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Abstract

Achieving global optimization of inorganic sorbent efficacy, as well as tailoring sorbent
specificity for target sorbates would facilitate increased wide-spread use of these materials in applications
such as producing potable water or nuclear waste treatment. Sodium titanates have long been known as
sorbents for radionuclides; ®Sr and transuranic elements in particular. We have developed a related class
of materials, which we refer to as peroxo-titanates: these are sodium titanates or hydrous titanates
synthesized in the presence of or treated post-synthesis with hydrogen peroxide. Peroxo-titanates show
remarkable and universal improved sorption behavior with respect to separation of actinides and strontium
from Savannah River Site (SRS) nuclear waste simulants. Enhancement in sorption kinetics can potentially
result in as much as an order of magnitude increase in batch processing throughput.

Peroxo-titanates have been produced by three different synthetic routes. post-synthesis peroxide-
treatment of a commercially produced monosodium titanate, an agueous-peroxide synthetic route, and an
isopropanol -peroxide synthetic route. The peroxo-titanate materias are characteristically yellow to orange,
indicating the presence of protonated or hydrated Ti-peroxo species; and the chemica formula can be
generaly written as H,Na,Ti,Os:(xH,0)[yH,O,] where (v+w) = 2, z = 0-2, and total volatile species
accounts for 25-50 wt % of the solid. Further enhancement of sorption performance is achieved by
processing, storing and utilizing the peroxo-titanate as an aqueous durry rather than a dry powder, and
post-synthesis acidification. All three synthesis modifications; addition of hydrogen peroxide, use of a
dlurry form and acidification can be applied more broadly to the optimization of other metal oxide sorbents

and other ion separations processes.
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| ntroduction

Inorganic sorbents for ion separations are applied in both industry and the public sector for
sequestration of hazardous species, recovery of precious metals, and improvement of water quality and
purity. Some specific applications include removal of radionuclides from nuclear wastes™ and
contaminated waste sites,® water softening,” arsenic removal from domestic water supplies,®** treatment
of industrial wastewater,"** and scavenging trace metals from catalytic reaction products (i.e. synthesis of

pharmaceuticals)’®. Natural and synthetic clays,*>*® zeolites'®!” and other nanoporous frameworks,®%

222 and meso-*® porous materials, and hydrous metal oxides**?® have all been shown to be effective

micro-
in metal separation applications. Mechanisms of ion sorption can broadly be described as ion exchange on
surfaces (esp. with surface H') or in layers, channels, or pores; or electrostatic binding of ions to
oppositely-charged surface sites.  Understanding and optimizing selectivity, kinetics, and capacity of
sorbent materials for specific ions under varying chemical environments is the ultimate challenge for
researchers who seek improved performance of ion exchange materials.

While the counterpart organic phases for ion sequestration such as calixarenes enjoy the advantage
of precise atomic control over size and functional groups that define the ion sequestering cavity, they suffer
from lack of stability in harsh chemical or radiological environments, such as those found in nuclear wastes.
Contrarily, precise design of inorganic sorbents is somewhat hampered by thermodynamic or kinetic
limitations of metal oxide systems; but inorganic sorbents are superior in their ability to withstand harsh
media. Organic sequestering reagents are generally difficult to synthesize with multiple step and low yield
processes whereas inorganic sorbents such as metal oxides are produced in high yields by simple reactions,

al . %% introduced a class of sorbents which features metal

and also occur naturally (zeolites, clays). Liu et
oxide scaffolds functionalized with self-assembled monolayers of sorbate-specific ligands. While this
elegant approach provides the rugged substrate of inorganic materials with the selectivity or specificity of
organic functional groups; it still lacks the smplicity and stability that is preferred for some applications
such as nuclear waste processing or water treatment.

Control over specificity or selectivity of inorganic sorbent materialsis in fact a challenge that has

infrequently been demonstrated. Size matching the targeted sorbate to the sorption site in a porous phaseis

one approach to tailoring ion selectivity, exemplified by crystalline silicotitanate (CST, Na;Ti,SiO;-2H,0).



WSRC-STI-2006-00077

CST is a zeotype phase with high selectivity for Cs" (for sequestration of radioactive **’Cs) due to the ideal
sizematching of the exchange sites in the pores.®®” Furthermore, the selectivity of CST for Cs' is
improved by substituting Nb>* into 25% of the framework Ti**.®® The improved selectivity is rationalized
by the charge-compensating replacement of 25% of the channel Na“ with water, which both provides
additional coordination and thus stabilization of Cs’, and also results in less repulsion between neighboring
cations in the channel.*3* Furthermore, the replacement of Ti with Nb slightly increases the unit cell size,
and the larger tunnel more readily accommodates transport of cesium to binding sites® However, the
drawback of a size-exclusion approach such as present in the 1-dimensional tunnels of CST is slow
sorption kinetics and relatively low ion exchange capacity.

We are interested in developing optimized, titanate-based inorganic sorbents without necessarily
adding great expense or difficulty to production. Although we anticipate more widespread applicability of
our optimized sorbents, we specifically target removal of °Sr and apha-emitting radionuclides, principally
238239240p and #'Np, from the highly alkaline wastes that derive from reprocessing of irradiated fuel and
target materials at the Savannah River Site (SRS).

Presently, the SRS has identified monosodium titanate (MST) for Sr and actinide separations in
the Actinide Removal Process (ARP) facility and the Salt Waste Processing Facility (SWPF) via a batch
contact method.® Monosodium titanate, which was first developed by Dosch® at Sandia National
Laboratories as a radionuclide sorbent, is a poorly crystalline, layered sodium titanate with an approximate
chemical formula of HNaTi,05-xH,O. SRNL researchers modified the synthesis of the MST to produce a
spherical morphology with ~0.5 — 2 micron diameter tailored for use at the SRS.*> A more crystalline
version of sodium titanate known as sodium nonatitanate (Na,TigO,-XxH,0) has also been assessed to have
suitable sorption capabilities for nuclear waste treatment applications.**** SrTreat™ is a commercially
available titanate-based ion exchanger that has noteworthy selectivity for strontium in nuclear waste
media®

Titanate-based materials offer the advantages of robustness in harsh chemical and radioactive
environments, ease of synthesis, and effective sorption capabilities in a variety of media including acidic,
basic, neutral; and high or low ionic strength. While all variations of these titanate sorbents have been

shown to have sufficient strontium-removal capabilities, they lack suitable kinetics and selectivity for
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actinide separations (Pu in particular) for optimal operation in treating the strongly alkaline and high ionic
waste solutions at the SRS.

