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Abstract: The waste from nuclear power plants worldwide has to be isolated from humans
and his environment for about 100 000 years to equal the levels of natural uranium. If, how-
ever, the long-lived actinides could be separated from the spent fuel and transmuted, then
the isolation time could be shortened to about 1 000 years. It is known that one class of
N-containing soft ligands has excellent extraction ability and selectivity for minor actinides
(MA), the separation of MA/lanthanides(Ln) from high level waste has been expected. One
of the limiting points to ensure a safe and stable long-term operation is the resistance against
radiation of all chemicals involved in the systems due to the highly radioactive field and high
nitric acid concentration. Derivatives of 2,6-bis(1,2,4-triazine-3-yl) pyridine(BTP) . 6,6 -bis
(1,2, 4-triazin-3-y)-2,2"-bipyridine(R-BTBP) and 2,9-bis(1,2,4-triazin-3-yl)-1,10-phenan-
throline(R-BTPhen) were widely employed for trivalent minor actinoid and lanthanoid sepa-
ration in the promising innovative Selective Actinide Extraction (i-SANEX) and Grouped
Actinide Extraction (EURO-GANEX) processes. However, researches towards radiolytic

stability of these N-donor ligands presented controversial results. Herein, researches on
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stability against y-radiation or a-radiation of R-BTP, R-BTBP, R-BTPhen and 2, 6-bis[ 1H-
1,2,3-triazol-4-yl ]-pyridine(PyTri) at different experimental conditions and solvent formula-
tions are reviewed. In most cases, y irradiations were performed using °Co sources and «
irradiation were performed using * Am or *"'Cm solution. The effects of molecular struc-
ture, dose and dose rate, contact between phases, oxygen content, different phase composi-
tion, acidity, diluent and phase modifier on the y-radiation stability of these ligands are
introduced. The performance and changes in the composition have been analyzed during the
irradiation experiment by different techniques, such as Raman spectroscopy, HPLC-MS and
ICP-MS. to determine the degradation of the organic or aqueous solvents. These data were
used to provide critical insight into the fundamental radiolysis mechanisms responsible for the
radiolytic stability of ligands. In general, degradation was slower in the presence of both
organic and aqueous phases during irradiation for both the hydrophobic and hydrophilic
ligands. However, different experimental conditions and solvent formulations may lead to
different degradation paths and degradation rates, and these experimental results are not
comparable. Moreover, it is generally accepted that simulate radiation conditions, usually
Co, may exaggerate or underestimate the influence of radiation effects. The controversial
results obtained demonstrate the importance of developing realistic irradiation experiments
where different factors affecting the performance can be easily studied and isolated. The
existing problems in the study of radiolytic stability are summarized, and the key research
directions in this field are prospected.
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Table 1 7y-radiation resistance of typical N-donor soft ligands
SRR 4 B R u&m@/ Xﬁ:‘j&/ felk Sk
kGy (kGy+h™1) g%

C5-BTBP C5-BTBP/ . i 20 1.65 26% [30]
C5-BTBP/# C. il 20 1. 65 52% [30]
CyMe,-BTP CyMe,-BTP/ iF ¥ i 100 80% [25]
CyMe,-BTP/ iE ¥ i+ HNO; 100 35% [25]
CyMe,-BTP/ IF ¥ i 100 80% [29]
CyMe,-BTP/ iF 3 iz + fil§ 3L % 100 15% [29]
CyMe,-BTBP CyMe,-BTBP/BK-1 50 0.1~0.3 100% [1]
CyMe,-BTBP/BK-1-+HNO; 150 0.1~0.3 94% [1]
CyMe,-BTBP/BK-1+HNO; 200 0.1~0.3 100% [1]
CyMe;-BTBP/DMDOHEMA/ IE % [ . HNO; i #f 1200 0.22 0% [23]
CyMe,-BTBP/ IF 2 i 100 96 % [25]
CyMe,-BTBP/IF £+ HNO; 100 87% [25]
CyMe,-BTBP/FS-13, ik #th v 7~ i i 1% 48 18% [34]
PTD PTD/HNO; 100 2.5 0. 14 4% [41]
PTD/HNO:; 200 2.5 9% [41]
SO;-Ph-BTP SO;-Ph-BTP/HNO; +TODGA/DMDOHEMA/OK , {i§ #f 40 2. 89 65% [13]
SO;-Ph-BTP/HNO; 200 4.0240. 2 94. 4% [42]
SO;-Ph-BTP/HNO; +TODGA/OK, %5 5, 200 4.0240. 2 15.6% [42]
SO3;-Ph-BTP/HNO; +TODGA/OK, B, 200 4.0240.2 33.3% [42]

