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EPTUNIUM CONCENTRATIONS
N SOLUTIONS CONTACTING

CTINIDE-DOPED GLASS

IIANPAT RAI, RICHARD G. STRICKERT, and
' RY L. McVAY Pacific Northwest Laboratory
ox 999, Richland, Washingron 99352

ieved September 23, 1981
epted for Publication December 10, 1981

“To help predict concentrations of neptunium
cached from nuclear waste repositories in geologic
ironments, the solubility of neptunium in a
eptunium-doped borosificate glass, which simulates
igh-level waste glass, was investigated. The con-
trations of neptunium in solutions contacting
: crushed doped glass were found to be controlled
a neptunium solid phase that is similar to crystal-
(¢} NpOy in solubility. Thus, the maximum con-
fration of the neptunium leached from this
ste form can be predicted from the solubility of
Oy(c). This conclusion is based on similar nep-
ium concentrations in solutions contacting nep-
ium-doped glass, neptunium-doped glass plus
NpOafc), and NpOjlc) alone, under controlled redox
entials and a range of pH values. The quinhydrone
sed in this study was found to be a very effective
cdox buffer (the approximate pe + pH = 11.8).
he predictions based on the thermodynamic data
nd the solvent extraction tests showed Np(V)
be the primary oxidation state in solution.

N'I:_RGDUCTION

One method to dispose of nuclear reactor wastes
to incorporate the waste into another material
'h as borosilicate glass and then to store the waste
orm in a deep geologic repository.! For this reason,
- leachability of borosilicate glasses in aqueous
utions has been investigated.>® These studies
ied primarily on static and/or flowing leach tests
nducted at the expected repository temperatures
d- groundwater conditions. Although such tests
s provide data for comparing different waste
Nfainment materials and for obtaining short-term

CLEAR TECHNOLOGY VOL.58  JULY 1982

kinetic data for elemental releases,

they do not
identify the controlling mechanisms to allow long-
range predictions of the leaching behavior of waste
containment glasses in an aqueous environment.
To understand the mechanisms of actinide releases
from solid waste forms, experimental measurement
and contrel of important solution parameters, such

as redox potential,
needed.

In situations where the waste form is exposed
to near static groundwaters, the solubility limits
of many compounds will be reached. This is partic-
ularly true of compounds that have low solubilities,
such as those of the lanthanides and actinides. It is,
therefore, important to know the solubility limits
and understand the mechanisms affecting the solu-
bility of actinide compounds and their aqueous
species. The experimentally determined solubility
data for important actinide oxides in aqueous solu-
tions are slowly becoming available.”!® However,
little is known about the solid phases of actinides
and their solubilities when these actinide elements
are incorporated in borosilicate glass.

Solubility studies were conducted on **"Np-doped
Pacific Northwest Laboratory (PNL) 76-68 borosili-
cate glass to (a) determine the maximum concentra-
tion of dissoived neptunium (one of the important
actinides in radicactive waste) and (b) develop a
sound approach to predicting neptunium concen-
trations in solutions contacting a waste form in
different geologic environments. These investigations
were done under controlled redox potentials and
over a range of pH values.

pH, and solution species, are

METHODS AND MATERIALS
The actinide-doped PNL 76-68 glass beads used
in these experiments are representative of the family

of borosilicate waste containment glasses.»!! The
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Raietal, NEPTUNIUM IN ACTINIDE-DOPED GLASS

PNL glass was originally fabricated** to investigate TABLE 1
the leach.mg qharactenstlcs of actinide isotopes from Composition of PNL-76-68 Glass Beads (wt e
waste-containing glasses. The level of doping was o1
designed to simulate concentrations normally found

in high-level radioactive waste. (Glass beads were ICP Analysi
chosen because of experimental convenience, good Oxide | Bradley el al. (Ref. 12) | Sample 1 | Sar
reproducibility, and homogeneity of the samples.
The method of preparation of glass beads has been Ag:0 0.031
described by Bradley et al.'? Briefly, the process AlLO, 0.52
involved wetting crushed glass with an HNO4HF B,0; 95 852
solution containing ?*'Np and #%*Pu. The wetted BaO 0.56 0.56
glass was then vacuum-dried and heated to 1050°C Cal 20 191
to remelt the glass. The glass melt was cooled, broken, ' '
and remelted in a bead fabricator. The beads were Cdo 0033 0.03
annealed at 500°C and slowly cooled. Autoradio- CeQ, 1.19 128
graphs of bead cross sections verified that a homo- Cr,0, 0.40 095
geneous radioisotopic distribution was achieved.!? Cs,0 1.03
- Samples of PNL 76-68 glass beads were dissolved Cu0 0.09

and analyzed by inductively coupled plasma (ICP)
spectroscopy. (Table 1). These results are similar D05 0.01
to those reported at Bradley et al.!? Eu0; 0.070 0.08

