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Abstract. Large amounts of high level liquid waste (HLLW) has been generated
from the reprocessing of spent nuclear fuel employing the PUREX process. It
contains complex composition including various fission products (FPs), corrosion
products and minor actinides (MAs). Some of these nuclides, such as strontium-90
(9OSr), can be used in military and medical fields and have commercial value. The
separation of strontium is not only about to develop the value of HLLW but also
reduce the radioactivity of the liquid waste for disposal. Separating of Sr from other
elements including Ln, Y, Cs, Ru, Fe, Mo, Zr, etc. is essential to obtain available
strontium products. In this work, N,N,N’,N’-Tetraoctyldiglycolamide (TODGA)
was used for the purpose focusing on removing fission products and corrosion
products other than Sr. Firstly, 0.05 mol/LL TODGA was used as extractant to
separate Sr from Ln, Zr and Y, by which process Ln, Zr and Y were extracted to
the organic phase and Sr entered the raffinate. Meanwhile, Ru, Fe and Cs were
in the aqueous phase together with Sr. 0.2 mol/L TODGA was further used to
contact with the raffinate, by which Sr was extracted and Ru, Fe and Cs were still
in the aqueous phase being separated. After the Sr was stripped from the organic
phase, Sr product was obtained. The separation method has been verified with
non-radioactive simulated HLLW and radioactive genuine HLLW as feed liquid,
proving its reliability.
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1 Introduction

HLLW generated from reprocessing of spent nuclear fuel by PUREX process is highly
acidic (HNOs3 about 3 mol/L) and complex in composition. The elements in HLLW
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include minor actinides (Americium (Am), Curium (Cm), etc.), fission products, includ-
ing Lanthanides (Lanthanum (La), Neodymium (Nd), Europium (Eu), etc.), Strontium
(Sr), Cesium (Cs), Ruthenium (Ru), Palladium (Pd), Niobium (Nb), Zirconium (Zr), etc.,
as well as many corrosion products (Iron (Fe), Nickel (Ni)) [1-4]. Since radio strontium
208r is one of the major heat generators in nuclear waste, the severe conditions for waste
repository design governed by decay heat would be reduced on its removal. Besides, *°Sr
(half-life: 28.79 year), as a pure beta emitter, whose decay daughter is 2°Y (half-life:
2.67 day), is used in medical radiotherapy [5-8].

Since the 1940s, people have been working to remove and recover *°Sr from HLLW.
The earliest reagents used include di(2-ethylhexyl)phosphoric acid, chlorinated cobalt
dicarbollide and various derivatives of macrocyclic polyethers. The further modification
of these works has led to the development of modern extraction methods, such as SREX,
FPEX and UNEX, which are suitable for extracting 90Sr from HLLW. SREX (strontium
extraction) process uses di-t-butylcyclohexano-18-crown-6 (DtBul8C6) as extractant to
efficiently and selectively extract Sr from acidic HLLW containing a variety of fission
products and inert components [9-11]. FPEX (fission product extraction) process is
based on the simultaneous extraction of Cs and Sr from HLLW, the extraction of Sr
with DtBul8C6 and the extraction of Cs with BOBCalixC6 [12-14]. UNEX (universal
extraction) process implemented by INL, America and KRI, Russia, uses 0.08 mol/L
chlorinated cobalt dicarbollide, 0.5% polyethylene glycol 400 and 0.02 mol/L diphenyl-
N,N-dibutylcarbamoyl methyl phosphine oxide as extractants [15, 16].

N,N,N’,N’-tetra octyldiglycolamide (TODGA) is a widely concerned reagent in the
treatment of HLLW because of its good extraction performance, excellent stability and
easy to be obtained. Some studies have shown that TODGA displayed an affinity toward
extraction of strontium from 2 to 3 mol/L nitric acid solutions [17-21]. In this work,
for the HLLW after the removal of minor actinides, TODGA was used as the extractant
to separate Sr from other fission products and corrosion products by batch extraction.
Firstly, HLLW solution was extracted by a lower-concentrated TODGA to separate
Sr from those with high distribution ratios such as Ln, Y and Zr. The raffinate was
retained for a subsequent extraction with a higher-concentrated TODGA to separate Sr
from elements with low distribution ratios such as Cs, Ru and Fe and Sr products was
obtained after stripping. A preliminary hot test was conducted to verify the separation
process.

