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ABSTRACT  

The extraction of nitric acid, trivalent actinides and lanthanides with N,N,N¶,N¶-tetra-n-octyl-
3-oxapentanediamide (TODGA) dissolved in the aromatic diluents 1,4-diisopropylbenezene 
and tert-butylbenzene was studied. Nitric acid extraction proceeds along the formation of 1:1 
and 2:1 HNO3-TODGA adducts. An(III) and Ln(III) distribution ratios were determined as a 
function of nitric acid, TODGA and Ln(III) concentrations. Distribution ratios are 
approximately an order of PagQiWXde lower in aromatic diluents compared to aliphatic diluents. 
No third phase formation was observed when contacting the solvent with an aqueous phase 
containing 1.5 mol/L Er(NO3)3 in 2±4.3 mol/L HNO3. Slope analysis indicates the formation 
of 1:3 and 1:4 M(III):TODGA complexes. Using TRLFS, the formation of a previously 
unknown 1:2 complex in organic phases loaded with Ln(III) was observed for the first time.  
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INTRODUCTION  

LiSRShiOic N,N,N¶,N¶-tetraalkyl-3-oxapentanediamides (a.k.a. digO\cROaPideV, DGA) haYe 
beeQ iQWURdXced aV e[WUacWiQg ageQWV fRU YaUiRXV di- aQd WUiYaOeQW PeWaO iRQV.1 LaWeU DGA ZeUe 
SURSRVed WR efficieQWO\ e[WUacW acWiQide aQd OaQWhaQide iRQV fURP QiWUic acid VROXWiRQV iQ Whe 
cRQWe[W Rf UadiRQXcOide VeSaUaWiRQV aQd acWiQide Uec\cOiQg VWUaWegieV.2-8 H\dURShiOic DGA9-10 
aUe XVed aV PaVkiQg ageQWV (hROdiQg back PeWaO iRQV iQ Whe aTXeRXV ShaVe dXUiQg e[WUacWiRQ) 
aQd VWUiSSiQg ageQWV (back e[WUacWiQg PeWaO iRQV fURP a ORaded RUgaQic ShaVe).11-14 CRXQWeU-
cXUUeQW SURceVV WeVWV XViQg DGA e[WUacWiQg ageQWV (N,N,N¶,N¶-tetra-n-octyl-3-
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oxapentanediamide (TODGA, Figure 1) or N,N,N¶,N¶-tetra-(2-ethylhexyl)-3-
oxapentanediamide, TEHDGA) haYe VXcceVVfXOO\ beeQ SeUfRUPed iQ OabRUaWRU\ VcaOe 
eTXiSPeQW.15-21 TODGA haV e[WeQViYeO\ beeQ XVed iQ UeceQW EXURSeaQ UeVeaUch SURgUaPPeV RQ 
iQQRYaWiYe QXcOeaU fXeO c\cOeV22-24 WR deYeORS SURceVVeV cR-e[WUacWiQg acWiQideV aQd OaQWhaQideV 
fROORZed b\ VeOecWiYe VWUiSSiQg Rf acWiQideV.7, 17, 19, 25-30  

AQ iPSRUWaQW iVVXe ZiWh DGA e[WUacWiQg ageQWV ZheQ diVVROYed iQ aOiShaWic diOXeQWV iV WheiU 
SURQeQeVV WR WhiUd ShaVe fRUPaWiRQ ZheQ iQ cRQWacW ZiWh VROXWiRQV cRQWaiQiQg QiWUic acid aQd 
PeWaO iRQV iQ eOeYaWed cRQceQWUaWiRQV. ThiUd ShaVe fRUPaWiRQ iV VXSSUeVVed b\ addiQg PRdifieUV 
VXch aV WUi-Q-bXW\O ShRVShaWe (TBP), OiSRShiOic aOcRhROV RU PRQRaPideV, Vee Whe UeYieZV5, 8 aQd 
UefeUeQceV WheUeiQ. AOWeUQaWiYeO\, XViQg 1-RcWaQRO aV diOXeQW ZaV SURSRVed.31 TR aOORZ fRU Whe 
e[WUacWiRQ Rf PX(IV) iQ cRQceQWUaWiRQV Rf WeQV Rf g/L b\ TODGA, N,N¶-dimethyl-N,N¶-dioctyl-
2-[2-(hexyloxy)ethyl]-malonamide32-33 (DMDOHEMA, Figure 1) ZaV added aV a PRdifieU.34  

   

Figure 1. Molecular structures of TODGA and DMDOHEMA.   