For the solubility experiments, three glass beads Fe,0, 9.6 129
(~1 g) were crushed using a Diamonite® (U.S. Gd,0s 0.050 0.06
Ceramic Tile Co., Canton, Ohio) mortar and pestle K,0 0.46
and added to 30 mi of 0.0015 M CaCl, solution
containing 6 mg of quinhydrone per tube (~0.001 M). 12,04 0.53 0.63
The individual suspensions were adjusted to different | MgO 0.39
initial pH values with dilute NaOH or HCI solutions. MnO, 0.12
Approximately 5 mg of 99.23% Z¥'NpQ, (c¢,c = MoO, 99 1.86
crystalline) solid, as identified by radiochemical and NasO 125 11.9
x-ray diffraction techniques, was added to some of ' ’
the tubes. All tubes were capped and placed on a Nd,0 1.65 1.65
shaker. At different times, the pH values were mea- NiO 0.20 0.41
sured with a combination glass electrode and redox N0, 0.46
potentials (Eh, in velts) were measured with a plati- P,0, 0.46 1.90
num electrode. These Eh values were converted to P40 0.53
pe values, because it is convenient to discuss the )
redox potential of a system in terms of the pe defined Prs0; 0.53
as —log,, of electron activity. The pe value at 25°C is By, 0.046
related to the Eh value by the following equation®?: Rb,0 0.13
pe= 16.9 Eh. Rh203 0.17

Aliquots of the filtered solution {0.015 or 6.0018 RuO, 1.07 0.85
pm) were dried on cleaned stainless steel planchets '
and counted on surface barrier alpha detectors. Si0, 40.0 38.2
These detectors were capable of resolving the dif- Sm, 04 0.32
ferent energies of the neptunium and plutonium Sr0 0.37 038
alpha particles emitted from the sample. Aliquots TeO, 0.26 0.25
of 200 ul or less were necessary to avoid excessive TiO, 30 273
alpha peak tailing due to the dried salts present
on the planchet. The calibrated overall efficiencies 280, 4.2 4.97
(count/dis) for these surface barrier detectors ranged Y0y 0.2}
from 0.22 to 0.25. After background subtraction, 7o 50 406
the counts for each aliquot were converted to the Zr0, 1.7 1.51
log of the concentration (mol/2). —

Additional aliquots of the filtered solutions Total 100.00 99.18
were made 1 M in HCl and extracted with 0.5 M of

TTA to separate any Np(III) or Np(IV) species from  ?Because of uncertainties in some of the measured valueﬁ‘:_;f
the solution.!* The TTA-extracted oxidation states  weight percent does not total to 100.
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ore then back extracted into 10 M HNO;, which
“evaporated onto a planchet and counted as
cnbed above. The portion of neptunium in the
gher oxidation states (V and VI) was obtained
subtracting the TTA-extracted neptunium con-
enfration from the total neptunium concentration
n f‘ ttered solutions.

Es'uus AND DISCUSSION

:Because neptunium 15 a mulfivalent element,
-redox potential (or pe value) affects the nature
‘neptunium species and thus the solubility of
dunium solids. The effect of the redox potential

Raietal., NEPTUNIUM IN ACTINIDE-DOPED GLASS
culated (Fig. 1) from the available thermodynamic
data.’® A great degree of uncertainty exists in the
thermodynamic data, especially in the neptunium
hydroxo- and carbonato-complexes, because most
of the data are estimated or extrapolated from other
elements. Therefore, the boundaries of stability
fields of neptunium-hydroxy complexes (Fig. 1)
should be considered approximate at best. Although
the uncertainty in the hydrolysis constants makes
it difficult to discern the boundaries of individual
stability fields, the data (Fig. 1) indicate that the
species of Np(IV) and Np(V) oxidation states will
predominate in the pH and pe range of environmental
interest.!¢

It is difficult to measure and control redox

0
NpOz(DH )‘,2

“meptunium-hydroxy solution species was cal- potentials in unpoised solutions. Therefore, we
! NpO,OH L4
+
_ NpO3 e
20 -~ 1,2

NpO,(OH),

NpO, 0H°7,

2

Eh {V)

NpO, {OH), ?
0.2

-0.4

~0.6
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Equilibrium djagram of redox potential (pe or Eh} versus pH showing stability fields of different hydroxyl complexes.
-Dasheq lines represent the upper and lower stability limits of water. The dotted line represents the pe-pH relationship of
quinhydrone (see text). Stability fields are based on estimated thermodynamic data (Ref. 15).
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investigated the use of quinhydrone (an equimolar
ratio of quinone and hydroquinone) as a redox
buffer. Equation (1} relates the equilibrium constant
to the activities of the reactants and products of
the following reaction?’