2 Experimental

TODGA was synthesized in our lab using a new method which hasn’t been published,
and the purity analyzed by HPLC was > 96% (mobile phase: methanol, peak area:
TODGA of 96.4%, ethyl acetate of 3%, di-n-octylamine of 0.6%). The organic TODGA
solutions were prepared by dissolving precisely weighed amounts of TODGA and phase
modifier into the kerosene diluent. The simulated aqueous solutions were prepared by
dissolving appropriate amounts of nitrates into HNOj3 solutions. All the metal nitrates
are commercially available without further purification. The radioactive genuine HLLW
was obtained from CNNC 404 Co., Ltd.

In the experiments, 10 ml of organic and 10 ml of aqueous phases were contacted
in a 20 mL glass-stoppered tube and mixed by an oscillator with 250 rmp for 15 min.
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Preliminary experiments showed that the equilibrium was reached after five minutes.
After stewing for 5 min with adequate phase separation, an aliquot of each phase was
taken for the measurement of the distribution ratio (Dy) that equals to the ratio of the
concentration of M in the organic phase over that in the aqueous phase. All the extraction
experiments were performed at 25 + 0.2 °C.

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-OES, Agilent
5110, USA) and Inductively Coupled Plasma Mass Spectrometer (ICP-MS, PerkinElmer
NexION 2000, USA) were used to measure the concentrations of metals in both phases
for cold tests. Nuclear Magnetic Resonance Spectromete (NMR, Bruker 400MHz, Ger-
many) was used to check the structure of TODGA. The activity of *°Sr was determined
by measuring the activity of its daughter *°Y. The sample was put aside for 14 days and
then ®°Y was extracted with an equal volume of 30% TRPO in kerosene. The activity
was determined by use of a liquid scintillation analyzer (Packard 2200 CA). The '37Cs
and 192Eu activity was determined with a Ge-Li detector (EG&G, USA).
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Fig. 1. a Dependencies of Dg; with concentrations of TODGA. Aqueous phase: 3mol/L HNO3
(initial concentration). b Extraction of Sr by 0.2 mol/L TODGA-0.5 mol/L TBP-OK in different
initial HNO3 concentrations

3 Results and Discussion

The extraction ability of strontium by TODGA increases with the rising of TODGA
concentration, as shown in Fig. 1a. To provide insight into the composition of species of
Sr2* formed in the extraction, the dependences of Dg; on the concentrations of TODGA
and initial concentrations of HNO3 in aqueous phase were determined, respectively.
Figure 1a shows the plot of logDs; and log[ TODGA], and the slope is 2.28 % 0.03. The
experiments were implemented by 0-0.4 mol/L TODGA-0.5 mol/L TBP-kerosene with
two phases of O:A = 1 and 3 mol/L HNOs; in aqueous phases. Figure 1b shows the
plot between logDs; and log[HNO3]. The experiments were carried out by 0.2 mol/L
TODGA-0.5 mol/L. TBP-kerosene with two phases of O:A = 1. Based on the above
results, the possible mechanism of strontium extraction by TODGA is as follows:

Sr*t 4+ 2NO3 + 2 TODGA + HNO;3; = Sr(NOj),(TODGA),( HNO3) (1)

Figure 2 shows the distribution ratios of different fission and corrosion products
extracted by TODGA under the condition of 3 mol/L HNO3 and O:A = 1. Kerosene
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Fig. 2. a Correlation between distribution ratios of Sr and concentrations of TODGA.. Differences
of distribution ratios between Sr and b Eu, ¢ Zr, d Ru, e Cs, f Fe extracted by TODGA. (Initial
concentration of HNO3 in aqueous phase is 3 mol/L, phase ratio O:A = 1)