£ :DMDOHEMA J& N, N'- T H 5-N, N'- 732 38 € 56 40 2 56 5 Bz (9 fi Bk

AU 2 ek

MEIAR T 2 U T AR 1Y) e G R A GO
TF 5 45 SR B T 4 B S 56 5% 1 et R L 791t 5
R I AR AR R 00 4L R 22 e L AH AL L R
FHR R RS ) o AR AT AT — AN SR AR T g
SO 1 5 A 6 A% R i 8 S [R) S 38 45 R
ARSI 25 S A T Ee R .k AT ARG R T . R
R - (R0 M R BRI/ S A ) 1) i i R AT
A4 Z R PTD M PTT B4 &4t
FR AR M S T B SR O AR AL B

H AT » 22 B0 GE U B 203 C 1R 1 B A 38 %
R A7t I 1 LR AE U BB R AT T RAE L Ji5 2 1y i ik
LR L7 o

(1) ST A AT J7 1% o % B A 7 W 0 A7 M
TE BT S WG KA A LB TR T AR R R A5 AL
Z1B] (A 5

(2) G RS B B A 7 ) 0k — 25 53 B B fig
PRI FE BT 2 R0 B AL B R 4 S e R

(3) L5 W fige LB, 0T BE AT IBCAK 119 45 44 i A 7
o P T A T R e A RE AR IR / R 5
(4) 75 FL SRR 00T 5630k E A 447 6 5

SEHK:

[1] Distler P, Mindova M, Sebesta J, et al. Stability of
different BTBP and BTPhen extracting or masking
compounds against gamma radiation[ J]. ACS Omega,
2021, 6(40): 26416-26427.

[2] Ancheim E, Ekberg C, Fermvik A, et al. A TBP/
BTBP-based GANEX separation process: part 2:
ageing, hydrolytic, and radiolytic stability[J]. Sol-
vent Extr Ion Exc, 2011, 29(2). 157-175.

[3] Wilden A, Modolo G, Kaufholz P, et al. Laborato-
ry-scale counter-current centrifugal contactor dem-
onstration of an innovative; SANEX process using a
water soluble BTP[J]. Solvent Extr Ion Exc, 2014,
33(2): 91-108.



156

Bz Sictey Hi46%

(4]

(5]

[6]

[7]

(8]

(9]

[10]

[11]

(12]

[13]

[14]

[15]

Wilden A, Modolo G, Sypula M, et al. The recov-
ery of An(l[) in an innovative: SANEX process
using a todga-based solvent and selective stripping
with a hydrophilic BTP[J]. Procedia Chemistry,
2012, 7. 418-424.

Geist A, Miillich U, Magnusson D, et al. Actinide([[[)/
lanthanide ( [Il ) separation via selective aqueous
complexation of actinides( [l ) using a hydrophilic 2,
6-bis(1, 2, 4-triazin-3-yl)-pyridine in nitric acid[ J].
Solvent Extr Ion Exc, 2012, 30(5): 433-444.
Carrott M, Bell K, Brown J, et al. Development of
a new flowsheet for co-separating the transuranic
actinides: the “EURO-GANEX” process[J]. Sol-
vent Extr lon Exc, 2014, 32(5): 447-467.

Lewis F W, Harwood L M, Hudson M ], et al. Hy-
drophilic sulfonated bis-1,2,4-triazine ligands are high-
ly effective reagents for separating actinides ([l[[) from
lanthanides( [l ) via selective formation of aqueous
actinide complexes[J]. Chem Sci, 2015, 6 (8):
4812-4821.

Malmbeck R, Magnusson D, Bourg S, et al.
Homogenous recycling of transuranium elements
from irradiated fast reactor fuel by the EURO-
GANEX solvent extraction process[]]. Radiochim
Acta, 2019, 107(9-11). 917-929.

Panak P J, Geist A. Complexation and extraction of
trivalent actinides and lanthanides by triazinylpyri-
dine N-donor ligands[J]. Chem Rev, 2013, 113(2):
1199-1236.

Bourg S, Hill C, Caravaca C, et al. ACSEPT: par-
titioning technologies and actinide science; towards
pilot facilities in Europe[ J]. Nucl Eng Des, 2011,
241(9); 3427-3435.

