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Abstract: The formation of aluminosilicate scales in the High Level Waste Evapora-
tors at the Savannah River Site led to curtailed operation and an expensive cleaning
evolution due in part to the presence of enriched uranium in the scale. Therefore,
the sorption behavior of uranium species and sodium aluminosilicate (NAS) solid
phases in nitrate/nitrite-rich sodium aluminosilicate solutions were studied under
well-defined conditions at 22°C and agitation rate of 400rpm. The NAS solids
comprised four well-characterized phases of amorphous, zeolite A, sodalite, and can-
crinite. Pure, synthetic sodium diuranate (Na,U,0O) crystals were precipitated and used
as the base/reference U-containing compound.

The studies of the sorption behavior of U-containing species on NAS solid phases
were conducted under conditions where no detectable dissolution, precipitation, or
crystallographic phase transformation of the NAS adsorbent phases were observed
over a 6 h test period. The uranium sorption capacities were reached typically within
3h. The uranium capacities were measured 6.36 to 9.3 mg Ukg ' NAS solid for the
Zeolite A and cancrinite phase. The amorphous and sodalite phase had higher
uranium loading that measured between 19 and 58 mg Ukg ™' NAS solid.

This article is not subject to U.S. copyright law.
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INTRODUCTION

Effective management of High Level Waste (HLW) products during
hydrothermal processing in waste evaporators is crucial to the Savannah
River Site (SRS) tank farm operations. The formation and accumulation of
waste products comprising sodium aluminosilicate (NAS) solid polytypes
(e.g., amorphous, zeolite, sodalite, and cancrinite) and uranium-based solids
(e.g., sodium diuranate) that are enriched in fissionable uranium lead to a
serious fouling problem and criticality concern (1, 2). The control,
handling, and mitigation of this serious fouling issue pose a major technologi-
cal challenge, warranting systematic studies that will provide a greater under-
standing and new knowledge of the mechanism of fouling, particularly
uranium incorporation into NAS phases (3-5).

Several parallel processes are involved in the formation of various sodium
aluminosilicate phases and uranium-based solids. Examples are transport,
sorption desorption, and incorporation of solution reactant species, particle—
particle interactions and growth, etc. The mechanisms involved in NAS
precipitation and incorporation of uranium species may be substantially
influenced by crystallochemical structure of NAS phases present. Our under-
standing of the fundamental mechanisms underpinning NAS precipitation
under conditions typical of those prevailing in HLW evaporators is now
better understood (2).

To date, there exist a number of unresolved issues regarding the sodium
aluminosilicate fouling and uranium incorporation processes. Mechanistic
information gleaned from recent SRNL crystallization and characterization
studies (6, 7) are inconclusive. Of particular interest are the mechanisms by
which the uranium-based particles are formed or how the uranium-containing
species or growth units may sorb or be accommodated crystallographically
with or within the sodium aluminosilicate solid matrix. Therefore, the inves-
tigation examines the most basic interaction: sorption of uranium onto the
aluminosilicate phases to determine its contribution to the uranium loading
in the NAS scale.

EXPERIMENTAL

Sorption, as used in this report, is defined as an interfacial process where
U-containing species in solution bind in the inner electrical double layer on
NAS solid phase, leading to a significant decrease in bulk solution concen-
tration. The exact nature of the U-containing species involved in sorption is
not known, but it may comprise monomeric, and/or polymeric, oxo- and/or
hydroxobridged ionic complexes. Sorption experiments were conducted by
seeding the test solutions with known masses and surface areas of the NAS
solid phase and the suspensions agitated at 400rpm under well-sealed
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conditions. The composition of the waste simulant was 4 M NaOH, 1M
NaNOQOs, and 1 M NaNO,. The amount of silicon and aluminum contained in
the simulant was determined by the NAS phase solubility. Slurry samples
were taken periodically for U, AI(IIl), and SiO, analysis over 6h. The
samples were then centrifuged at 15,000 rpm for 20 min and the supernatant
filtered through an 0.1 wm Teflon membrane for solution concentration
analysis.

To obtain detectable sorption behavior, two extremely high levels of total
particle surface area 12,240 and 24,480 m?dm >, corresponding to massive
NAS seed mass charge, typically in the range 160—1102gdm > were used.
It is noted that a very high NAS seed charge (e.g., ~1kgdm * liquor) was
required for the low specific surface area zeolite A material used in these
tests in order to produce a detectable U sorption loading. On the other hand,
a lower solid loading of 0.16kg solid dm > liquor was needed for a high
specific surface area NAS seed material (e.g., sodalite), while ~0.33kg
solid dm * liquor was required for a phase with a moderate specific surface
area (amorphous and cancrinite).

