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A process for actinide(Ill) and lanthanum(IIl) extraction separation from high-level liquid waste (HLLW)
was proposed, with N,N,N’,N’-tetraoctyl diglycolamide (TODGA) as the extractant, tri-n-butyl phosphate
(TBP) as the phase modifier and 2,6-bis[1-(propan-1-ol)-1,2,3-triazol-4-yl]pyridine (PyTri-Diol or PTD)
as hydrophilic stripping agent. This ‘hot test’ was successfully carried out, achieving 99.92% removal of
americium-241 (' Am) with a separation factor SFg,jam) of 3.8 x 10* in the actinide(Ill) product solution.
The results show that bisamide podand extractants can effectively realize the extraction and separation
of actinide(Ill) and lanthanum(Ill) from Chinese commercial HLLW and thus have a bright practical appli-
cation potential for the treatment of commercial HLLW.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Several processes for co-extraction of actinide(Ill) and lan-
thanum(lll), hereafter denoted An(Ill) and Ln(Ill), have been de-
veloped in China and other countries: the trialkyl phosphine
oxide (TRPO) process in China [1-5], the diisodecylphosphoric
acid (DIDPA) process in Japan [4-7], the transuranium extraction
(TRUEX) process in the USA and the diamide extraction (DIAMEX)
process in France [6-10].

In the innovative-selective actinide extraction process (iSANEX),
An(IIl) and Ln(IIl) are co-extracted using N,N,N’,N’-tetraoctyl digly-
colamide and tri-n-butyl phosphate (TODGA + TBP) as the extrac-
tion system, wherein An(Ill) is selectively stripped using water-
soluble stripping agent [2,6-bis(5,6-di(sulfophenyl)-1,2,4-triazin-3-
yllpyridine (sulfophenyl-BTP), thereby realizing the separation of
An(Ill) and Ln(III) [6]. Regardless of its good selectivity and stabil-
ity, the hydrophilic stripping agent contains many benzene rings in
its molecular structure, which prevents its solubility in water. Fur-
thermore, the addition of S in benzenesulfonic acid does not con-
form to the ‘CHON’ principle and thus increases secondary waste
in the process [7-11].

The ‘hot test’ process of extracting and separating An(III)
and Ln(Ill) from high-level liquid waste (HLLW) was introduced,
wherein extraction with TODGA (Fig. 1), an extractant based on
diglycolamide and TBP proposed by the China Institute of Atomic
Energy, was combined with 2,6-bis[1-(propan-1-ol)-1,2,3-triazol-4-
yl]pyridine (PyTri-Diol or PTD; Fig. 1), an aqueous stripping agent
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based on diazine monopyridine, to effectively separate An(Ill) and
Ln(IIl) [15-17]. In the past 20 years, intensive study has been car-
ried out on extractants based on amido podand with respect to the
thermodynamics of extraction [11-13], extraction and stripping [9-
15], selection of An(IIl) and Ln(IIl) separation reagents [16-22], sta-
bility of separation reagents under irradiation [18] and separation
and extraction process of An(lll) and Ln(Ill) [11-14]. Studies have
shown the potential application of PTD in the separation of An(III)
and Ln(IIT) [19-23].

In addition, an experimental study was carried out for sim-
ulated extraction of HLLW with tracer scales of americium-241
(*'Am) and europium-152 ('>2Eu) at 0.2mol/L TODGA, 0.5 mol/L
TBP and 0.5 mol/L PTD, which realized the co-extraction of 99.9%
An(Ill) and Ln(Ill), at an extraction rate of 99.9% for An(Ill) and
with the mass concentration of Ln(Ill) and other fission products
no higher than 0.1% [23].

Based on the above research results, a process for the extrac-
tion and separation of An(Ill) and Ln(Ill) from genuine HLLW was
proposed (Fig. 2).

In this process, AXE is 0.2 mol/L TODGA + 0.5 mol/L TBP. During
the extraction process, scrubbing was carried out twice. The scrub
solution AS; was 3.0 mol/L HNO3 + 0.5 mol/L H,C,04 + 0.08 mol/L
hydroxyethylethylenediaminetriacetic acid (HEDTA), which was uti-
lized to strip the fission products extracted from the organic phase
into the aqueous phase so that the fission products do not en-
ter the liquid product of An(Ill) and Ln(IIl); the scrub solution AS,
was 0.5 mol/L HNO3 for the purpose of stripping strontium in the
loaded organic phase to prevent it from entering the liquid product
of An(Ill) and Ln(IIl). BX was 0.5 mol/L PTD, as the stripping agent
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Fig. 1. Structural formulae for TODGA (a) and PTD (b).