was used as diluent and 0.5 mol/L. TBP was used as phase modifier. As shown in Fig. 2a
and b, the distribution ratio of Eu is significantly higher than that of Sr with the TODGA
concentrations range of 0-0.4 mol/L. Specifically, when the TODGA concentrations
range of 0.025-0.05 mol/L, Dg; is very low (Ds; < 0.1), and the distribution ratio
of Eu is much higher (Dg, > 10), which indicates that Sr will be in aqueous phase
while Eu can be extracted into organic phase. Lanthanide elements usually have similar
extraction properties and the performance of europium can be used as a reference for
other lanthanides, which indicates that they have the same extraction trend under the
same condition. Therefore, Sr can be separated from lanthanides by this simple TODGA
contact. Figure 2¢ shows the distribution ratios of Sr and Zr, which indicates the much
higher distribution ratio of Zr compared to that of Sr. Like Ln, Zr would be extracted and
separated from Sr. In Fig. 2d, e, f comparisons of distribution ratios of Sr and Ru, Cs and
Fe can be seen. As shown, the distribution ratios of Ru, Cs and Fe have been very low
even when that of Sr has gone to an ascent. According to the distribution ratios, TODGA
can be used to separate Sr from Ru, Cs and Fe when the using TODGA concentration
is high enough to extract Sr. Based on the extraction properties, the separation of Sr
from a large amount of other fission products and corrosion products can be achieved
by adjusting the TODGA concentrations.
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According to the extraction performance, the process of separating Sr from other
fission products and corrosion products in simulated HLLW by TODGA was designed
and verified. Kerosene was used as diluent and 0.5 mol/L. TBP was used as phase modifier
in this process. The concentration of HNOj3 in the feed liquid was 3 mol/L to simulate
the HLLW. The initial metal concentrations can be seen in Table 1. Firstly, 0.05 mol/L
TODGA was contacted with feed solution with O:A = 1. As seen in the result, Dg;
was 0.03, which indicated that Sr hadn’t been extracted remaining in aqueous phase.
Meanwhile, the distributions ratios of Zr, Y and Eu, Gd, Nd were much higher (Dz; >
700, Dy > 500, Dgy, > 200, Dgq > 400, Dng = 7.9), signifying that these elements were
extracted being separated from Sr. However, the distributions of Cs, Ru, Fe were low
(Dcs < 0.01, Dge = 0.39, Dry = 0.6), implying Cs, Ru and Fe would keep in aqueous
phase along with Sr. Thus, further separation was needed. The raffinate obtained from
this process was further contacted with 0.2 mol/L. TODGA, by which operation Sr could
be extracted into organic phase (D, = 4.5) and Cs, Ru, Fe and other analogous fission
and corrosion products were separated by keeping in aqueous phase according to the
distribution ratios (Dcs < 0.01, Dge = 0.39, Dry = 0.6). The final striping composition
is shown in the Table 1. The schematic diagram of the whole process is shown in the
Fig. 3.

Table 1. Mass balance of metal ions under two extraction conditions

Analyte | Activity/conc. of analyte in samples (mg/L)

Feed | Raffinate after 0.05Smol/L | Raffinate after 0.2mol/L. | Striping (O:A = 1)

TODGA contacts TODGA contacts

Sr 118 | 115 21 86
Cs 468 | 455 451 ND
Ru 17 16 10 ND
Mo 158 | 147 78 9.6
Pd 33 1.89 1 ND
Y 108 |ND ND ND
Fe 56 57 41 0.82
Eu 140 |ND ND ND
Gd 48 ND ND ND
Nd 790 | 89 ND ND
La 249 69 ND 3.8

Organic phase in the first extraction: 0.05 mol/L. TODGA-0.5 mol/L TBP-kerosene; Feed: simu-
lated HLLW; Organic phase in the second extraction: 0.2 mol/L TODGA-0.5 mol/L TBP-kerosene;
Aqueous phase: raffinate of the first extraction; Strip solution: 0.01 mol/L nitric acid; O/A = 1

To demonstrate the reliability of this process, further hot-tested verification using
radioactive genuine HLLW as feed liquid has been implemented according to Fig. 3. Due
to the limitation of experimental time and characterization means, only three elements
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Fig. 3. Flow-sheet for the separation of 90Sr from other fission and corrosion products in HLLW

of Sr, Cs and Eu were traced. Separation of Sr from Eu and Cs were testified to be
consistent with that of cold test, with D of 0.01, Dcs of < 0.01 and Dg, of > 750 in
the first contact and Dg; of 4.3, D¢s of < 0.01 in the second contact, respectively.

4 Conclusions

As a fission product in HLLW, strontium-90 finds extensive use in nuclear medicine
and industry, and its research on separation is of great significance. Sr was successfully
separated from other fission and corrosion products in HLLW using TODGA as extrac-
tant in this work. Two concentrations of TODGA were employed in a flow sheet with
two contacts, separating Sr from Ln, Y, Zr, Cs, Ru and Fe etc. Specifically, with a low
TODGA concentration (0.05 mol/L) extraction, Sr had a low distribution ratio remain-
ing in the aqueous phase, while Ln, Zr and other elements with high distribution ratio
were extracted into the organic phase, resulting in their separation. At a higher TODGA
concentration (0.2 mol/L), Sr showed a high distribution ratio and could be extracted,
Cs, Ru and Fe went into the raffinate separating from Sr. After two batch extractions
by TODGA, a Sr product could be obtained getting rid of a large amount of fission and
corrosion elements. This method has been tested using the genuine hot HLLW as feed
liquid with verification of its consistency with that of cold test. The hot experiment will
be further elaborated in the future work.
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