ThiV hRZeYeU cRPeV ZiWh VRPe dUaZbackV. UViQg a SXUe 1-RcWaQRO diOXeQW UeVXOWV iQ VigQificaQW 
cR-e[WUacWiRQ Rf QiWUic acid b\ Whe diOXeQW,35 iQ addiWiRQ WR Whe QiWUic acid e[WUacWed b\ Whe DGA.6, 

36-38 AddiQg a PRdifieU Pa\ cRPSOicaWe VROYeQW cOeaQ-XS dXe WR Whe iQcUeaVed QXPbeU Rf 
cRQVWiWXeQWV each fRUPiQg YaUiRXV degUadaWiRQ SURdXcWV dXe WR h\dURO\ViV aQd UadiRO\ViV. 
FiQaOO\, PRdifieUV VXch aV TBP, PRQRaPideV RU DMDOHEMA aUe e[WUacWiQg ageQWV 
WhePVeOYeV, UeVXOWiQg iQ Whe XQdeViUed cR-e[WUacWiRQ Rf VRPe VROXWeV VXch aV ZU(IV) aQd MR(VI) 
iQ Whe caVe Rf DMDOHEMA.39 CRQVeTXeQWO\, a VROYeQW ZRXOd ideaOO\ cRPSUiVe RQe e[WUacWaQW 
aQd RQe diOXeQW ZhiOe PaiQWaiQiQg high ORadiQg caSaciW\ ZiWhRXW WhiUd ShaVe fRUPaWiRQ.  

The ORadiQg caSaciW\ Rf Whe VROYeQW iV iQcUeaVed b\ XViQg a TODGA cRQceQWUaWiRQ gUeaWeU WhaQ 
0.2 PRO/L. ThiV UeVXOWV iQ iQcUeaVed diVWUibXWiRQ UaWiRV Rf aOO PeWaO iRQV (iQcOXdiQg WhRVe WR be 
UejecWed) aQd cRPSOicaWeV back e[WUacWiRQ. TR cRXQWeUacW, DGA e[WUacWiQg ageQWV beaUiQg RQe 
RU WZR PeWh\O PRieWieV (FigXUe 2) ZeUe deYeORSed, VhRZiQg PXch ORZeU diVWUibXWiRQ UaWiRV.39-

41  



 

 

3 

   

Figure 2. Molecular structures of Me-DGA and diMe-DGA.   

AOWeUQaWiYeO\, a diOXeQW caXViQg VPaOOeU diVWUibXWiRQ UaWiRV cRPSaUed WR aOiShaWic diOXeQWV caQ be 
XVed WR cRXQWeUacW Whe effecWV Rf higheU e[WUacWaQW cRQceQWUaWiRQV. AURPaWic diOXeQWV iQ VRPe 
caVeV UeVXOW iQ ORZeU diVWUibXWiRQ UaWiRV cRPSaUed WR aOiShaWic diOXeQWV.42-43 AV aQ addiWiRQaO 
beQefiW, Whe\ SURWecW Whe e[WUacWiQg ageQW fURP UadiRO\Wic degUadaWiRQ aQd Whe\ WhePVeOYeV aUe 
VWabOe agaiQVW UadiRO\ViV. HRZeYeU, aURPaWic diOXeQWV caQ be SURQe WR QiWUaWiRQ fURP Whe QiWUic 
acid iWVeOf RU Whe NO3ā UadicaO fRUPed b\ UadiRO\ViV Rf Whe aTXeRXV ShaVe.44-45 AV WhiV Pa\ affecW 
VROYeQW SURSeUWieV VXch aV e[WUacWiRQ SeUfRUPaQce, VeOecWiYiW\ aQd YiVcRViW\, deWaiOed VWXdieV RQ 
UadiRO\ViV aQd QiWUaWiRQ aUe PaQdaWRU\. IQdeed, WROXeQe had beeQ ePSOR\ed aV diOXeQW iQ eaUO\ 
VWXdieV RQ DGA.1-2, 46-47 CRPSaUiQg VeYeUaO diOXeQWV fRU DGA, WROXeQe \ieOded AP(III) aQd 
EX(III) diVWUibXWiRQ UaWiRV ORZeU b\ aSSUR[iPaWeO\ WZR RUdeUV Rf PagQiWXde cRPSaUed WR 
Q-he[aQe RU Q-dRdecaQe.3  