Mincher B J, Elias G, Martin L R, et al. Radiation
chemistry and the nuclear fuel cycle[J]. J Radioanal
Nucl Chem, 2009, 282(2) . 645-649.

Mincher B J, Mezyk S P. Radiation chemical effects
on radiochemistry: a review of examples important
to nuclear power[J]. Radiochim Acta, 2009, 97(9):
519-534.

Sénchez-Garcia 1, Galan H, Nuanez A, et al. Devel-
opment of a gamma irradiation loop to evaluate the
performance of a EURO-GANEX process[ J]. Nucl
Eng Technol, 2022, 54(5): 1623-1634.

% BTV D, S5 Z BAORHE 4k 38 b R R 5 A
T FEOGH Y 4 5 A P LT D, k2 5t
k2 ,2019,41(1) :115-132.

Mossini E, Macerata E, Giola M, et al. Physico chem-

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

ical properties of irradiated -SANEX diluents[]].
Nukleonika, 2015, 60(4) . 893-898.

Mossini E, Macerata E, Giola M, et al. Radiation-
induced modifications on physico chemical properties
of diluted nitric acid solutions within advanced spent
nuclear fuel reprocessing[J]. ] Radioanal Nucl
Chem, 2014, 304(1): 395-400.

Garbil R, Sanchez-Garcia I, Galan H, et al. Stabili-
ty studies of GANEX system under different irradia-
tion conditions[J]. EPJ Nuclear Sci Technol, 2019,
5: 1-7.

Horne G P, Zarzana C A, Rae C, et al. Does addi-
tion of 1-octanol as a phase modifier provide radical
scavenging radioprotection for N, N, N", N'-tetraoc-
tyldiglycolamide (TODGA)? [J ]. Phys Chem Chem
Phys, 2020, 22(43) . 24978-24985.

Mincher B J. The effects of radiation chemistry on
radiochemistry: when unpaired electrons defy great
expectations[ J]. J Radioanal Nucl Chem. 2018,
316(2): 799-804.

Zsabka P, Van Hecke K, Wilden A, et al. Gamma
radiolysis of TODGA and CyMe, BTPhen in the ionic
liquid tri-n-octylmethylammonium nitrate[J]. Sol-
vent Extr Ion Exc, 2020, 38(2). 212-235.

Nilsson M, Andersson S, Ekberg C, et al. Inhibi-
ting radiolysis of BTP molecules by addition of
nitrobenzene[ J]. Radiochim Acta, 2006, 94 (2).
103-106.

Fermvik A, Ekberg C, Englund S, et al. Influence of
dose rate on the radiolytic stability of a BTBP solvent
for actinide ( [l )/lanthanide ( [l ) separation[]].
Radiochim Acta, 2009, 97(6): 319-324.
Magnusson D, Christiansen B, Malmbeck R, et al.
Investigation of the radiolytic stability of a CyMe,-
BTBP based SANEX solvent[J]. Radiochim Acta,
2009, 97(9): 497-502.

Schmidt H, Wilden A, Modolo G. et al. Gamma and
pulsed electron radiolysis studies of CyMe, BTBP and
CyMe, BTPhen: identification of radiolysis products
and effects on the hydrometallurgical separation of
trivalent actinides and lanthanides[J]. Radiat Phys
Chem, 2021, 189: 109696.

Schmidt H, Wilden A, Modolo G, et al. Gamma radi-
olysis of the highly selective ligands CyMe, BTBP and
CyMe, BTPhen: qualitative and quantitative investi-
gation of radiolysis products[J]. Procedia Chemis-
try. 2016, 21 32-37.

Retegan T, Ekberg C, Englund S, et al. The



24

W) 25 S-S5 - AT 20 B P 5 RCBKTEE s ) R A A TR T o i

157

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

behaviour of organic solvents containing C5-BTBP
and CyMe,-BTBP at irradiation doses[ ] ].
Radiochimica Acta, 2007, 95(11): 637-642.

Nilsson M, Andersson S, Drouet F, et al. Extrac-

low

tion properties of 6, 6'-bis-(5, 6-dipentyl-[ 1,2, 4]
triazin-3-yD)-[ 2,2’ Jbipyridinyl (C5-BTBP)[J]. Sol-
vent Extr Ion Exc, 2006, 24(3): 299-318.

Hill C, Guillaneux D, Berthon L, et al. SANEX-
BTP process development studies[J]. J Nucl Seci
Technol, 2014, 39(sup3): 309-312.