[Quinone (Q)] [Hydroquinone (HQ)]
O OH

+2HY+ 2¢” =

O OH
log K = 23.65 = log [(HQ)/(Q)] + 2pH + 2pe . (1)

When molar concentrations of hydroquinone and
quinone are equal as in quinhydrone, pe= 11.83 — pH
[from Eq. (1)] at 25°C. This theoretical pe-pH rela-
tionship is plotted in Fig. 1 {dotted line).

The measured pe and pH of neptunium-doped
glass suspensions containing quinhydrone are plotted
in Fig. 2. The pe and pH values for four different
equilibration periods (~5, 40, 80, and 300 days)
were similar. The pH values of the solutions were
observed fo continuously decrease with time, presum-
ably due to HNQ, production by alpha radiclysis.!®
Regardless of changes in pH values, the measured
pe and pH values were close to the theoretical
pe + pH wvalue (11.83) of quinhydrone [Eq. (1)}],
indicating that quinhydrone was an effective redox
buffer for the neptunium-doped glass suspensions.
The effect of quinhydrone on neptunium solubility
was also investigated. To determine possible com-

10 <
AN
AN
9+ \% a 5 days
N ¢ 41 days
~ o 67 to 83 days
81 S A

o 288 to 302 days

pe
~J

¥ 1
-

pH
Fig.2. Measured pe and pH values of neptunivm-doped glass
suspensions containing quinhydrone at different times
during the experiment. The dashed line represents the
pe-pH relationship for quinhydrone.
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plexation effects, NpO,{c} solubility measuremen
at pH values of 4 to 5 were conducted on a.fe
samples containing between 0.01 and 0.0001 M
quinhydrone. It was concluded from these exp
ments that the quinhydrone species do not fop
significant complexes with neptunium solution io
because the observed neptunium concentrations
solutions containing between 0.0 and 0.0001
of quinhydrone were similar.

For the solubility resulis to be meamngful
solid material must be separated from solutio;
Centrifugation alone is generally not sufficient.
this purpose.” Therefore, we evaluated the effectiy
ness of fine membrane filters (0.015 and 0.0018 un
to separate the solid from solution. Neptuniy
concentrations in unfiltered (centrifuged at 600
rpm for 40 min) and filtered solutions (0.015 um
were similar (Table II). Neptunium concentrations i
solutions filtered through 0.015- and OOOISy
membranes were also similar (Fig. 3). These resul
(Table II and Fig. 3) indicate that significant amoun
of particulate or polymeric neptunium specie
(>0.0018 um) are absent from these solutions an
that either of the two tested filters can be used fo
filtering the suspensions. However, to be reasonab]
sure of the absence of the colloidal particles, ne
tunium concentrations were determined using 0.001
pm filtrates.

The log concentration of neptunium in SOIU'EIOH
(filtered through 0.0018 um) equilibrated wit
crushed glass beads for ~5, 40, 80, and 300 day
versus the pe are plotted in Fig. 4. An approxima
concentration of neptunium in solution at differes
pH values can also be obtained from Fig. 4, knowin
the fact that the average pe + pH is close to 11
(Fig. 2). In general, the concentration of dissolve

TABLE II

Comparison of Neptunium Concentrations from
Fittered and Unfiltered Solutions

log Np (M)
0.0018 um

Sample pH pe Filtered Unfiltere
204 445 7.37 -5.48 ~5.3%
205 452 | 739 -5.41 -5.43
206 590 | 5.71 -5.76 -5.65
207 640 | 5.66 -5.71 -5.71
208 630 | s5.71 -5.73 ~5.61
209 6.55 5.53 -5.69 ~5.62.
210 6.35 | 5.85 -5.69 -5.53
211 6.30 | 5.66 ~5.69 -5.54
212 6.15 5.68 ~5.68 ~5.47
213 6.05 592 -5.80 -5.672

NUCLEAR TECHNOLOGY  VOL.38
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3. Comparison of log Np concentrations in solutions
filtered through 0.015- and 0.0018-um membrane

Raiet al. NEPTUNIUM IN ACTINIDE-DOPED GLASS
neptunium appears to be nearly constant with changes
in pe at the fixed pe + pH value of [1.8. Although
the concentration of neptunium in solution tended
to increase with time, the neptunium concentrations
at ~80 and 300 days are similar, indicating that
steady-state conditions had been reached in 300
days.