ThiV SURPSWed XV WR VWXd\ aURPaWic cRPSRXQdV aV diOXeQWV fRU TODGA iQ PRUe deWaiO. 
FROORZiQg iQiWiaO VXcceVVfXO WeVWV ZiWh WHUW.-bXW\O beQ]eQe (WBXB), PRUe deWaiOed VWXdieV XViQg 
1,4-diiVRSURS\O beQ]eQe (DIPB) fROORZed. IQdeed, DIPB had beeQ XVed iQ Whe RUigiQaO YeUViRQ 
Rf Whe TALSPEAK SURceVV.48-49 WBXB ZaV XVed aV diOXeQW iQ Whe ALINA50 aQd LUCA51 
SURceVVeV.  

ThiV SaSeU SUeVeQWV a cRPSUeheQViYe VWXd\ RQ VROYeQWV cRPSUiViQg TODGA iQ aURPaWic 
diOXeQWV, DIPB aQd WBXB. SXch VROYeQWV aUe a SURPiViQg aOWeUQaWiYe WR VROYeQWV XVed iQ acWiQide 
VeSaUaWiRQ SURceVVeV deYeORSed iQ EXURSe, VXch aV i-SANEX, 17, 25, 28-29 APSeO,27 EXUR-EXAP14 
aQd EXUR-GANEX,7, 19 dXe WR WheiU ViPSOe RQe e[WUacWaQW, RQe diOXeQW cRPSRViWiRQ. The 
e[WUacWiRQ Rf QiWUic acid, WUiYaOeQW acWiQideV, AQ(III) aQd OaQWhaQideV, LQ(III) iQWR TODGA 
diVVROYed iQ aURPaWic diOXeQWV (DIPB, WBXB) ZaV deWeUPiQed aV a fXQcWiRQ Rf VhakiQg WiPe, 
QiWUic acid cRQceQWUaWiRQ, OigaQd cRQceQWUaWiRQ, PeWaO iRQ (La(III)) cRQceQWUaWiRQ aQd 
WePSeUaWXUe. TiPe-UeVROYed OaVeU fOXRUeVceQce VSecWURVcRS\ (TRLFS) ZaV ePSOR\ed WR cRQfiUP 
Whe 1:3 VWRichiRPeWU\ Rf Whe e[WUacWed CP(III) aQd EX(III) cRPSOe[eV. FXUWheUPRUe, Whe 
SUeVeQce Rf Whe VR faU XQkQRZQ 1:2 EX(III)-TODGA cRPSOe[ ZaV cRQfiUPed iQ RUgaQic ShaVeV 
ORaded ZiWh LQ(III).  
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EXPERIMENTAL  

ChemicalV  

AOO cRPPeUciaOO\ aYaiOabOe chePicaOV (AOfa AeVaU RU SigPa-AOdUich) XVed iQ WhiV VWXd\ ZeUe 
aQaO\WicaO UeageQW gUade aQd XVed ZiWhRXW fXUWheU SXUificaWiRQ. TODGA ZaV V\QWheVi]ed aV 
deVcUibed iQ Whe OiWeUaWXUe.2, 4 The SXUiW\ (> 99 %) ZaV checked XViQg NMR. 

NiWUic acid e[WUacWion 

Each 500 �L Rf 0.3±6.9 PRO/L HNO3 ZeUe cRQWacWed ZiWh each 500 �L Rf 0.15±0.5 PRO/L 
TODGA diVVROYed iQ DIPB RU ZiWh Whe diOXeQW iWVeOf RQ aQ RUbiWaO VhakeU (2500 USP) fRU 30 PiQ 
aW 20�C. AfWeU ceQWUifXgaWiRQ (2 PiQ aW 6000 USP) aQd ShaVe VeSaUaWiRQ RUgaQic ShaVeV ZeUe 
VWUiSSed iQWR ZaWeU (A/O = 1±4). IQiWiaO, aTXeRXV eTXiOibUiXP aQd RUgaQic eTXiOibUiXP QiWUic acid 
cRQceQWUaWiRQV ZeUe deWeUPiQed b\ SRWeQWiRPeWUic WiWUaWiRQ ZiWh 0.02 PRO/L RU 0.1 PRO/L 
NaOH. A MeWURhP WiWURSURceVVRU eTXiSSed ZiWh a 1 PL V\UiQge ZaV XVed. TiWUaWiRQV ZeUe 
SeUfRUPed iQ dXSOicaWe. MaVV baOaQceV ZeUe 100±104%.  