We report here a genera synthetic strategy for any titanate-based sorbent (including mixed metal
titanates such as silicotitanates) that results in significantly improved sorption characteristics. Addition of
hydrogen peroxide, either during formation of the titanate material or as a post-treatment step results in
formation of a peroxo-titanate,® which isidentified by its characteristic yellow color, indicative of hydrated

or protonated Ti-peroxo bonds.*"*®

Further improvements in sorption capabilities are imparted by
1) post-syntesis acidification of the peroxo-titanate materials and 2) utilizing the sorbents as slurries rather
dry powders.

Three synthetic routes for peroxo-titanate materials are reported in this paper, all which show
significantly improved sorption performance over their related titanate materials. The three synthetic
routes explored in this study include: 1) post-synthesis peroxide trestment of MST, 2) isopropanol-
peroxide synthesis, and 3) aqueous-peroxide synthesis. Synthesis, characterization and radionuclide
separation studies for the peroxo-titanate materials are described in thisreport.  Preliminary evaluation of
the peroxide-modified MST materials for treatment of SRS high-level waste demonstrates remarkable
improvement in processing efficiency. The increased capacity and kinetics exhibited by the peroxo-
titanates suggest that the use of these materials should increase the throughput of the processing facilities

resulting in significant operating and life-cycle cost savings.
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Experimental

Synthesis of per oxo-titanates

Post-synthesis peroxide treatment of MST Surry.

MST durry (Optima Chemical Group Ltd, Lot # 00-QAB-417) containing 14.8 wt% MST solids,
pH ~ 10.8) durry was used for al post-treatment preparations. Table 1 provides a summary of the
peroxide treatment conditions. Variations in treatment conditions included H,O,:Ti ratio, pH of the MST
dlurry, contact time of the slurry with the peroxide solution, and post-peroxide treatment pH adjustment.
Generally, 10 grams of MST durry was stirred in a small glass besker and the pH of the MST durry was
decreased using 0.1 — 2 molar nitric acid solutions. Hydrogen peroxide solution(30 wt %) was added
dropwise to the MST durry to obtain the desired H,O,:Ti ratio. Upon addition of the hydrogen peroxide,
the white MST immediately changes to a bright yellow color and is accompanied by the evolution of
oxygen gas bubbles. Some dissolution of the MST occurred during this process, as indicated by the yellow
color of the agueous portion of the dlurry. After the appropriate contact time, the peroxide remaining in
solution was removed by subsequent filtering and washing the solids with fresh deionized, distilled water,
without complete drying of the sample. For experiments #13P and 14P, afinal pH adjustment was made by

adding 0.1 M nitric acid solution until reaching the desired pH.

| sopr opanol-per oxide route.

These syntheses were derived from the MST synthesis developed by Hobbs et a.* Synthesis
parameters varied for these experiments include H,O,:Ti ratio, mixing time, acidic or neutral H,O for
hydrolysis and condensation of alkoxides, and post-synthesis pH adjustments. These synthesis parameters
are summarized in Table 1. The peroxo-titanate phases from these syntheses were either filtered and air-
dried to obtain a dry powder or converted to an aqueous slurry and, if appropriate, pH-adjusted as described
above. A typical preparation is described in detail as follows. Titanium isopropoxide (TIPT, Ti(OCzH7)4, 1
gram, 3.5 mmol) and sodium methoxide (NaOCHjz, 0.095 g, 1.75 mmol) are placed in a 20 ml glass via
containing a stirbar in an inert atmosphere box to give a1:2 NaTi ratio. The vial is capped and transferred

outside the glovebox where 9 ml isopropanal is pipetted into the vial. The mixture is stirred until a clear,
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pale yellow solution is obtained. In a separate vial, 30 wt% H,O, solution (i.e. 1.2 g, 10.5 mmol H,O, for
3:1 H,O,:Ti ratio) is combined with one gram of water or one gram of 0.1 molar nitric acid solution
(referred to neutral or acidic respectively in Table 1). This aqueous solution is then added to the
isopropanol solution and a yellow precipitate forms instantaneously; stirring is continued for the
predetermined time. Typica yield is 0.35 — 0.40 grams of dry yellow powder. Cautionary note: this
reaction evolves gas from decomposition of the H,O,—do not tightly cap vials during the reaction; pressure

build-up will break the vials!

Agqueous-peroxide Route, Basic (exp. #1A-14A).

This synthetic procedure can generally be described as dissolution of titanium alkoxide in a hot,
strongly akaline-H,O, solution followed by precipitation of the titanate material. Variables in these
syntheses include molar concentration of sodium hydroxide, ratio of H,O,:Ti, and post-acidification of the
product. Other experimental parameters investigated included; utilizing the final sorbent product as a
powder vs. a slurry, a secondary post-treatment with H,O,, use of TiCl, instead of titanium ispopropoxide
as a Ti-precursor, and reverse order of Ti and H,O, addition. A typical synthesis is described as follows
(experiment # 1A). Sodium hydroxide solution (3 molar, 75 ml) is heated and tirred in a 125 ml
Erlenmeyer flask. When the solution reaches around 60 °C, six grams (21 mmol) of TIPT is added from a
pipette to the hot solution, whereupon a white precipitate immediately forms. Approximately 40 grams of
30 wt% H,O, solution is added slowly, around 10 grams at a time. The addition of the H,O, results in
dissolution of the white precipitate to obtain a bubbly, clear, bright yellow solution. Continued stirring and
heating of the solution (approximately 10 — 60 minutes) results in precipitation of a yellow solid. Either a
dry powder is obtained by vacuum filtration and rinsing with DI water, or a slurry is obtained by multiple
cycles of decanting the reaction solution and replacing it with fresh DI water. Cautionary note: In
strongly basic solutions, H,O, decomposes rapidly and exothermically with gas evolution. Be alert for

solution boil-over.

