2.5 K spectrum and of the spectrum simulated
using the parameters reported Tc(wv) in the SnO, cassiterite
(Fig. S5B1).%® The difference between these spectra is attrib-
uted to the dissimilar chemical nature of the Sn-Al-PO, com-
posite and pure SnO, as well as dissimilar experimental pro-
tocols for the incorporation of Tc(wv) in these materials
resulting in different Tc(wv) products. What is of significant
importance is that EPR indicates the presence of two Tc(wv)
chemical environments, both are different from chemically
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pure TcO,-xH,0,*” presumably due to the two different
modes of incorporation of Tc(v) into the composite. This is
consistent with the SEM/EDS and TEM results, which show
the presence of Tc both in the crystalline fibers and in the
bulk matrix. Further, the observation of a Tc(iv) spectrum at
temperatures higher than 2.5 K is suggestive of a slower re-
laxation that can point to these Tc(v) species having a lower
symmetry than symmetric Tc(iv) species such as pure TcO,
-xH,0.%”

Taken together, the diffraction, photoelectron spectro-
scopy, microscopy and EPR spectroscopy results reveal the
ability of the Sn-Al-PO, composite to uptake and reduce
TcO, and to incorporate generated Tc(iv) into two different
phases. It was concluded that surface precipitation of Tc(wv)
plays only a minor role in this mechanism as no reoxidation
of Tc(wv) to Tc(vir) was observed by XPS after storing the Tec-
loaded Sn-Al-PO, composite for 6 months under ambient
aerated conditions. The strong affinity of Sn- and P-rich fi-
bers toward TcO, is driven by the redox reaction of Sn(u)
with Tc(vu) and the ability to incorporate Tc(iv) within the fi-
bers. It is also worth noting that the observed enhancement
of crystallinity of the composite matrix upon reductive TcO,
uptake as seen in the TEM analyses points to a structural re-
organization or phase transformation process. This transfor-
mation of the polycrystalline matrix leading to the domi-
nance of the cassiterite phase is not observed when the
control composite is exposed to DI water alone but only when
it is treated with an aqueous solution of TcO, . This transfor-
mation triggered by the incorporation of Tc is presumably
suggestive of the cassiterite recognition of Tc(w). It has been
shown previously that TcO, can adapt a rutile structure.'®
While the ionic radius of octahedral Tc(v) (78.5 pm) is
slightly lower than octahedral Sn(iv) (83 pm),*® the highly po-
larizable nature of Tc(iv) makes it a likely candidate for struc-
tural incorporation within frameworks of moderately differ-
ent sizes.”” As a representative example, while similar
differences exist between the ionic radii of Tc(iv) and Ti(wv)
(74.5 ppm), the feasibility of Tc(iv) incorporation in the TiO,

A

0 1000 2000 3000 4000 5000 6000 7000 2000
Field (G)

2500 3000 3500 4000
Field (G)

Fig. 5 (A) Temperature-dependent EPR spectra of the Tc-loaded Sn-Al-PO, composite at 125 K (red trace), 75 K (orange trace), 35 K (green trace),
15 K (sky blue trace), 4 K (Persian blue trace), and 2.5 K (black trace). (B) Hyperfine profile extracted from the spectrum obtained at 125 K showing
two different sets of 10 resonances corresponding to Tc(iv) marked in black and red dashed lines.
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rutile structure has been demonstrated both by theoretical
calculations® and experimentally.*® The detailed investiga-
tion of such a mechanism is under way and may have impli-
cations for the fabrication of these materials as low-
temperature waste forms for Tc. It is worth mentioning that
while such recognition has played an important role in the
detection of contaminants including the detection of TcO, ,"
to date its practical implementation for the reductive uptake
of TcO, has not been realized in part because quantitative
sequestration of Tc(v) in such structures as goethite relies on
in situ formation of Tc-bearing goethite in the contaminated
solution stream® and is hard to achieve in the
multicomponent process systems. Application of the solid
Sn-Al-PO, composite for Tc separation and sequestration
can address this challenge and have implications in the se-
lective reductive removal and long-term storage of TcO, in
particular and other redox active contaminants in general.