Hudson M J, Boucher C E, Braekers D, et al. New
bis (triazinyl) pyridines for selective extraction of
americium([[)[J]. New J Chem, 2006, 30 (8):
1171-1183.

Fermvik A, Griiner B, Kvicalovd M, et al. Semi-
quantitative and quantitative studies on the gamma
radiolysis of C5-BTBP[J]. Radiochim Acta, 2011,
99(2). 113-119.

Fermvik A, Berthon L., Ekberg C, et al. Radiolysis
of solvents containing C5-BTBP: identification of
degradation products and their dependence on
absorbed dose and dose rate[ J]. Dalton T, 2009,
32: 6421-6430.

Peiris S A, Freeman G R. Solvent structure effects
on solvated electron reactions with ions in 2-buta-
nol/water mixed solvents[]J]. Can ] Chem, 1991,
69(5): 884-892.

Greenstock C L, Dunlop 1. Kinetics of competing free
radical reactions with nitroaromatic compounds[]].
JACS., 1973, 95(21): 6917-6919.

Kondé J, Distler P, John J, et al. Radiation influ-
encing of the extraction properties of the CyMe,-
BTBP and CyMe,-BTPhen solvents with FS-13[J].
Procedia Chemistry, 2016, 21. 174-181.

Jose ], Prathibha T, Karthikeyan N S, et al. Com-
parative evaluation of radiolytic stability of aqueous
soluble BTP and BTBP derivatives under static
gamma irradiation[J]. ] Radioanal Nucl Chem,
2021, 328(3): 1127-1136.

Peterman D, Geist A, Mincher B, et al. Perform-
ance of an i-SANEX system based on a water-solu-
ble BTP under continuous irradiation in a y-radioly-
sis test loop[J]. Ind Eng Chem Res, 2016, 55(39):
10427-10435.

Horne G P, Mezyk S P, Moulton N, et al. Time-
resolved and steady-state irradiation of hydrophilic

sulfonated bis-triazinyl-(bi) pyridines-modelling radio-

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

lytic degradation[J]. Dalton T, 2019, 48 (14):
4547-4554.

Galan H. Munzel D, Nanez A, et al. In stability
and recyclability of SO;-Ph-BTP for i-SANEX
process development[ C]. ISEC2014 International
Solvent Extraction Conference, September 7-11,
2014, Wiirzburg, Germany, 2014,

Mossini E, Macerata E, Boubals N, et al. Effects
of gamma irradiation on the extraction properties of
innovative stripping solvents for i-SANEX/GANEX
processes[ ]J]. Ind Eng Chem Res, 2021, 60(31);
11768-11777.

Mossini E, Macerata E, Brambilla L, et al. Radio-
lytic degradation of hydrophilic PyTri ligands for
recycling[J]. ] Radioanal Nucl

Chem, 2019, 322(3): 1663-1673.

minor actinide

Macerata E, Mossini E, Scaravaggi S, et al. Hy-
drophilic clicked 2, 6-bis-triazolyl-pyridines endowed
with high actinide selectivity and radiochemical sta-
bility: toward a closed nuclear fuel cycle[J]. JACS,
2016, 138(23) . 7232-7235.

Sanchez-Garcia 1, Galan H, Perlado ] M., et al.
Development of experimental irradiation strategies
to evaluate the robustness of TODGA and water-
soluble BTP extraction systems for advanced nuclear
fuel recycling[ J]. Radiat Phys Chem, 2020, 177,
109094.

Sanchez-Garcia 1, Bonales L J, Galan H. et al.
Radiolytic degradation of sulphonated BTP and ace-
tohydroxamic acid under EURO-GANEX process
conditions[ J]. Radiat Phys Chem, 2021, 183:
109402.

Mincher B J, Modolo G, Mezyk S P. Review arti-
cle;: the effects of radiation chemistry on solvent
extraction 1: conditions in acidic solution and a
review of TBP radiolysis[J]. Solvent Extr Ion Exc,
2009, 27(1) . 1-25.

Mincher B J, Modolo G, Mezyk S P, et al. Review
article: the effects of radiation chemistry on solvent
extraction 3: a review of actinide and lanthanide
extraction[ J]. Solvent Extr Ion Exc, 2009, 27 (5-
6): 579-606.

Mincher B J, Modolo G, Mezyk S P. Review: the
effects of radiation chemistry on solvent extraction
4. separation of the trivalent actinides and consider-
ations for radiation-resistant solvent systems[]].

Solvent Extr Ton Exc, 2010, 28(4): 415-436.