Synthesis from TiCl, (exp. #8A). Sodium hydroxide solution (25 ml, 16 M NaOH) is placed in a 100 ml

flask. While stirring at room temperature, 45 ml of 0.09 molar TiCl,, 20% HCI agueous solution (Aldrich)
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is added via syringe. A grayish precipitate is observed. Twenty grams of 30 wt% H,O, solution is dowly
added. Over the course of peroxide addition, the solution becomes clear yellow and then precipitates a
greenish-yellow solid, which is collected by vacuum filtration. Yield = 0.49 grams. Cautionary note: this

reaction is very exothermic; it should be carried out in a fumehood and executed with caution.

Synthesis from TiCl, with reverse addition of reagents (exp. # 7A).

Twenty grams of 30 wt% H,O, solution is placed in a 100 ml Erlenmeyer flask. Seventeen ml of
0.09 molar TiCl,, 20% HCI agueous solution is added via syringe, resulting in a bright orange solution.
While stirring, 3 molar NaOH solution is added dropwise. After about 10 ml is added, a yellow precipitate

was formed and no more NaOH was added. Yield: 0.17 grams.

Second post-synthesis peroxide treatment (exp.# 12A & 13A)

After a yellow precipitate is formed from the TIPT/NaOH/H,O/H,O, mixture (basic aqueous
peroxide route), the precipitate is left to settle. The liquid is decanted, more DI water is added, the mixture
is stirred and this process is continued until the decanted liquid no longer appears yellow. More DI water is
added to bring the total volume to around 200 ml. Ten grams 30 wt% H,O, solution is added and the Slurry
stirred for about twenty minutes (note: prolonged stirring results in complete dissolution of the
precipitate!). The decantation process is repeated as described above. Centrifugation of the slurry prior to

decanting was utilized in this case since the solids settle more slowly after the second peroxide treatment.

Aqueous-per oxide Route, Acidic (exp. #14A-17A).

Exp. # 14A and 15A.

Six ml of 15.8 molar concentration nitric acid solution was added to 94 ml of DI water to obtain
100 ml of ~1 molar nitric acid solution. For 15A, 0.6 grams (7.0 mmol) of sodium nitrate was dissolved in
the nitric acid solution. While heating and tirring, 2 grams TIPT (7.0 mmol) was added dropwise to form
a deep red, clear solution. Each solution was boiled down to ~20 mL. Sodium hydroxide solution (2
molar) was added gradually the red color faded and a yellow solid precipitated. The final pH for exp. #

14A was 8.8 and the final pH for exp. # 15A was 11.7.
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Acidification of Peroxo-titanates.

Powder: Approximately 0.2 grams of peroxo-titanate powder is placed in 150 ml of water and
stirred. Nitric acid solution (0.1 molar) is Slowly added dropwise until the desired pH is reached (generally
2,4 or 5). The powder is collected by vacuum filtration. Slurry: The as-prepared dlurry is stirred while
adding 0.1 molar nitric acid solution dropwise until the desired pH is obtained. The pH-adjusted durry

requires no further modification.

Char acterization of Peroxotitanates.
I nstrumentation.

The peroxo-titanates were characterized by a number of techniques including powder X-ray
diffraction (XRD), Scanning Electron Microscopy (SEM), thermogravimetric analysis-differential thermal
analysis (TGA-DTA), infrared spectroscopy (IR), compositional analysis (Na and Ti), high resolution
transmission electron microscopy (HR-TEM), and surface area analysis. X-Ray diffraction was performed
with a Bruker D8 Advance Diffractometer in Bragg-Brentano geometry with Ni-filtered Cu-Ke radiation.
Samples were examined with a JEOL JSM-6300V scanning electron microscope (SEM) equipped with a
Link GEM Oxford detector and IRIDIUM IXRF Systems software for EDAX analysis. Transmission
electron microscopy (TEM) was done with a Philips CM 30 TEM operating at 300 kV accelerating voltage,
and powder samples were salted onto a carbon-coated copper TEM grid.

Thermal analysis was performed with a TA Instruments SDT 2960 simultaneous TGA-DTA under
nitrogen flow with a heating rate of 5 °C/min. Infra-red spectra (400 - 4000 cm™) were recorded on a
Perkin-Elmer Spectrum GX FTIR using the KBr pellet method. Surface area measurements were obtained
by BET analysis of adsorption isotherms on a Quantachrome Autosorb-1 or Micromeretocs ASA2010
Porosimeter Analyzer. Nitrogen was used as the adsorbate, and samples were outgassed under vacuum at
room temperature over night prior to analysis. Micropore surface areas were determined by T-plot analysis

and average pore diameter and pore volume were obtained via BJH analysis of desorption isotherms.
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Compositional Analysis.
Sodium and titanium content for each sample was determined by Inductively Coupled Plasma Atomic
Emission Spectroscopy using a Perkin Elmer Optima 3000 instrument. Samples were first dissolved in 3M

sulfuric acid solution and diluted 20:1 in 2% nitric acid solution.

Performance Testing with Simulated Waste Solution.