Table 1
Process parameters for An(Ill) and Ln(IlI) extraction separation from HLLW.
No. Flow Composition Flow rate
AF HLLW [HNO;]: 2.6 mol/L, 1.0
[H2C204]: 0.2 mol/L,
[HEDTA]: 0.05 mol/L
AXE Extractant [TODGA]: 0.2 mol/L, 1.0
[TBP]: 0.5 mol/L
AS; Scrubbing 1 [HNO;]: 3.0 mol/L, 1.5
[H2C504]: 0.5mol/L,
[HEDTA]: 0.08 mol/L
AS, Scrubbing 2 [HNOs]: 0.5 mol/L 1.0
AW raffinate [HNOs]: 2.57 mol/L, 3.5
[H2C204]Z 0.27 mol/L,
[HEDTA]: 0.049 mol/L
BX An(III) reextractant [HNOs]: 0.5mol/L, 1.0
[PTD]: 0.1 mol/L
BS Extractant [TODGA]: 0.2 mol/L, 1.0
[TBP]: 0.5mol/L
BP An(IlI) product [HNOs]: 0.5 mol/L, 1.0
[PTD]: 0.1 mol/L
BW Loaded organic [TODGA]: 0.2 mol/L, 1.0
phase [TBP]: 0.5 mol/L
CS Ln(IIl) reextractant [HNOs]: 0.05 mol/L 1.0
CcP Ln(I1I) product [HNOs]: 0.05mol/L 1.0

for the separation of An(Ill). In addition to stripping An(Ill), PTD
also has a certain stripping effect on Ln(IIl). Ln(Ill) stripped into
the aqueous phase needs to be re-stripped into the organic phase,
so BS was 0.2 mol/L TODGA + 0.5 mol/L TBP, as the stripping agent
for Ln(Ill) in BS. Finally, CS used 0.001 mol/L HNO;3 for stripping
Ln(IIl). Table 1 shows the detailed process parameters.

As part of the extraction and separation equipment, miniature
box-type mixer-settlers were used, which were made of polyether
ketone. There were two 10-mL 16-stage mixer-settlers and one 20-
mL 10-stage mixer-settler. The two 10-mL 16-stage mixer-settlers
were used for co-extraction of An(Ill) and Ln(Ill) and for strip-
ping of Ln(Ill), respectively, and the 20-mL 10-stage mixer-settler
was used for stripping of An(Ill). Fig. 3 shows the dimension and
structure of a 10-mL mixer-settler. The stirring paddles at all stages
were engaged through gears, and the gear set was driven to rotate
by two DC brushless motors that are backups of each other.

The extraction bench (Fig. 4) for the separation process is the
core of the equipment system, and the supporting equipment in-
cludes a feed liquid tank, vacuum buffer tank, injection pump,
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Table 2
Composition of the HLLW.

Composition Concentration
U 0.99 mg/L

Pu 1.31 mg/L

Np 0.02 mg/L

HNO; 2.6 mol/L

Zr 0.011mg/L

Pd 0.157 mg/L

Sr 2.54 x 10" Bq/L
Cs-137 <1.40 x 108 Bq/L
Am-241 1.36 x 10° Bq/L
Eu-154 5.76 x 10° Bq/L

pipeline, control system, etc. The extraction bench is removable,
each layer of which can be replaced separately.

The non-radioactive feed liquid (e.g., HNO3, TODGA/TBP, PTD)
used in the hot test was prepared in advance and then injected via
the reserve pipeline in the hot chamber using the injection pump
placed between the measuring tanks. The radioactive feed liquid
was directly injected from the HLLW storage tank in the hot cham-
ber using the injection pump shielded by lead in the hot chamber.

The TODGA used in the test was produced by Qingdao Beite
Woer Technology Co., Ltd. with a purity of more than 95%. Other
reagents were analytically pure and purchased from Sinopharm
Chemical Reagent Co., Ltd. Samples were analysed using an ICAP-
Q inductively coupled plasma mass spectrometer purchased from
ThermoFisher Technology (China) Co., Ltd., an HPGe y spectrom-
eter (Model BE3830) from Canberra Manufacturing Co., Ltd. and
a Tricarb5110TR low-background liquid scintillation counter from
Perkin Elmer Enterprise Management (Shanghai) Co., Ltd.