An(III) and Ln(III) e[WUacWion 

ATXeRXV ShaVeV ZeUe eiWheU 1±20 kBT/PL 241AP(III) iQ 0.2±4.9 PRO/L HNO3 RU each 
1 kBT/PL 241AP(III), 244CP(III) 154EX(III) aQd each 12 Pg/L Y(III), La(III) ± LX(III) (e[ceSW 
PP(III)) aV QiWUaWe VaOWV iQ 0.045±1.9 PRO/L HNO3. OUgaQic ShaVeV ZeUe 0.07±0.5 PRO/L 
TODGA iQ DIPB RU WBXB.  

Each 500 �L Rf RUgaQic aQd aTXeRXV ShaVeV ZeUe cRQWacWed iQ 2 PL VcUeZ caS gOaVV YiaOV aQd 
VhakeQ fRU 30 PiQ (e[ceSW iQ caVe Rf kiQeWic e[SeUiPeQWV) RQ aQ RUbiWaO YRUWe[ VhakeU aW 
2500 USP aQd 20�C. ThiV WiPe ZaV VXfficieQW WR aWWaiQ chePicaO eTXiOibUiXP (cf. SI, FigXUe S1). 
PhaVeV ZeUe ceQWUifXged fRU 2 PiQ aW 6000 USP aQd 300 �L aOiTXRWV ZeUe VeSaUaWed.  

GaPPa cRXQWiQg fRU 241AP(III) aQd 154EX(III) ZaV SeUfRUPed RQ a PackaUd CRbUa AXWR-GaPPa 
5003. FRU D VSecWURPeWU\ Rf 241AP(III) aQd 244CP(III), RUgaQic ShaVeV ZeUe VWUiSSed iQWR 
0.5 PRO/L aPPRQiXP gO\cROaWe VROXWiRQ (SH = 4, A/O = 10). ATXeRXV ShaVeV ZeUe diOXWed ZiWh 
Whe VaPe VROXWiRQ. FRU deWeUPiQaWiRQ Rf Y(III) aQd LQ(III) b\ ICP-MS, aOiTXRWV Rf Whe VaPSOeV 
SUeSaUed fRU D spectrometry ZeUe fXUWheU diOXWed ZiWh 2% XOWUaSXUe HNO3.  
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KineWic e[SeUimenWV 

PUeOiPiQaU\ kiQeWic e[SeUiPeQWV ZeUe SeUfRUPed WR deWeUPiQe Whe WiPe UeTXiUed WR aWWaiQ 
eTXiOibUiXP. ATXeRXV ShaVe ZaV 1 PRO/L HNO3, RUgaQic ShaVe ZaV 0.2 PRO/L TODGA iQ 
DIPB. SaPSOeV ZeUe VhakeQ fRU 2, 5, 10, 20, 30 RU 60 PiQ.  

TemSeUaWXUe deSendenW e[WUacWion 

ATXeRXV ShaVeV ZeUe 1 PRO/L HNO3. OUgaQic ShaVeV ZeUe 0.2 PRO/L TODGA iQ DIPB. ETXaO 
aPRXQWV Rf aTXeRXV aQd RUgaQic ShaVe ZeUe VhakeQ aQd ceQWUifXged aW 10, 20, 30, 40 aQd 50�C. 

Ln(III) loading  

ATXeRXV VROXWiRQV cRQWaiQiQg 1.5 PRO/L EU(NO3)3 iQ 2±4.3 PRO/L HNO3 ZeUe cRQWacWed ZiWh 
RUgaQic ShaVeV cRQWaiQiQg 0.1±0.5 PRO/L TODGA iQ DIPB (W = 30 PiQ, 7 = 293 K, A/O = 1), 
ceQWUifXged aQd YiVXaOO\ iQVSecWed fRU WhiUd ShaVe fRUPaWiRQ.  

A La(III) ORadiQg iVRWheUP ZaV eVWabOiVhed e[WUacWiQg La(NO3)3 (0.01±1.84 PRO/L) fURP 
1 PRO/L HNO3 iQWR 0.1 PRO/L TODGA diVVROYed iQ DIPB. OUgaQic ShaVeV ZeUe VWUiSSed iQWR 
aPPRQiXP gO\cROaWe VROXWiRQ (A/O = 10). La cRQceQWUaWiRQV iQ RUgaQic aQd aTXeRXV ShaVeV 
ZeUe aQaO\Ved b\ ICP-MS fROORZiQg diOXWiRQ.  