Testing of combined strontium and actinide removal performance was carried out at the Savannah
River National Laboratory (SRNL) using the simulated waste solution composition as shown in Table 2
including plutonium, uranium, and neptunium in addition to ®Sr. Strontium and actinide removal testing
occurred at 25 + 3 °C at an equivalent MST solids concentration of 0.4 g/L. Standard sampling of the test
bottles occurred at 4, 24 and 168 hours of contact. Additional interim samplings between 4 and 24 hours
were taken for select tests to provide additional data on adsorption kinetics. Samples were filtered through
0.45-micron syringe filters (nylon membrane) to remove MST solids. Gamma spectroscopy measured the
8gr and neptunium content.  #Sr activities were decay corrected to the time of sampling. We measured
the 2®Pu and #%**®Pu content by radiochemical separation of the plutonium from uranium and neptunium
followed by apha counting of the extracted plutonium. Sorption tests using the baseline MST sample
(Optima Batch #00-QAB-417) and blank tests were run in parallel for comparison to the peroxo-titanate
sorption tests and confirm that loss of strontium and actinides did not occur by sorption onto container

walls or filter surfaces.

Results and Discussion
Synthesis and Char acterization of Peroxo-titanates.

All peroxo-titanates synthesized in this study have the characteristic yellow color indicative of a
titanium-peroxo specie that is protonated or associated with water protons.**® Generally, deeper yellow-
orange hues were observed for acidified peroxo-titanate powders and slurries, and peroxo-titanate materials
precipitated under alkaline conditions are paler yellow in color. For the isopropanol-peroxide syntheses,

earlier studies indicated that base catalysis for hydrolysis and condensation of the alkoxide (as apposed to
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neutral or acidic---Expt. Numbers 11-131) produced a less effective sorbent, so this route was not pursued
further in this study.

We generally obtained ~80% vyield or greater for the isopropanol-peroxide synthetic routes.
Lower yields were obtained by the basic agueous-peroxide routes due to partial dissolution of the product.
We observed decreasing yields in the agueous-peroxide route with increasing hydroxide concentration.
Post-synthesis acidification and second peroxide treatments also decreased the product yields; again due to
partial dissolution of the sorbent in these conditions.  Although we observe dissolution of the peroxo-
titanate materials in these harsh synthetic or post-synthetic treatment media, the peroxo-titanates do not
exhibit significant solubility in the highly basic, high ionic strength simulant solutions. This suggests that
excess hydrogen peroxide in the synthesis mixture is largely responsible for dissolution of the titanate

powders.

Structure and Morphology of Peroxo-titanates.

Generally, al the peroxo-titanate materials reported here appear amorphous by powder X-ray
diffraction. Scanning Electron Microscopy (SEM) images of the three types of peroxo-titanate materials;
peroxide treated Optima M ST, peroxo-titanates from isopropanol media, and peroxo-titanates from agueous
media (both acidic and basic) are shown in Figure 1. The peroxide-treated MST materials appear identical
to the original MST materias; spherically-shaped (0.5-2 micron diameter) with a layered morphology on
the particle surfaces. The peroxo-titanates synthesized in isopropanol media are largely featureless at the
resolution of the SEM. The peroxo-titanates synthesized in aqueous NaOH consist entirely of small,
entangled fibers. The acidic-aqueous route produced smooth, uniform spherical particles with a diameter
similar to that of MST.

Transmission electron microscopy (TEM) was necessary to obtain more detailed morphological
and possibly structural information from all three types of peroxo-titanates, given the poor long-range
atomic ordering and the small scale of the observed morphological features. TEM images of cross
sectioned (via microtoming) MST spherical particles were reported by Duff et a.* The TEM images
revealed a fibrous and layered material with a layer-spacing around 6.3 A.* However, this morphology

resided only on the outer portion of the particles. The interior of the MST had no visible features.

10
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The TEM and high resolution (HR) TEM images of peroxo-titanates produced by the basic
agueous syntheses reveal alayered structure within the fibers with alayer spacing of around 7-8 A (Figure
2). The fibers are actually better described as ribbons and are generally less than 10 nanometers thick and
40 nanometers wide. The layer spacing observed in both the rims of the MST particles and in the fibrous
peroxo-titanate materials formed via the aqueous-peroxide synthesis is similar to that observed in the more
crystalline sodium nonatitanate.”* This suggests that these agueous peroxo-titanate materials (as well as the
outer portion of MST) are similar in structure to that of sodium nonatitanate, but with much less long-range
order or smaller particle size, as observed by their respective powder X-ray diffraction spectra.

Sodium nonatitanates, which are processed hydrothermally at >100 °C for severa days™ usually
have sufficient long-range order to observe the layer spacing by X-ray powder diffraction. The MST and
peroxo-titanates from the agueous-peroxide route, both processed around 80 °C for 1-2 hours, are
amorphous by X-ray powder diffraction, but basal lattice planes can be easily observed and measured by
HR-TEM. The peroxo-titanates from the isopropanol-peroxide route are processed at room temperature,

and no crystalline features are observable by TEM.

Composition of Peroxo-titanates.

The sodium:titanium ratios and wt.% volatile species for the dried peroxo-titanate materials are
compiled in Table 1. Generally, more weight loss due to volatile species is observed in post-acid treated
samples. This is a result of replacement of sodium with hydrated protons (H;O", HsO,", etc.). The
replacement of sodium with protons is also reflected in the compositions, with Ti:Na ratios ranging from 3-
40; compared to values closer to 2 for the parent material. Peroxide treatment of MST (1P-15P) in acidic
media also reduced the amount of sodium in the sorbent. Generally, a post-synthesis acidification or
peroxide treatment at pH ~ 2-4 resulted in amaterial with Ti:Na>20.

Since these peroxo-titanate materials are amorphous and, therefore, poorly defined, we can
described their chemical formulae only generally as. H,Na,, Ti,Os:(xH,0)[yH,O,] where (v+w) = 2. For
peroxo-titanates synthesized under neutral or basic conditions, v~w~1. For acid-treated peroxo-titanates,
v>w. The specie in square brackets is peroxide, which is most likely coordinated to the titanium and may

be present as O,%, HO,', or H,0, (z = 0-2).