The addition of NpO,(c) to the crushed nep-
tunium-doped glass suspensions at a given pe and
equilibrating period did not affect the neptunium
solution concentrations (Fig. 4). If NpO,(c) were
more soluble than the neptunium compound in doped
glass, then the neptunium solution concentration
should have increased. These results indicate that
the neptunium solid phase in doped glass is either
similar to NpQO,(c) in solubility or is more soluble.

Because experimental NpO,(c) solubility data
were not avajlable, we also determined the NpQO,(c)
solubility under conditions similar to the neptunium-
doped glass. The x-ray diffraction patterns of original

O GLASS, b days
@ GLASS + Np0y , 5 days

O BGLASS, 41 days
@ GLASS + Np(}z, 23 days

O GLASS, 67 to 83 days
© GLASS + NpOz, 73 days

O GLASS, 288 to 302 days
@ GLASS + N;)Oz, 294 days

08@

" glass plus NpO,(e).

UCLEAR TECHNOLOGY
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Log Np concentrations of filtered (0.0018-um) solutions contacting neptunium-doped glass or neptunium-doped
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Raietal. NEPTUNIUM IN ACTINIDE-DOPED GLASS
NpO, and NpQO, equilibrated in aqueous suspensions
for 54 days showed patterns only of crystalline
NpO,, indicating that NpO,(c) was the only detect-
able neptunium-solid in these suspensions. The
solubility of NpO,(c) alone (Fig. 5) was similar
to the solubility of nepiunium-doped glass and the
neptunium-doped glass plus NpO,(c) (Fig. 4). These
results indicate that the concentration of neptunium
in solutions contacting doped glass is controlled
by some neptunium compound similar in solubility
to NpO,(c). These results also indicate that the
maximum concentration of the soluble neptunium
leached out of the glass beads can be predicted from
the knowledge of the NpO,(c) solubility. Peters!'?
conducted static leach tests at 25°C on this nep-
tunium-doped glass with distilled water and 0.015
M of NaHCGO,; solution under atmospheric con-
ditions. His results cannot be directly compared
with the present study because redox potentials
(estimated to be slightly higher than those in our
experiments) were not measured or conirolled and
the unfiltered neptunium concentrations included
neptunium sorbed onto container walls. Nevertheless,
his results showed steady-state neptunium concen-
trations, beyond 105 days, to be ~2 X 107 M in
distilled water {pH of ~8) and 5 X 107 M in NaHCO,
solutions (pH of ~9). These results are similar to
resulis reported in Figs. 4 and 5 and substantiate
the above conclusion that the information on NpQO,{c)
solubility can be used fo predict the maximum
concentrations of neptunium that can be leached
from glass beads.

Efforts were made to determine the presence
of the neptunium solid phase in the glass beads
utilizing high resolution autoradiographic and x-ray
diffraction techniques.® Autoradiographs showed
no indication of segregation of the alpha-emitting
phase. The x-ray diffraction patterns showed weak
reflections of a spinel-type oxide estimated to range
from 1 to 3 wi% of the doped glass.'? Even if the
plutonium and neptunium were present as crystalline
phases, x-ray diffraction will not detect these phases
because of their low potential weight percentage
in the glass (<0.5%). Therefore, neptunium solid
phases must be submicron in size and evenly dis-
tributed if they exist. The use of a scanning trans-
mission electron microscope (STEM) will be required
to verify the existence of the fine oxide particles.
Arrangements are currently under way to utilize
the STEM on samples from the glass beads. However,
the results presented above and the methods used
to prepare neptunium-doped glass suggest the pres-
ence of NpOa{c).

Characterization of the nature of sclution species
is important in understanding the dissolution mech-
anisms and in extrapolating the solubility results
to other environmental conditions. Because of the
low neptunium concentrations, a combination of

14
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pe
Fig.5. Log Np concentrations of filtered (O 015-,um) 50
tions after contacting NpO, for 54 days.
TABLE I
Oxidation State of Neptunivm in Solutions
Filtered Through 0.0018 pm
Number | Equilibration S
Sample Period (day) pH | % Np(V)+ Np(V*
219 18 46 93 :
221 18 6.8 95
214 23 32 94°
217 23 6.7 g7
219 67 4.6 99
221 67 6.6 97
214 73 43 940
217 73 6.6 99b
204 &2 4.5 99
208 82 6.6 98
204 293 4.5 93
208 293 6.3 96
217 294 6.5 97°

aShouid primarily be Np{V), see text.
®Five milligrams of NpOo{¢) added to neptunium-glass bea
suspensions.