It is worth mentioning the significance of the good agitation/mixing
used during U sorption onto colloidal NAS particles and the strong mixing
and pulp compression achieved by centrifugation during solid-liquor separa-
tion after sorption. In an agitated solid—liquid system of high solid loading,
such as the present case, species volume diffusion limitation, if it exists, is
overcome with the agitation energy dissipation rate (based on power input)
being high enough. The agitation rate of 400rpm used was found to
produce insignificant concentration gradient in bulk solution. Thus, solution
mixing and species transport should proceed in a manner that would lead to
similar species concentration in the bulk free solution and the pockets of
bulk solution retained within aggregated particles. For solution trapped
incages, channels, pores, and cavities of primary particles, one may expect
equilibration with the bulk solution under the strong -centrifugation
(15,000 rpm) used in the present work to be complete at the end of sorption.
Consequently, representative solutions should emerge for U, Al(IIl), and
SiO, concentrations. The concentration difference-centrifugation approach
employed in the present work is extensively used in the literature (8) as a
standard, indirect method for quantification of sorption loading.

Prior to initiating the sorption experiments and to exclude uranium pre-
cipitation due to uranium supersaturation, the uranium equilibrium solubility
of sodium diuranate was measured over 30 days at 22°C. Figure 1 shows a
typical approach to equilibrium from “above” and “below” during solubility
determination by both precipitation and dissolution. It is observed that a
good agreement was obtained between approaches. The uranium con-
centration was observed to reach its equilibrium value within 10 days and
remained substantially constant over 30 days. No significant change in SiO,
and AI(III) concentrations was observed over the period.
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Figure 1. Variation of U concentration with time during both dissolution and preci-
pitation of sodium diuranate in 4.0 M NaOH, NaNO; = 1.0M, NaNO, = 1.0M,
Si0, = 1.7 x 107> M, and AI(III) = 17.0 x 10~ M solutions at 22°C (precipitation:
U = 3400 ppm; seed charge of Na,U,07 = 50 gdm ).

The results show that under solution conditions described in Table 1,
uranium solubility in liquors containing NaOH = 4.0 M, NaNO; = 1.0M,
NaNO, = 1.0M, Si0, =05 x 107> =75.0 x 10°M, and (6.6 — 133.5) x
107°M AI(IIT) were in the range 13.4 to 15.3 + 0.5ppm uranium. The
observed solubility trends are in agreement with reported studies (9—12).
Consequently, all the sorption studies with liquor composition within this
range were performed at constant solution uranium concentration of
15.0 £+ 0.5 ppm. During testing, the silicon and aluminum concentrations were
measured by Inductively Coupled Plasma—Emission Spectroscopy, and the
uranium was measured by Inductively Coupled Plasma—Mass Spectrometry.

RESULTS AND DISCUSSION

Figures 2—5 show uranium sorption onto the different NAS seed phases as a
function of time. The sorption loading increased with time and eventually
reached a plateau value corresponding to an “equilibrium” U concentration
in solutions after 3h. The measurements for each NAS solid phase were
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Table 1. Uranium equilibrium solubility of sodium diuranate (Na,U,0O7) crystals in
nitrated /nitrited caustic aluminosilicate liquors measured at 22°C

Initial solution composition

Solubility U

Related NaOH NaNO; NaNO, SiO, AI(III) (ppm or
NAS phase (M) M) M) (x1073M) (x107°M) mgdm )
Amorphous 4.0 1.0 1.0 45.0 133.4 153+ 05
4.0 1.0 1.0 59.6 120.0 152+ 05
4.0 1.0 1.0 55.0 125.0 150 + 0.5
4.0 1.0 1.0 74.0 100.0 149 + 05
Zeolite 4.0 1.0 1.0 45 100.7 151+ 05
4.0 1.0 1.0 10.0 65.0 144 + 05
4.0 1.0 1.0 12.3 48.2 142 +05
4.0 1.0 1.0 14.5 32.0 13.8 + 0.5
Sodalite 4.0 1.0 1.0 2.6 85.6 152 + 0.5
4.0 1.0 1.0 5.0 40.0 142 +05
4.0 1.0 1.0 9.6 20.3 135+ 05
40 1.0 1.0 12.1 16.2 134 + 0.5
Cancrinite 4.0 1.0 1.0 0.5 85.6 151+ 05
4.0 1.0 1.0 1.7 17.0 13.6 + 0.5
4.0 1.0 1.0 1.8 13.0 13.5+ 0.5
4.0 1.0 1.0 25 6.6 134 + 05

replicated three times for a given solution composition. Hence, the reported
values are the arithmetic means. As shown in Table 2, the initial uranium con-
centration of 15.0 ppm decreased by 20—50% upon sorption, depending upon
the NAS phase used and AI(IIT)/SiO, concentration.