11
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The number of protons associated with the peroxide increases with increased acidification of the
sample, as indicated by the deepening of the yellow hue. Representative TGA-DTA (thermogravimetry-
differential thermal analysis) plots are shown in Figure 3. Generally, total weight loss varied from 25% to
50%. Figure 3a compares MST to peroxide-modified MST. The TGA-DTA plots showed a distinct
weight loss event around 600 °C that is observed in virtually all of the peroxo-titanate materials that have
not been acidified, post-synthesis (see aso 3b and 3c). This event is not observed with the MST sample.
We attribute this event to the loss of the deprotonated peroxide groups.

Loss of protonated peroxide groups in the acidified peroxo-titanates appears to take place at a
lower temperature, since for these acidified samples there is more extensive weight loss below 300 °C, and
the weight-loss event at 600 °C is not apparent. This is logical because protonated peroxo-groups have
lower charge, are not likely to be as tightly bound to Ti as the de-protonated peroxo groups and, therefore,
are volatilized at a lower temperature. The weight-loss event at 600 °C is accompanied by an exothermic
phase change, as indicated by the DTA spectra (most apparent in 4a and 4c), and the baseline MST also has
this exothermic event at 600 °C. In the acidified peroxo-titanate samples, the exothermic event occurs at
400 °C (5b and 5¢). This phase change is most likely crystallization of TiO, (anatase), which is observed in

powder X-ray diffraction spectra of the sample, post TGA-DTA analysis.

Peroxo-titanate Performance for Sr, Np, and Pu Sor ption.

The first set of results discussed is presented as normalized decontamination factors (DF).
Decontamination factor is a unitless value defined as the ratio of the original sorbate concentration in
solution (before treatment) to the concentration after contact with the sorbent. Normalization is achieved
by dividing the decontamination factor of peroxo-titanate by the decontamination factor for the baseline
MST. Therefore, if the sorbent has a normalized DF >1, it is more effective than the baseline MST.
Average S, Pu, and Np DF values measured with the simulated waste solution (Table 2) contacted with
MST for four hours are 64, 4.8 and 1.3, respectively.

The bar graphs in Figure 4 summarize the normalized Sr, Np and Pu DF values for the peroxide-
modified MST samples (yellow), the peroxo-titanates from the agueous-synthesis (blue), and the peroxo-

titanates from the isopropanol-synthesis (green); each with 4-hour contact time with the simulated waste

12
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solution. The red line across each graph represents the baseline MST performance,which by definition is
unity. In general, every peroxo-titanate sorbent out-performed or matched the performance of MST for Sr,
Pu and Np removal. The peroxide-treated MST showed more consistent performance for the different
sorbent preparations than those synthesized from the agueous-peroxide or isopropanol-peroxide routes.
This is predominantly due to the wider range of synthesis parameters explored for the aqueous-peroxide
and isopropanol -peroxide synthetic routes; especially preparation of dry powdersin addition to durries.

Sorption was generally better for the dlurries (101-131 and 10A-17A) than the analogous powder
samples (11-91 and 1A-9A). However, this trend was more evident for Pu and Sr than for Np (discussed
below). Acidification of the peroxo-titanate as a post-synthesis step usualy resulted in enhanced
performance (esp. for Sr and Pu); for instance, see 6P vs. 13P, 101 vs. 121, and 12A vs. 13A. However, the
drawbacks of acidification include an additional processing step and loss of sorbent due to partia
dissolution.

Figure 5 provides a summary of the top two performing sorbents of each of the three peroxo-
titanate preparation types and the three radionuclides. Again, the data is based on 4-hour DF values,
normalized to MST. The most marked improvements over MST sorption capabilities are for Pu sorption,
followed by Sr sorption, and comparably moderate improvements were observed for Np sorption.

Peroxo-titanates prepared by the aqueous route were the top two performers for each radionuclide.
More specifically, each of the six agueous-route peroxo-titanate sorbents highlighted in this graph is a
dlurry, with the exception of sample 7A, for Np sorption. Sample 13A was the best sorbent for Sr and Np,
and the second-best for Pu. This preparation method however, involves three steps: initial precipitation of
the peroxo-titanate, second post-synthesis peroxide treatment and final acidification. Therefore, use in on
an industrial scale would require optimization of the synthesis process to minimize material loss by
dissolution at each step.

Use of titanium chloride instead of the titanium alkoxide, inverse order of reagent addition and
reduction of Ti-concentration (exp # 6A-9A) generally did not produce superior sorbents with the exception
of exp. # 7A for Np. Np sorption as it relates to sorbent preparation and characterization was counter to
every trend observed for Sr and Pu sorption. In general (Figure 4) the peroxo-titanates prepared from

isopropanol-peroxide route were better sorbents for Np, but poorer sorbents for Sr and Pu. The durry

13
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sorbents were not consistently better for Np than the analogous dry powder samples, nor were those
samples prepared in acidic conditions or acidified post-synthesis.

Further details concerning the disparate sorption behavior of Np can be observed in Figure 6. In
this study, we compared Np, S, and Pu sorption kinetics for several dry-powder peroxo-titanate samples,
along with the basdline MST dlurry. These data predominately illustrate the effectiveness of a durry
sorbent compared to a dry powder sorbent in the case of Sr and Pu, and visa versa for Np. The three
peroxo-titanates compared to baseline MST in this figure are 1) peroxo-titanate powder from an agueous
synthesis (1A), 2) a peroxo-titanate powder from an isopropanol synthesis (11), and 3) peroxide-modified
MST (6P), filtered and used as a dry powder. At two hours solution contact time, the baseline MST durry
had adsorbed more Sr than 2 of the 3 peroxo-titanate powders. However, with increased contact time (170
hours), the three peroxo-titanate powders have removed more strontium than the baseline MST dlurry.

The data for plutonium uptake is similar. At two hours, the peroxo-titanate powders only sightly
out-perform the baseline MST durry. At 24 hours, the three powder samples have removed more Pu than
the baseline MST dlurry; and at 170 hours, two of the three powders show significantly better Pu removal
data than the baseline MST dlurry, and the third powder shows comparable performance to MST durry.