To prepare HLLW for the hot test, a spent fuel solution of pres-
surized water reactor with a fuel consumption of 33,000 MWd/tU
stored for three years was post-treated using the PUREX process
to obtain raffinate 1AW (with a specific activity of 2.83 x 102 Bq/L)
and then most of the uranium, neptunium and plutonium in 1AW
was removed by extraction with TBP and most of the caesium-137
(137Cs) was removed by extraction with calixcrown. The raffinate
obtained was the HLIW used for the hot test. Table 2 shows the
analysis results of the key components.

The hot test comprises tank filling, acid balance, feed liquid
running and tank washing. Upon tank filling, the organic phase
was 0.2 mol/L TODGA + 0.5 mol/L TBP and the aqueous phase was
0.5mol/L HNOs. After the two phases in each mixer-settler were
filled, the acid system started to run for 6h at a set flow rate. The
acid test was to observe and adjust the operating state of each de-
vice in the bench system and prepare for the feeding of genuine
HLLW.

The genuine HLLW was injected for the hot test. After the hot
test was conducted for 9 h, grab samples were taken every 6 h. The

Fig. 2. Flow diagram of process for An(Ill) and Ln(IIl) extraction and separation from genuine HLLW.
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Fig. 3. A 10mL 16-stage mixer-settler extractor.

Fig. 4. Extraction bench for the HLLW partitioning hot test.

hot test was conducted for 94h in total and grab samples were
taken 10 times.

After the thermal experiment was stopped, samples at all stages
in each extraction tank were taken. Finally, the mixer-settler was
cleaned with 0.5 mol/L HNOs.

Fig. 5 shows the variation of HNO3; concentration in the grab
samples during the hot test for the separation of An(Ill) and Ln(III)
from HLLW by the amido podand process. The results showed that
the concentration of HNO3 in the grab samples changed slightly
after 12h in the bench tests of the An(lll) extraction and separa-
tion process, indicating that the extraction-stripping process had
become stable. Table 3 shows the average HNO3 concentrations at
the aqueous outlets.

The total feed amount was 9L for the An(IIl) and Ln(IIl) extrac-
tion and separation process, which ran for 94h in total. The grab
sample was diluted and the activities of 24/Am and »2Eu were
measured using the HPGe y spectrometer.
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Fig. 5. Evolution of HNO; concentration of the instantaneous outlet samples.

Table 3
Average HNO; concentrations at the aqueous outlets.

Flow BP (An(lIl) product) CP (Ln(III) product) AW (Raffinate)

HNO; (mol/L) 0.5 0.07 2.7

Table 4
Specific activities of 2! Am and >2Eu at the outlet samples.

Nuclide BP (An(III) CP (Ln(III) BW (Unloaded AW (Raffinate)
product) product) organic phase)

Am-241 > 1.29 x 10° < 1.07 x 106 < 6.68 x 106 < 1.28 x 106

Eu-152 < 1.44 x 106 > 6.97 x 107 < 6.68 x 106 < 1.28 x 106

After the hot test was conducted for 9h, the specific activi-
ties of 2'Am and '»2Eu in the grab sample changed slightly, in-
dicating that the extraction process had become stable (Figs. 6
and 7). The average values were calculated from the specific ac-
tivities of 2!Am and '>2Eu in the grab sample to obtain the spe-
cific activities of 22'Am and '2Eu in the liquid product and raf-
finate (Table 4). The calculated Eu separation factor SFgyam) for
the Am product was greater than 3800 and the Am separation fac-
tor SFamy) for the Eu product was greater than 980 (SFgyam) =

[C(Eu)org/C(Eu)aq ]/[C(Am)org/C(Am)aq ] )
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Table 5
Extraction percentage, stripping percentage and material balance for 2'Am and 152

Eu.
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Nuclide An(IIT) product Ln(IIl) product Reextraction Extraction rate A tank material B tank material C tank material
(%) (%) rate (%) (%) balance (%) balance (%) balance (%)

241Am 99.92 0.083 99.89 99.96 99.6 99.8 99.2

152Ey 0.021 99.97 99.88 99.98 99.8 98.1 99.4

Fig. 6. Evolution of 24! Am specific activity at the instantaneous outlet samples.

Fig. 7. Evolution of "2Eu specific activity at the instantaneous outlet samples.