From the surface area-weighted U sorption loadings in Figs. 2-5, it
appeared that the higher loading resulted from lower seed charge
(12,240 m’ dm73) as compared with a higher seed charge (24,480 m’ dm73).
This feature, however, may be largely attributed to a surface area effect, as
the doubling in NAS seed particle surface area did not reflect in a correspond-
ing increase in amount of U sorbed or concomitant decrease in solution U
species, except for the particular case of cancrinite seeding (Fig. 5). Only a
subtle decrease in solution U concentration occurred when the surface area
was doubled. The NAS particle surface area effect suggests that the avail-
ability of a certain number of favorable NAS phase-specific sorption sites
per total surface plays a crucial role in U sorption loading. The remarkably
low U loading behavior is perceived to be due to the nature of speciation and
the fact that only a limited fraction of the total U species in solution may be
thermodynamically predisposed to undergo sorption.
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Figure 2. Sorption of uranium onto amorphous seed surface as a function of time
at 22°C (solution concentration: NaOH = 4.0 M, NaNO; = 1.0M, NaNO, = 1.0M,
Si0, = 1.7 x 107> M, AI(III) = 2.7 x 107>M, and U = 15.0 ppm).
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Figure 3. Sorption of uranium on zeolite seed particles as a function of time
at 22°C (solution concentration: NaOH = 4.0 M, NaNO; = 1.0M, NaNO, = 1.0 M,
Si0, = 1.7 x 107> M, AI(III) = 2.7 x 107*M, and U = 15.0 ppm).
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Figure 4. Sorption of uranium onto sodalite seed particles as a function of time
at 22°C (solution concentration: NaOH = 4.0 M, NaNO; = 1.0M, NaNO, = 1.0M,
and U = 15.0 ppm).
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Figure 5. Sorption of uranium on cancrinite seed particle as a function of time at
22°C (initial solution concentration: NaOH = 4.0M, NaNO; = 1.0M, NaNO, =
1.0M, and U = 15.0 ppm).
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Table 2. Uranium (VI), SiO,, and AI(IIT) concentrations in solutions after 6 h sorption tests at 22°C (solution concentration: NaOH = 4.0 M,
NaNO; = 1.0M, NaNO, = 1.0M, and U = 15.00 ppm)

Seed charge U sorption loading Final concentration
U/SAS U(vI) SiO, AI(IID)
Seed (m*dm™?) (kg dm™3) (mg kgfl) (ppm or mg dm™3) (x1073M) (x1073M)
Amorphous 12,240 0.17 36.47 88 +03 729 + 1.8 98.2 + 2.5
24,480 0.34 24.41 6.7+ 0.2 59.6 + 1.5 122.0 + 3.1
12,240 0.17 32.35 9.5+03 65.1 + 1.6 1105 + 2.8
12,240 0.17 23.52 11.0+ 04 419 + 1.1 1334 + 33
Zeolite 12,240 0.55 9.27 99+ 04 140 + 0.4 31.6 £ 0.8
24,480 1.10 6.36 8.0+03 112+ 0.3 504 + 1.3
12,240 0.55 8.00 10.6 + 04 132 +£ 0.3 450 + 1.1
12,240 0.55 6.55 114 + 04 4.6 +0.2 100.7 + 2.5
Sodalite 12,240 0.08 57.5 104 + 04 124 + 0.3 158 + 0.4
24,480 0.16 50.0 7.0 +£ 0.3 119+ 03 169 + 0.4
12,240 0.08 48.75 11.1 £ 04 9.8+ 0.2 19.6 + 0.5
12,240 0.08 18.75 120 + 04 2.6 +0.1 85.6 + 2.1
Cancrinite 12,240 0.33 9.09 120 + 0.4 25+0.1 6.6 +0.2
24,480 0.66 8.69 9.0 + 0.3 23+0.1 6.7+ 0.2
12,240 0.33 7.58 125 + 0.5 1.8 + 0.1 13.0 £ 0.3
12,240 0.33 9.09 120+ 0.4 0.5 +0.02 89.0 + 2.2

bLT

“[& 19 YeSUS-1epPY [
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Under the conditions used in the investigations, enhanced interactions
with the amorphous material, zeolite A, and sodalite particle surfaces was
not facilitated by the presence of a much higher surface area loading. Once
a sufficient number of sites for sorption are available and they accommodate
all the “sorbable” uranium species, a dynamic equilibrium appears to be
established, within 3h, with the remaining nonsorbing U species in
solution. Hence, no further sorption occurred, even though excess particle
surface sites existed. In other words, the remaining U species in solution
were practically nonadsorbing.