Np sorption shows a different trend, with one powder sample (from the isopropanol preparation)
showing significantly better performance at 2 hours, and optimal performance for the powder samples at 24
hours. However, at 150 hours, the aforementioned peroxo-titanate from the isopropanol preparation has re-
released some neptunium back into solution.

Figure 7 provide plots of solution concentrations of strontium and plutonium upon contact with 0.1
and 0.2 g/L MST; both baseline and peroxide-treated MST. The peroxo-titanate results are the average of
duplicate tests for each of three peroxo-titanate samples. The three peroxo-titanate samples were prepared
by the post-synthesis peroxide addition method (exp. # 14P) at a larger scale (25 g versus 1.5 g for exp. #
1P —-15Plisted in Table 1). Error barsin these figures are the single standard deviation of the six values for
the peroxide-modified MST samples, the pooled single standard deviation of the six control samples taken
over the entire test and the analytical uncertainty reported for each sample measurement in the baseline

MST test.
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These tests show excellent reproducibility for the peroxo-titanate samples prepared at the larger
scale and improved performance compared to the baseline MST. For strontium adsorption, doubling the
amount of both baseline and peroxide-modified MST resulted in proportional increase in strontium
removal. However, the peroxide-modified samples removed more strontium than the baseline samples.
Most of the strontium removal occurs during the first two hours. The similarity of the four curves (in fact,
two are overlapping) suggests that the strontium adsorption mechanism and the type of strontium sorption
site does not change for MST upon peroxide modification. However, the number of available or accessible
sites for strontium does increase upon peroxide modification.

The uptake of plutonium by MST and peroxide-modified MST shows differing behavior. Again,
the peroxide-modified MST exhibits overall improved Pu sorption rate and capacity over that of the
baseline MST. The initial Pu sorption during the first two hours is significant for all four tests. However,
while Pu concentration in solution continues to decrease dramatically for the peroxide-modified MST up to
24 hours, the sorption rate drops off for the baseline MST. Doubling the amount of baseline MST does not
result in increased total Pu sorption near equilibrium (170 hours), which suggests that at 0.2g MST/L, the
baseline MST is saturated with respect to plutonium. However, doubling the amount of peroxide-modified
MST does result in increased removal of Pu from solution. These results suggest the peroxide-modified
MST has more Pu sorption sites available than baseline MST and the sorption mechanism and/or type of Pu
coordination site does differ from that of baseline MST. Characterization and comparison of the Pu and Sr,
as well as Np coordination sites in baseline MST® and peroxide-modified MST are currently underway
using XAFS (X-ray absorption fine structure spectroscopy) and vibrational spectroscopies (infrared and

Raman).

Relationship between Peroxo-titanate Characteristics and Sor ption Behavior .

This investigation has revealed several important factors for optimizing sodium titanate sorbents
for the removal of radionuclides from strongly akaline nuclear wastes. Perhaps more importantly, the
characteristics of the peroxo-titanates responsible for improved performance in these studies may be
applied generaly for other inorganic metal oxide sorbents, different target sorbates, and alternative sorption

media. The most important findings include; 1) peroxo-titanate sorbents prepared or modified with
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hydrogen peroxide are universally superior to titanates prepared without hydrogen peroxide, 2) peroxo-
titanate samples prepared, modified or post-treated with acid are superior to their neutral or basic
counterparts, and 3) drying sodium titanate sorbents at any time during the preparation or modification is
deleterious to sorbent performance. Any of these points might be argued to be simply an effect of
producing and retaining increased surface area, as well as more reactive surfaces. However, the poorly
ordered nature of these sorbents challenges characterization of sorbate complexation, and we believe
coordination of sorbates by peroxo-ligands may in fact contribute to enhanced sorption behavior.

Hydrogen peroxide plus acid or base, are good mineralizing solutions for titania. Therefore partial
dissolution of the oxide upon exposure to these reagents can produce porosity and accessibility to sorption
sites. For the isopropanol-peroxide syntheses and peroxide modification of MST, the combination of base
and peroxide produced poorer performing sorbents than the analogous acidic or neutral treatments. Perhaps
thisis related to the different mechanisms of hydrolysis, condensation and precipitation of oxides in acidic
vs. basic environments. Acidic conditions favor hydrolysis and, thus, the formation of high surface area,
protonated powders, whereas basic conditions favor condensation and, therefore, produces more
monolithic, deprotonated solids with low surface area.**

We measured surface area of several peroxo-titanate samples, and these results along with
normalized DF values for Sr, Pu and Np are listed in Table 3 (sample 1Ds correspond with those in Table
1). Regarding the first five dry powder samples, the striking difference in the performance is the actinide
DFs. 5A has considerably more surface area and is far superior for Pu and Np sorption, but more
comparable to the other samples for Sr removal. The main difference between 5A and the other four
samples is a post-synthesis acidic treatment (see Table 1). The increased surface area may be a result of
this pH adjustment (due to the mineralizer effect).

The improved actinide sorption may be linked simply to increased surface area and porosity, but
probably also related to the nature of the Ti-peroxo species stahilized under acidic conditions, since there
was not a similar improvement in Sr sorption. Regarding the other samples, baseline MST, and samples
prepared according to the conditions used in Test # 14P (MST treated with 3:1 H,O,:Ti ratio at pH=7,
followed by post-synthesis pH-4 adjustment); the surface areas are much increased compared to the

baseline MST, corresponding with universal improvement in DF values. Another difference between the
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MST and trested MST samples is the pore size. The average pore size went from around 215 A in the
baseline MST to 30 A in the peroxide-modified MST. Likely the 215 A pores is inter-particle space and
the 30 pores A represent porosity or accessible layering within the titanate material.