TcO, uptake kinetics by Sn-Al-PO, from complex alkaline
solutions

The performance of the Sn-Al-PO, composite for the Tc re-
ductive sorption from high in ionic strength alkaline solu-
tions was evaluated. The kinetics of the TcO, uptake from 2
M NaOH/2 M NaNO; was monitored for 24 hours. The com-
posite exhibited fast kinetics and high efficiency of uptake,
approaching the equilibrium Tc K4 value of ~13000 mL g™
at 24 hours and with near-quantitative TcO, uptake (98%) as
shown in Fig. 6.

Subsequently, the Sn-Al-PO, composite was challenged
under the LAW simulant conditions. The LAW simulant is a
complex mixture of mostly sodium salts with a total Na" con-
centration of 7.8 M and a free OH concentration of 2.34 M
(Table 1). It contains several inorganic anions, which poten-
tially could interfere with Tc incorporation into the compos-
ite matrix. A plot of Ky values for the composite, obtained
using the LAW simulant in the absence of CrO,>, is repre-
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10 © ‘ : :
0 20 40 60 80
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sented as a function of time in Fig. 6. The kinetics of the up-
take appeared to be slightly slower in LAW simulant than in
the 2 M NaOH/2 M NaNO; solution. Remarkably, the equilib-
rium Ky value observed in the LAW simulant (~13000 mL
g ") is very similar to that in the 2 M NaOH/2 M NaNO; solu-
tion. At equilibrium, 97% of TcO, was removed from the
simulant. This uptake efficiency exhibited by the Sn-Al-PO,
composite far exceeds that of Sn(u)-based hydroxyapatite or
Sn(u)-based apatite composites that have been conventionally
recommended for TcO, uptake under these LAW simulant
conditions, which are representative of tank LAWs.>*> The ob-
served Ky value is comparable to that shown by potassium
metal sulphide (KMS), whose high Ky is attributed to the ef-
fectiveness of the sulfide reduction of Tc(vi) to Tc(iv).*” It
should be noted that in the literature experiments the
simulant-to-sorbent ratio of 100 mL g™* was employed com-
pared to the much more challenging ratio of 1000 mL g™* uti-
lized in this work.

Slower kinetics and about 6-fold reduction of the equilib-
rium Ky value to ~2200 mL g ' are observed in the LAW
simulant containing 33 mM CrO,>" (Fig. 5). At equilibrium,
68% of TcO, was removed from the Cr(vi)-containing
simulant. The diminished performance of the Sn-Al-PO,
composite is due to the fact that the highly oxidizing CrO,*
can disrupt the redox process. Consideration of the standard
redox potentials in alkaline media for TcO, /TcO,, E, = -0.74
V; Sn(OH)¢> /HSnO, ", E, = -0.93 V; and Cr0O,>/Cr(OH);, Ey =
-0.13 V (ref. 43) suggests that CrO,>" can interfere with TcO,
reductive sorption in two ways: (i) partially oxidize the Sn(u)
centre to Sn(wv) before it can react with TcO,” and so diminish
the overall reductive capacity of the composite or (ii) partially
reoxidize the generated Tc(wv) back to TcO, . The observation
that the LAW simulant solution changes color from yellow to
green upon contact with the composite supports this hypoth-
esis by indicating the reduction of CrO,*” to Cr(OH),. Never-
theless, the K4 value of ~2200 mL g * determined in the pres-
ence of chromate is reasonable for practical removal of TcO,~

- — B
-4
=
2
£
£
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-7 T T
0 6000 12000 18000

Time (secs)