Table 5 shows the extraction rate, stripping rate and mate-
rial balance results for 2!Am and 1°2Eu. The specific activities of
21Am and '2Eu in An(lll) liquid product (BP) were greater than
1.29 x 109 Bg/L and less than 1.43 x 106 Bq/L, respectively, and the
recovery rate of An(Ill) from HLLW was greater than 99.9%.

The specific activities of 2'Am and '2Eu in Ln(Ill) liquid
product (CP) were less than 1.67 x 106Bq/L and greater than
6.97 x 10° Bq/L, respectively, and the recovery rate from HLLW was
greater than 99.9%.

The activity concentration of 24!Am and '52Eu was less than
1.28 x 106 Bg/L in the raffinate and less than 6.67 x 108 Bq/L in the
waste organic phase, indicating that their content in the waste or-
ganic phase and the raffinate was extremely low.

After the hot test, samples of aqueous and organic phases were
taken at all stages in the extraction tank and the contents of 24!Am
and 2Eu in the samples were measured using the HPGe y spec-
trometer.

Figs. 8 and 9 show the distribution of 24'Am and 1>2Eu at all
stages. As can be seen from Fig. 7, 2'Am and >2Eu in HLLW were
extracted into the organic phase by TODGA and TBP in the extrac-
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Fig. 8. Distribution of 2! Am and '>?Eu in the aqueous phase at each stage.

Fig. 9. Distribution of 2! Am and >2Eu in the organic phase at each stage.

tion section. The content of 24! Am and !52Eu in the organic phase
was low at the first 3 stages, increasing rapidly after stage 4 and
basically did not change with the stage after that, indicating that
TODGA has a strong extraction ability for 24'Am and '>2Eu. At the
feed stage (stage 4), most of the 24'Am and '32Eu could be ex-
tracted into the organic phase with fast extraction kinetics.

In the stripping section of An(lll), 2'Am and '2Eu were
stripped from the loaded organic phase to the aqueous phase due
to the complexation of PTD, resulting in continuous fluctuation of
152Ey content at the last 5 stages. Due to the stripping effect of
TODGA + TBP as a stripping agent on Ln(lll), the content of 152Eu
in Tank B was extremely low at the first 5 stages, which can be
basically ignored; the content of 24'Am in the aqueous phase was
inversely proportional to the stage number and remained stable at
the first 8 stages. From the data on organic phase samples at all
stages in Tank B, it can be seen that the content of 2!Am de-
creased continuously with an increase in the number of stages,
while the content of 152Eu was just the opposite, and there was
an intersection between the two at stage 8 and 9, which further
indicated that the interaction between stripping agent and extrac-
tant can realize good separation of 24'/Am and >2Eu.
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Samples of aqueous phase in Tank C were injected at stage 16
and 132Eu was thus stripped from the organic phase into the aque-
ous phase under low acid conditions. The content of Ln(Ill) in Tank
C at the last 8 and 9 stage was therefore relatively low and the
content of 152Eu in the aqueous phase at the first 8 stages initially
increased and then decreased, indicating that >2Eu was stripped
into the aqueous phase, whereas 24/Am was completely extracted
into the aqueous phase in Tank B and did not enter into Tank C.

The separation of An(Ill) from HLLW and then from Ln(Ill) is
of great importance for the volume reduction and degradation of
high-level waste, as well as for comprehensive utilization of re-
sources. Over the past two decades, the China Institute of Atomic
Energy has conducted systematic research on the mechanism and
performance of extractants based on amido podand for the extrac-
tion and separation of An(Ill) and Ln(Ill) from HLLW. On this basis,
a process for extraction and separation of An(Ill) and Ln(III) from
HLLW was proposed in which TODGA +TBP was used as the ex-
tractant and PTD was used as the aqueous stripping agent. In ad-
dition, the hot test using genuine HLLW was conducted on a mini
mixer-settler bench. The hot test was run continuously and stably
for 94h and 9L of genuine HLIW were treated. The removal rate
of An(lll) reached 99.92% and the SFyjam) in the liquid product of
An(IIl) was greater than 3800.

The extraction and stripping system was used to simultaneously
extract An(Ill) from HLLW and separate it from Ln(Ill). The process
is suitable for a wide range of acidity so there is no need to adjust
the acidity of the feed liquid. The hot test also verified the reliabil-
ity of the amido podand process in the treatment of genuine HLLW
and the research results provided further options in the develop-
ment of separation and treatment technology for HLLW in China.
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