In the case of an ion exchange mechanism of sorption (i.e. exchange of Na* or H" for "), the
acid forms of the sorbents have an advantage over the sodium forms, which may also contribute to the
superior performance of sorbents post-treated with acid or synthesized in acidic media. That is, the
hydronium ion is smaller than the hydrated sodium cation and, therefore, can exchange-out from the
titanate layers more readily, especialy in the highly caustic, waste solutions that contain 1.3 molar in free
hydroxide concentration (see Table 2). It has been observed in other ion exchange materials that the
protonated form has higher selectivity and faster exchange kinetics than alkali forms.***

We expect a sorbent that has never been dried to also have a more reactive surface and higher
surface area. The surface oxygen sites of an oxide in water should be coordinatively saturated by
protonation from the aqueous environment. On the other hand, an oxide that is dried will form bonds
between surfaces to stabilize these reactive sites and, thus, lose both surface area and reactive sites for
exchange. Returning a dry powder to an agueous environment can reverse the process and regenerate
reactive surfaces (albeit owly), which is likely the phenomenon being observed in figure 7. The peroxo-
titanates are poorer or comparable sorbents to the baseline MST durry at two hours contact time, but
exceed MST performance with prolonged contact time. On the other hand, sorption by the MST durry
dlows down significantly beyond two hours. In summary, the uptake kinetics of a sorbent is much reduced
by converting a slurry form to a dry powder, but not necessarily the equilibrium sorption capacity and
selectivity.

Finally we come to the issue of the peroxo species serving as ligands for the strontium and
actinide sorbates. The peroxo ligand can exist as 0,2, HOO', or H,0, and can be bound to titanium side-on
or end-on.® The ratio of protonated to non-protonated peroxo ligands likely increases with increasing
acidity of the synthesis or post-treatment solutions, also evidenced by the color of the sorbent. Stable
peroxo-actinide (predominantly uranium and neptunium) complexes are reported in both aqueous solutions
and solid phases, including naturally occurring minerals for uranium.**® Therefore, it is not unreasonable

to expect these complexes to form between a sorbent containing peroxo ligands and sorbed actinides, thus
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contributing to the increased affinity of peroxo-titanates for actinides. As mentioned prior, we are currently
investigating the chemica environment of these sorbed actinides using XAFS and vibrational

spectroscopies to determine if the peroxo groups have a significant role in binding of these sorbates.

Conclusions

We have developed a new class of titanate sorbents referred to as peroxo-titanates by three
different synthetic methods. The peroxo-titanates exhibit improved performance compared to existing
sodium titanate materials for the separation of strontium and actinides from highly alkaline and high ionic
strength solutions. Testing also indicated that improved performance of these materials occurs when the
peroxo-titanates are acidified and maintained in a fully hydrated form (e.g., as agueous durries). We
believe the synthetic routes described in this paper can be extended to other transition metal-oxides sorbent
systems, which we are actively investigating.

Finally, when Dosch first identified the prototype sodium titanate as a metal sorbent in the mid-
70's, he noted its affinity for removing a whole host of metals including lanthanides, alkaline earths,
precious metals, and transition metals.*® He also noted efficacy in various mediaincluding acidic and basic
aqueous solutions. Given the improved performance of the peroxo-titanates to separate strontium and
actinides in simulated nuclear waste solutions, we have confidence that peroxo-titanates will exhibit
improved separation characteristics for a variety of metal types and conditions. These studies along with

understanding the mechanism of peroxo-titanate sorption are ongoing.
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Table1l. Summary of Synthesis Parameters for Peroxo-titanate Materials

Post-synthesis peroxide treatment of Optima M ST slurry

Experiment H,Ox:Tiratio  pH of H,O, Contact final pH adjustment Product composition®
# treatment Time Ti:Namolar ratio
1P 3.0 2 24h no 17.3
2P 3.0 3 24h no 9.43
3P 3.0 4 24h no 5.63
4P 3.0 5 24h no 4.19
5P 3.0 6 24h no 3.38
6P 3.0 7 24h no 334
7P 3.0 8 24h no 2.87
8P 0.3 4 24h no 5.93
9P 1.0 4 24h no 5.82

10P 6.0 4 24h no 5.83

11P 3.0 4 4h no 6.08

12p 3.0 4 9%h no 497

13P 3.0 7 24h yes (pH 2) 3.45

14pP 3.0 7 24h yes (pH 4) 3.39

15P 6.0" 4 24h no 6.06
| sopr opanol-peroxideroute

Experiment H,O,:Ti ratio Neutral/ Contact fina pH Powder or slurry Product composition®
# aCIdIC2 Time ad] ustment wt% Ti:Namolar rati 0)

volatile®
1l 3.0 neutral 24h no Powder 30 212
2l 3.0 neutral 96 h no Powder 28 2.13
3l 0.3 neutral 24h no Powder 48 1.96
41 1.0 neutral 24h no Powder 35 1.64
51 6.0 neutral 24h no Powder 30 2.05
6l 3.0 acidic 24h no Powder 29 2.07
7l 3.0 acidic 4h no Powder 32 1.60
8l 3.0 neutral 24h yes (pH 2) Powder 32 40.8
9l 3.0 neutral 24h yes (pH 4) Powder 32 231
101 3.0 Neutral 24h No Slurry 32 217
111 3.0 Acidic 24h No Slurry 36 1.94
121 3.0 Neutral 24h Yes (pH 4) Slurry 30 224
13l 3.0 acidic 24h Yes(pH 4) slurry 35 36.5
Aqueous-peroxideroute
Experiment Aqueous Powder or Final pH Other conditions Product composition®
# solution for slurry adjustment wi% Ti:Namolar ratio
synthesis volatile!
1A 3 M NaOH powder no 23 167
2A 2 M NaOH powder no 24 1.75
3A 1M NaOH powder no 26 155
4A 3M NaOH powder yes (pH 2) 43 271
5A 3 M NaOH powder yes (pH 4) 48 7.37
6A 3M NaOH powder no 4 concentration of Ti in base 28 1.93
7A 3M NaOH powder no TiCl4 in place of TIPT, inverse addition of reagents® 33 155
8A 3M NaOH powder no TiCl4 in place of TIPT, normal addition of reagents® 36 1.58
9A 3M NaOH powder no 1/10" concentration of Ti in base 53 1.83
10A 3M NaOH slurry no 25 2.07
11A 3M NaOH slurry yes (pH 4) 25 6.68
12A 3M NaOH slurry no Second post-synthesis peroxide treatment (see text) 24 2.04
13A 3M NaOH slurry yes (pH 4) Second post-synthesis peroxide treatment (see text) 29 5.79
14A 1M HNO; Slurry No 55 23.2
15A 1M HNO; & Slurry No 2 M NaOH added to precipitate titanate product (see 35 3.16
NaNO; text)
16A 1M HNO; Slurry Yes (pH 4) 40 46.5
17A 1M HNO; slurry Yes (pH 4) 34 551
& NaNOs