Fig. 6 (A) Kinetics of TcO4 removal by Sn-Al-PO4 composite from 2 M NaOH/2 M NaNOs (purple line and symbols), LAW simulant in the absence
of CrO4% (blue line and symbols), and LAW simulant in the presence of CrO,42” (yellow line and symbols). (B) Corresponding semi-logarithmic plots
of the TcO4~ molar concentration in the contact solutions vs. time. Regression analyses for the plots: In[TcO47] = -1.5 x 10™* t - 3.93, R? = 0.9955
(purple line); In[TcO4 1 = -1.34 x 107 t - 3.10, R% = 0.9940 (blue line); IN[TcO,] = -4.5 x 107>t - 3.15, R? = 0.9967 (yellow line).
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from tank supernatants containing Cr(vi). The overall obser-
vation validates our initial hypothesis that the selectivity of
the Sn-based composites can be significantly improved by as-
sociation of the reduced Tc(iv) with the composite structure.

Fig. 6B shows that the concentration of TcO, in the con-
tact solutions can be fit to a logarithmic behaviour with re-
spect to time, suggesting a first-order process for TcO, sorp-
tion. The first-order kinetic rate constant, obtained from the
plot's slope for the sorption of Tc from the LAW simulant
performed in the absence of CrO,*” is -1.34 x 10~* s™* which
is comparable to that obtained using the 2 M NaOH/2 M
NaNOj; matrix (-1.5 x 10™* s7*). As with the lowering of the K4
value upon the inclusion of CrO,*” in the LAW simulant, a
similar reduction is observed in the slope as well, with the
value of the slope obtained in the presence of chromate be-
ing —4.5 x 107> s™". Again, this slower uptake kinetics is pre-
sumably due to the competing reduction of Cr(vi).

It should be noted that neither decomposition nor disso-
lution of the Sn-Al-PO, composite in the LAW simulant with
or without the presence of Cr(vi) was observed within 72
hours of the batch contact experiment.

Summary

The diffraction and microscopy studies presented here illus-
trate that the Sn-Al-PO, composite obtained by a simple hy-
drothermal synthesis consists of structurally well-defined
Sn(u/w)-rich fibers dispersed within a heterogeneous Sn-Al-
PO, matrix. The composite consists of several crystalline and
polycrystalline phases that prove to be beneficial for the re-
ductive separation of TcO, . The composite's effectiveness in
removal of TcO, is promoted by the Sn-rich fibers facilitating
the reduction of TcO, to Tc(wv) as supported by the XPS mea-
surements and Tc(iv) subsequent deposition along the fiber
branches. A cassiterite, SnO, with rutile structure is formed
within the polycrystalline matrix, and our results are consis-
tent with Tc(wv) incorporation into this phase. The Tc(iv) em-
bedded within the Sn-Al-PO, matrix demonstrates high resis-
tance to oxidation to TcO, as evidenced by the XPS of the
Tc-loaded composite after 6 months of loading showing pres-
ervation of Tc(iv) and no formation of Tc(vu). This result is in
unison with the observation that the Sn-Al-PO, composite
exhibits a high K4 value for Tc even in the presence of the
strong oxidant CrO,”". This warrants future studies of electro-
analytical determination of redox potentials for the Tc(w)
loaded Sn-Al-PO, matrix and how they compare with pure
Tc(v) species.

The Sn-Al-PO, composite is highly efficient for removing
TcO, not only from simple caustic matrices (2 M NaOH/2 M
NaNO;) but also from complex LAW simulants and appears
to be suitable for practical reductive separation of TcO, from
tank waste streams. Significantly, this material offers
improved selectivity over Cr(vi) over previously studied
pertechnetate getters. Moreover, the uptake/removal is highly
specific for TcO, even in the presence of other interfering
anions as illustrated by the high removal from LAW simulant

1012 | Environ. Sci.. Nano, 2016, 3, 1003-1013
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containing CI”, CO;>", NO, , NO;~, PO,*", SO,>" and OH at
concentrations significantly greater than that of TcO, . Future
studies are warranted to evaluate the utility of the Sn-Al-PO,
composite to improve the performance of cementitious waste
forms with respect to their oxidative stability and ability to
inhibit leaching of Tc(iv) incorporated into the composite
matrix.**
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