TRLFS VamSle SUeSaUaWion  

OUgaQic ShaVeV fRU CP(III) TRLFS ZeUe SUeSaUed b\ e[WUacWiQg 10í7 PRO/L CP(III) fURP 
0.3 PRO/L, 1 PRO/L RU 5 PRO/L HNO3 iQWR 0.2 PRO/L TODGA diVVROYed iQ DIPB. LQ(III)-ORaded 
RUgaQic ShaVeV fRU EX(III) TRLFS PeaVXUePeQWV ZeUe SUeSaUed b\ e[WUacWiQg 1.84 PRO/L 
M(NO3)3 (M = Y, La, Nd, SP, Gd, EX, EU) VROXWiRQV iQ 1 PRO/L HNO3 VSiked ZiWh 10í4 PRO/L 
RU 10í5 PRO/L EX(NO3)3 (QR VSike iQ caVe Rf 1.84 PRO/L EX(NO3)3) iQWR 0.1 PRO/L TODGA 
diVVROYed iQ DIPB RU TPH + 5 YRO.% 1-RcWaQRO. AfWeU ceQWUifXgaWiRQ 300 �L aOiTXRWV Rf Whe 
ORaded RUgaQic ShaVeV ZeUe WUaQVfeUUed iQWR TXaUW] cXYeWWeV aQd aQaO\Ved b\ TRLFS. 

TRLFS meaVXUemenWV  

TRLFS PeaVXUePeQWV ZeUe SeUfRUPed aW 298 K XViQg a Nd:YAG (SXUeOiWe II OaVeU, CRQWiQXXP) 
SXPSed d\e OaVeU V\VWeP (NaUURZScaQ D-R; RadiaQW D\eV LaVeU AcceVVRUieV GPbH). A 
ZaYeOeQgWh Rf 396.6 QP aQd 394 QP ZaV chRVeQ WR e[ciWe CP(III) aQd EX(III), UeVSecWiYeO\. A 
VSecWURgUaSh (ShaPURck 303i, ANDOR) ZiWh 300, 1199 aQd 2400 OiQeV SeU PP gUaWiQgV ZaV 
XVed fRU VSecWUaO decRPSRViWiRQ. The fOXRUeVceQce ePiVViRQ ZaV deWecWed b\ aQ ICCD caPeUa 
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(iSWaU GeQ III, ANDOR) afWeU a deOa\ WiPe Rf 1 �V WR diVcUiPiQaWe VhRUW-OiYed RUgaQic 
fOXRUeVceQce aQd OighW VcaWWeUiQg. 

RESULTS AND DISCUSSION 

NiWUic acid e[WUacWion ZiWh TODGA in DIPB 

The e[WUacWiRQ Rf QiWUic acid b\ TODGA diVVRYeOd iQ DIPB ZaV deWeUPiQed aW TODGA 
cRQceQWUaWiRQV iQ Whe UaQge Rf 0.15±0.5 PRO/L. The e[WUacWiRQ Rf QiWUic acid b\ Whe diOXeQW DIPB 
iWVeOf ZaV aOVR deWeUPiQed. NR WhiUd ShaVe fRUPaWiRQ ZaV RbVeUYed ZiWhiQ Whe UaQge Rf Whe iQiWiaO 
QiWUic acid cRQceQWUaWiRQV iQYeVWigaWed (0.3±6.9 PRO/L). OUgaQic eTXiOibUiXP QiWUic acid 
cRQceQWUaWiRQV aV a fXQcWiRQ Rf iQiWiaO aTXeRXV QiWUic acid cRQceQWUaWiRQ aUe VhRZQ iQ FigXUe 3, 
WRgeWheU ZiWh caOcXOaWed YaOXeV (Vee beORZ). 

 

Figure 3. Organic equilibrium nitric acid concentration as a function of initial aqueous nitric acid 
concentration for the extraction with TODGA in DIPB and DIPB itself. A/O = 1; t = 30 min; T = 20°C. 
Symbols, experiments. Lines, calculated (e[ceSW ³VORSe´ OiQe).  