! This preparation employed 2 sequential 24-h contacts of MST with hydrogen peroxide at a mole ratio of 3:1.

22 2 grams water/H,0, add to alcohol solution for hydrolysis and condensation of Na and Ti alkoxides. Acidic refersto 0.1 M nitric

acid solution (see text)
*Normal addition: Ti added to base, followed by addition of peroxide. Inverse addition: Ti added to peroxide, followed by addition

of base.

4 wt% volatile determined by TGA weight loss of volatile species of dry powder (OH", H0, H20,, HsO*, H,0,, HOO', 0,7, etc.)
® Composition for dry powder, in the case of a slurry product
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Table 2. Composition of Simulated Waste Solution
Component Target Concentration M easured Concentration®
NaNO, 2.60 M 2.44 (0.24) M
NaOH 1.33M 1.36 (0.14) M
Na,SO, 0.521 M 0.551 (0.055) M
NaAl(OH), 0.429 M 0.503 (0.050) M
NaNoO, 0.134 M 0.116 (0.012) M
Na,CO, 0.0260 M 0.016 (0.010) M
Total Na 56 M 5.2 (0.52) M
Total Sr 06mgL* 0.484 (0.032) mg L™
g >1000 dpm mL™* 1.65x10° (3.22x10% dpm mL™*°
Total Pu 02mgL? 0.218 (0.013) mg L™
ZINp 05mgL? 0.461 (0.090) mg L™*
Total U 10mg L™ 9.55(0.33) mg L™

& Numbers in parenthesis are analytical uncertainty of reported value.
® Value at time solution was first prepared. ®S has a 64.8 day half-life
and, therefore, the ®S activity in the solution is continuously decreasing.

Table 3. BET surface area and normalized Sr, Pu and Np DFs' for selected peroxo-titanate samples.

Sample ID Surface area Normalized Sr Normalized Pu | Normalized
(m?g) DF DF Np DF
1A 73 4.64 1.25 0.91
2A 54 6.27 1.85 0.91
5A 251 6.25 4.16 3.46
6A 49 2.00 1.06 0.91
9A 46 214 1.34 1.06
Basdline MST* 22.3 1 1 1
14P-LS1 106 5.00 26.5 1.09
14P-LS2 176 4.64 235 131
14P-LS3 178 4.72 26.9 1.43

INormalized DF values reported for 4 hour contact time with stimulant, normalized to
baseline MST (Optima Batch #00-QAB-417)

2Optima Batch #00-QAB-417
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Figure Captions:

Figure 1. Scanning electron micrographs of: (A) Peroxide-treated MST. (B) Peroxo-titanate from the
isopronaol-peroxide synthesis. (C) Peroxo-titanate from basic aqueous-peroxide synthesis. D. Peroxo-
titanate from acidic agueous-peroxide synthesis.

Figure 2. (A) Transmission electron micrograph. (B) high-resolution transmission electron micrograph of
peroxo-titanate sorbent from the basic agueous-peroxide synthesis; showing the fibrous morphology and
the~ 7-8 A layers.

Figure 3. Thermogravimetric-differential thermal analysis (TGA-DTA) of: (A) MST and peroxide-treated
MST. (B) Peroxo-titanate from basic aqueous-peroxide synthesis, and peroxo-titanate from basic agueous-
peroxide synthesis with post-synthesis acidification. (C) Peroxo-titanate from isopropanol -peroxide
synthesis, and peroxo-titanate from isopropanol -peroxide synthesis with post-synthesis acidification.

Figure4. Summary of peroxo-titanate decontamination factors (DF) for strontium, plutonium and
neptunium normalized to DF values for baseline monosodium titanate (red line at unity in each graph). The
peroxide-treated MST are the yellow bars, peroxo-titanates from the i sopropanol -peroxide synthesis are
represented by green bars, and the peroxo-titanates from the aqueous-peroxide route are blue bars.

Figure5. Bar graph comparing Sr, Pu, and Np decontamination factors (DF) of the best two peroxo-
titanate sorbents for each of the three synthetic routes. Standard error is+ 5% for each measurement.

Figure 6. Plot of concentrations of Sr, Np and Pu in Savannah River Site simulant with respect to time, in
contact with sorbents. These graphs compare the performance of several dry-powder peroxo-titanates to
that of baseline MST durry. The control isthe simulant without added titanate sorbent. Standard error is
5% for each measurement.

Figure 7. Plot of concentrations of Sr, Np and Pu in Savannah River Site simulant with respect to time, in
contact with MST durry and peroxide-treated MST dlurry, at two different sorbent concentrations.
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Figure 1

Figure 2
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Figure 3
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Figure 5
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Figure 6
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Sodium titanates are selective sorbents for radionuclides including
5y and actinides. Modification or synthesis of sodium titanates with
hydrogen peroxide creates a new class of peroxo-titanate sorbents.
Peroxo-titanates made by a variety of synthetic routes exhibit
universally enhanced selectivity and kinetics for sorption of
hazardous waste metals.
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