The NAS phase had a marked impact on the U loading as indicated by
the range of final U concentrations measured in solution at the end of the
experiment as shown below.

Amorphous seeds: 6.7—-11.0 ppm
Zeolite A crystals: 8.0—11.4 ppm
Sodalite crystals: 7.0—12.4 ppm

Cancrinite crystals:  9.0—12.5 ppm

Taking cognizance of the analytical limit of U detection being 1 ppb by the
ICP/MS technique used and the experimental pure error of 0.5ppm, the
differences are significant. The observed U loading indicates a low affinity
type of sorption behavior for all the four NAS solid phases. The variations
in the equilibrium U value for each NAS adsorbent phase and between the
phases may be rationalized in terms of the specific NAS crystallochemical
characteristics and related AI(III) and SiO, concentrations and, perhaps, the
influence of solution speciation (13).

Figures 6 and 7 show a strong NAS phase-dependent U sorption loading
behavior for a given AI(IIT) concentration. The following U loading sequence
was established on an equivalent NAS solid surface area basis:

Amorphous > Zeolite A > Sodalite > Cancrinite

On the basis of the present sorption data, it may be concluded that
amorphous NAS is the most effective sorbent for the removal of U species
from HLW type of solutions. The greater effectiveness of the amorphous
phase as a sorbent is consistent with the studies of Ball et al. (14), which
reported amorphous Ti(OH), as a most efficient sorbent for hydrated uranyl
species.

In terms of solid mass loading, a different U sorption loading trend
emerged, as indicated below and also detailed in Table 2:

Amorphous:  23.5-36.5mg Ukg ' NAS solid.
Zeolite A:  6.6-9.3mgUkg ' NAS solid.
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Figure 6. Sorption of uranium onto amorphous seed surface as a function of time and
different Al(II) concentration at constant seed charge and 22°C (solution concen-
tration: NaOH = 4.0M, NaNO; = 1.0M, NaNO, = 1.0M, and U = 15.0 ppm; seed
charge = 12,240 m*dm ).
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Figure 7. Variation of sorption loading of uranium on different seed surface as a
function of AI(Il) concentration (solution concentration: NaOH = 4.0M,
NaNO; = 1.0M, NaNO, = 1.0M, SiO, = 1.7-75.0 x 10 >M, and U = 15.0 ppm;
seed charge = 12,240 m> dm_3).
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Sodalite: 18.8—57.5mg kg~ ' NAS solid.
Cancrinite: 7.6-9.1 mg kg~ ' NAS solid.

When a basis of an equivalent solid mass loading (1 kg per dm®) and at a given
AI(IIT) concentration is used, the sorption loading decreased in the following
manner:

Sodalite > Amorphous > Cancrinite > Zeolite A

Further analysis of the results revealed that the equilibrium AI(III) con-
centration in solution played a key role in the U sorption behavior (Fig. 6).
The results indicated that the sorption loading decreased markedly with
increasing AI(II) equilibrium concentration for all four types of NAS seeds
(Fig. 7). To confirm the influence of AI(III) concentrations on sorption
behavior, further tests were performed as a function of initial AI(III) concen-
trations at a constant cancrinite seed charge of 12,240 m?dm 3. The data
plotted in Fig. 8 demonstrate that increasing the AI(III) concentration to
1334 x 107*M resulted in a significant decrease in U sorption loading.
The dependency of U sorption behavior on sorbent type and its characteristics
are consistent with reported studies of radionuclides uptake onto zeolitic and
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Figure 8. Variation of uranium sorption loading onto cancrinite seed surface as a
function of AI(III) concentration.
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alumina solid phases (15) or titanosilicates, layered manganese oxides and
antimonysilicate solids (16).

CONCLUSIONS

The sorption studies carried out under well-defined conditions where no
noticeable dissolution, precipitation, and crystallographic phase transforma-
tion of the NAS adsorbent phases occurred over 6 h showed a clear trend of
Al(III) concentration dependent and NAS solid phase specific U sorption
behavior. The U sorption loading decreased with increasing AI(III) con-
centration and with the thermodynamic stability of the NAS phase used at
equivalent surface area of NAS sorbent. The observed sorption behavior is
a low affinity when compared with the results of other studies involving
zeolitic and alumina solid phases (15).
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