CRPSaUed WR aOiShaWic aOcRhROV RU Pi[WXUeV Rf aOiShaWic aOcRhROV aQd keURVeQe,35 DIPB iWVeOf 
e[WUacWV RQO\ VPaOO cRQceQWUaWiRQV Rf QiWUic acid. The cRQceQWUaWiRQV aUe QegOigibOe cRPSaUed WR 
Whe WRWaO QiWUic acid e[WUacWiRQ b\ TODGA aQd DIPB, Vee FigXUe 3. AccRUdiQg WR Whe fROORZiQg 
eTXaWiRQ 
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ሾ𝐻+ሿ௔௤ + ሾ𝑁𝑂3
−ሿ௔௤ ⇌ ሾHNO3ሿ௢௥௚ 

a VORSe Rf WZR cRQfiUPV WhaW QiWUic acid iV SUeVeQW iQ Whe RUgaQic ShaVe aV aQ XQdiVVRciaWed 
PROecXOe.  

DeWecWabOe QiWUic acid e[WUacWiRQ b\ TODGA VWaUWV aW aQ iQiWiaO QiWUic acid cRQceQWUaWiRQ Rf 
0.3 PRO/L aObeiW iQ VPaOO cRQceQWUaWiRQV ([HNO3]RUg, eT < 0.01 PRO/L). A PRQRWRQic iQcUeaVe Rf 
Whe RUgaQic eTXiOibUiXP QiWUic acid cRQceQWUaWiRQ ZiWh iQcUeaViQg iQiWiaO QiWUic acid cRQceQWUaWiRQ 
iV RbVeUYed. ThiV iQcUeaVe, hRZeYeU, geWV OeVV SURQRXQced fRU iQiWiaO QiWUic acid cRQceQWUaWiRQV 
gUeaWeU WhaQ 2 PRO/L, iQdicaWiQg Whe begiQQiQg Rf Whe VaWXUaWiRQ Rf Whe RUgaQic ShaVe. 

NiWUic acid e[WUacWiRQ b\ a 0.3 PRO/L TODGA-DIPB VROYeQW iV aSSUR[iPaWeO\ 55% (aW iQiWiaO 
aTXeRXV QiWUic acid cRQceQWUaWiRQV XS WR 0.5 PRO/L) aQd aSSUR[iPaWeO\ 80% (be\RQd 2 PRO/L), 
UeVSecWiYeO\, Rf Whe cRQceQWUaWiRQV e[WUacWed b\ a 0.3 PRO/L TODGA-TPH/1-RcWaQRO VROYeQW.6  
CRQVeTXeQWO\, XViQg Whe aURPaWic diOXeQW ZiOO haYe aQ effecW RQ a SURceVV fORZ-VheeW aV OeVV 
e[WUacWed QiWUic acid ZiOO be URXWed WR Whe VcUXbbiQg aQd back-e[WUacWiRQ VWageV. 

The e[WUacWiRQ Rf QiWUic acid b\ TODGA aQd ViPiOaU DGA e[WUacWiQg ageQWV iV UeSRUWed WR 
SURceed aORQg Whe fRUPaWiRQ Rf Whe (TODGA)ā(HNO3) addXcW aW ORZ aQd iQWeUPediaWe QiWUic 
acid cRQceQWUaWiRQV aQd (TODGA)ā(HNO3)2 aW eOeYaWed QiWUic acid cRQceQWUaWiRQV.38 The 
SUeVeQce Rf Whe OaWWeU addXcW iV eYideQW fRU aTXeRXV QiWUic acid cRQceQWUaWiRQV  gUeaWeU WhaQ 
3 PRO/L, ZheUe Whe QiWUic acid cRQceQWUaWiRQ iQ Whe RUgaQic ShaVe e[ceedV Whe TODGA 
cRQceQWUaWiRQ, Vee FigXUe 3.  

The PRdeOOiQg aSSURach deVcUibed iQ UefeUeQce33 ZaV fROORZed WR caOcXOaWe QiWUic acid e[WUacWiRQ 
aV a fXQcWiRQ Rf iQiWiaO QiWUc acid aQd TODGA cRQceQWUaWiRQV. AccRXQWiQg fRU Whe 
(TODGA)ā(HNO3) aQd (TODGA)ā(HNO3)2 addXcWV, ZiWh a cRQdiWiRQaO e[WUacWiRQ cRQVWaQW fRU 
Whe 1:1 addXcW,  