solvent extraction techniques and available thermo
dynamic data was used to estimate the nature.
the neptunium species. Solvent extraction technique
indicated that, primarily, species of Np(V or Vi
are present (Table III). Because the stability fiel
of Np(VI) is far removed from the quinhydron
potentials (Fig. 1) and because quinhydrone tend
to adjust all neptunium species to Np(V) (Ref. 2()_)
species of Np(V) are expected in these solution
These solutions are of low ionic strength (<0.01.M
(glass dissolution products with 0.0015 M of CaCl;

NUCLEAR TECHNOLOGY VOL.58 JULY 198



.not contain significant amounts of complex-
icands other than perhaps the hydroxo- and
nato-ligands in alkaline solutions (Table IV).
ould also be noted that of all the oxidation
o5 Np(V) shows the least tendency to form
loxes.2! The predictions based on estimated
s for the formation constants of Np(V) with
{fferent ligands suggest that Np(V) species should
pO% in these solutions (Wood and Rai** and
1). However, if the solubility of NpO, were
ibed in terms of NpOj [NpO,(c) = NpOj +¢7],
sredicted solution species, the solubility lines
s5.3, 4, and 5) should have had a slope of ~1.
- ¢xperimentally measured slope in these experi-
¢ was —0.25. This discrepancy between the
dicted and the experimentally measured slope

be due to one or more of the following: (a) a

Raietal. NEPTUNIUM IN ACTINIDE-DOPED GLASS
the steady-state concentrations, (b) the estimated
values of formation constants of NpOj with some
key ligands may be in error, and (c¢) NpOf may form
an as yet unidentified complex under these experi-
mental conditions. Research is under way to check
these various hypotheses. Regardless of which option
is found valid, the solubilities discussed here appear
to be associated with NpO,(c) when it is equilibrated
in aqueous suspensions under oxic conditions. It
can also be stated that information regarding the
NpQO,(¢) behavior in aqueous suspensions can also
be used to predict the neptunium concentrations
in solutions contacting neptunium-doped glasses.

Note: While the manuscript was in press, the
neptunium suspensions were analyzed again. The
similarity of neptunium concentrations in solutions
after 650- and 300-day contact with the neptunium-

_phase other than NpO,(c) may be controlling

TABLE IV

Concentrations of Elements in Different Solutions (0.0018-um Filtrates) from

Doped Glass Bead Suspensions Equilibrated for ~300 Days

Detection Solution Solution Solution Solution Solution Solution Solution

Limits 1 2 3 4 5 Species 6 7
4458 590 6.30 6.35 6.15 pH 452 6.55
{ppm) (ppm) {(ppm} (ppm) (ppm) {(ppm} {(ppm)

003 025 ND? NI ND ND F- 3.0 2.65

008 ND ND ND ND ND Clr- 191 188

0.01 12.1 7.84 106 10.7 10.3 Btr” 153 ND

0.002 1.76 0.64 0.51 D4R 0.43 NO; ND 17.4

0.01 504 432 338.1 36.3 343 SO; 19 1.2

0.004 0.12 0.031 0018 0.020 0026

0.04 0.26 ND ND ¢.04

0.01 0.02 0.02 0012 ND ND

0.02 0.10 ND ND ND ND

0.004 0.07 002 0017 0018 0.03

0.002 0019 ND .ND ND ND

0.005 8.11 0.28 0.25 025 0.38

001 0.02 ND ND ND ND

0.3 329 7.26 78 8.7 6.7

0.06 0.60 031 0.31 042 0.34

0.002 0.273 0.135 0.157 0.14 0.16

0.01 195 3.29 463 473 4.5

001 424 299 375 386 42

0.02 0.34 0.03 0.07 0.07 0.06

002 0.80 0.341 037 0.35 0.39

0.02 614 376 42 .8 43 .8 45.1

0.02 142 0.79 0.84 0.84 0.76

0.002 0.04 0017 0017 0016 0027

0.02 149 7.07 5.67 6.55 747

(.008 097 0.009 0.02 ND 0.039

R TECHNOLOGY VOL.58
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not detected. Calculations using the major components indicate that the ionic strength of the various solutions is ~0.01 M.
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doped beads supports the earlier conclusion that
steady-state neptunium concentrations were reached
in 300 days. Although only 54-day equilibration data
for NpO, solubility (Fig. 5) are plotted, resulis
based on 5- to 700-day equilibrations show that
steady concentrations were reached within 54 days.
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