𝐾H11 =
ሾሺ𝐻𝑁𝑂3ሻ𝐿ሿ

ሺ𝐻+ሻ ∙ ሺ𝑁𝑂3
−ሻ ∙ ሾ𝐿ሿ = 0.32 + ሺሾ𝐿ሿ௧௢௧ − 0.3ሻ ∗ 0.4 

𝐾H21 =
ሾሺ𝐻𝑁𝑂3ሻ2𝐿ሿ

ሺ𝐻+ሻ2 ∙ ሺ𝑁𝑂3
−ሻ2 ∙ ሾ𝐿ሿ = 0.01 

The PRdeO XVeV acWiYiWieV iQ Whe aTXeRXV ShaVe caOcXOaWed b\ Whe SSecific IRQ IQWeUacWiRQ TheRU\ 
(SIT), Vee UefeUeQceV.52-53 CRQceQWUaWiRQV UaWheU WhaQ acWiYiWieV aUe XVed iQ Whe RUgaQic ShaVe. 
The PiQXWe e[WUacWiRQ Rf QiWUic acid b\ DIPB iV QegOecWed.  

ThiV PRdeO accXUaWeO\ caOcXOaWeV QiWUic acid e[WUacWiRQ, Vee FigXUe 3. AddiWRQaOO\ cRQVideUiQg 
Whe (TODGA)2ā(HNO3) addXcW aOORZed fRU XViQg QRQ-cRQdiWiRQaO e[WUacWiRQ cRQVWaQWV fRU aOO 
WhUee addXcWV bXW UeVXOWed iQ cRQVideUabOe deYiaWiRQV fRU iQiWiaO QiWUic acid cRQceQWUaWiRQV iQ Whe 
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UaQge Rf 1±3 PRO/L. CeUWaiQO\, a PRUe VRShiVWicaWed PRdeO (Vee e. g. UefeUeQce6) PighW \ieOd 
beWWeU agUeePeQW ZiWh Whe e[SeUiPeQWaO daWa. HRZeYeU, Whe UaWheU OiPiWed VeW Rf daWa aYaiOabOe 
dReV QRW ZaUUaQW VXch a SURcedXUe.  

E[WUacWion of Am(III) aV a fXncWion of niWUic acid and TODGA concenWUaWionV 

The e[WUacWiRQ Rf AP(III) ZaV VWXdied RYeU a UaQge Rf QiWUic acid (0.2±4.9 PRO/L) aQd TODGA 
(0.05±0.5 PRO/L) cRQceQWUaWiRQV. DiVWUibXWiRQ UaWiRV fRU AP(III) aV a fXQcWiRQ Rf Whe iQiWiaO QiWUic 
acid aQd TODGA cRQceQWUaWiRQV aUe VhRZQ iQ FigXUe 4 aQd FigXUe 5, UeVSecWiYeO\.  

AP(III) diVWUibXWiRQ UaWiRV iQcUeaVe ZiWh iQcUeaViQg QiWUic acid (aQd WhXV QiWUaWe) cRQceQWUaWiRQ, 
iQ accRUdaQce ZiWh e[WUacWiRQ b\ VROYaWiRQ,  

AP3+ + 3 NO3
í + Q TODGA   ⇌   AP(NO3)3(TODGA)Q  

 

 

Figure 4. Am(III) distribution ratios for the extraction with TODGA in DIPB as a function of the initial nitric 
acid concentration. A/O = 1; t = 30 min; T = 20°C.  

SORSe aQaO\ViV ZaV SeUfRUPed WR deWeUPiQe Whe QXPbeU Rf TODGA PROecXOeV iQ Whe e[WUacWed 
AP(III) cRPSOe[eV. AP(III) diVWUibXWiRQ UaWiRV (FigXUe 4) ZeUe Ue-SORWWed aV a fXQcWiRQ Rf Whe 
eTXiOibUiXP QiWUic cRQceQWUaWiRQ aQd SORWWed aV a fXQcWiRQ Rf Whe eTXiOibUiXP TODGA 
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cRQceQWUaWiRQ (caOcXOaWed XViQg Whe eTXiOibUiXP PRdeO fRU QiWUic acid cRQceQWUaWiRQ), Vee FigXUe 
5. FRU PRUe deWaiOV RQ Whe SURcedXUe, Vee UefeUeQce.33  

 

Figure 5. Am(III) distribution ratios for the extraction with TODGA in DIPB as a function of the TODGA 
concentration. Equilibrium HNO3 concentrations and slopes as indicated in legend. A/O = 1; t = 30 min; T = 
20°C. 

FRU eTXiOibUiXP QiWUic acid cRQceQWUaWiRQV XS WR 1.4 PRO/L, Whe VORSeV aUe iQ Whe UaQge Rf 3.5±
3.8, iQdicaWiQg Whe e[WUacWiRQ Rf AP(III) aV a 1:4 cRPSOe[. FRU a QiWUic acid cRQceQWUaWiRQ Rf 
1.8 PRO/L Whe VORSe iV cORVe WR 3, iQdicaWiQg Whe e[WUacWiRQ Rf AP(III) aV a 1:3 cRPSOe[. FiQaOO\, 
Whe VORSe Rf 2.1 RbVeUYed aW 2.6 PRO/L QiWUic acid Pa\ be iQWeUSUeWed aV eYideQce fRU a 1:2 
cRPSOe[, HRZeYeU, Whe SUeVXPabO\ gUeaWeU XQceUWaiQWieV fRU Whe YeU\ high diVWUibXWiRQ UaWiRV 
aQd Whe ORZ QXPbeU Rf daWa SRiQWV dReV QRW aOORZ fRU VWURQg cRQcOXViRQV.  

OQ RQe haQd, OiWeUaWXUe UeSRUWV Whe e[WUacWiRQ Rf AQ(III) aQd LQ(III) WR SURceed aORQg Whe 
fRUPaWiRQ Rf 1:2, 1:3 RU 1:4 cRPSOe[eV deSeQdiQg RQ e[SeUiPeQWaO cRQdiWiRQV, Vee5, 8 aQd 
UefeUeQceV WheUeiQ. OQ Whe RWheU haQd, VSecWURVcRSic iQYeVWigaWiRQV54-56 b\ TRLFS Rf CP(III) 
aQd EX(III) e[WUacWed ZiWh DGA diVVROYed iQ keURVeQe cOeaUO\ VhRZ Whe iQQeU cRRUdiQaWiRQ 
VSheUe WR cRQWaiQ WhUee DGA PROecXOeV aQd QR ZaWeU RU QiWUaWe PROecXOeV, i. e. Whe\ aUe e[WUacWed 
aV [M(DGA)3]3+ cRPSOe[eV ZiWh RXWeU-VSheUe QiWUaWe aQiRQV WR cRPSeQVaWe Whe chaUge.  

CRQVeTXeQWO\, CP(III) aQd EX(III) e[WUacWed fURP 0.3±5 PRO/L QiWUic acid b\ TODGA diVVROYed 
iQ DIPB RU WBXB ZeUe VWXdied b\ TRLFS. The UeVSecWiYe CP(III) aQd EX(III) fOXRUeVceQce 
VSecWUa aUe VhRZQ iQ Whe SI, FigXUe S2. The\ aUe iQ e[ceOOeQW agUeePeQW ZiWh VSecWUa Rf Whe 
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CP(III) aQd EX(III) 1:3 DGA cRPSOe[eV fRXQd iQ PRQRShaVic WiWUaWiRQ e[SeUiPeQWV14, 54 aQd 
e[WUacWiRQ e[SeUiPeQWV XViQg aOiShaWic diOXeQWV.54-56 IQ cRQcOXViRQ, Whe VaPe [M(DGA)3]3+ 
cRPSOe[eV aUe fRUPed dXUiQg Whe e[WUacWiRQ iQWR Whe aURPaWic diOXeQWV DIPB aQd WBXB. 
FOXRUeVceQce OifeWiPeV Rf Whe e[WUacWed CP(III) aQd EX(III) cRPSOe[eV aUe iQ Whe UaQge Rf 455±
508 �V (CP(III)) aQd 1855±2100 �V (EX(III)). AccRUdiQg WR Whe cRUUeOaWiRQV Rf OifeWiPe aQd 
QXPbeU Rf cRRUdiQaWiQg ZaWeU PROecXOeV,57-58 WheVe UeVXOWV cRQfiUP Whe abVeQce Rf ZaWeU 
PROecXOeV iQ Whe iQQeU cRRUdiQaWiRQ VSheUe (cf. SI, FigXUe S3). 

The VSecWURVcRSic UeVXOWV dR QRW QeceVVaUiO\ cRQWUadicW e[WUacWiRQ iQ Whe fRUP Rf 1:4 cRPSOe[eV. 
ThiV WechQiTXe SURbeV Whe iQQeU cRRUdiQaWiRQ VSheUe Rf Whe e[WUacWed PeWaO iRQ, VhRZiQg iW WR be 
diUecWO\ cRRUdiQaWed WR WhUee TODGA PROecXOeV UegaUdOeVV Rf Whe QiWUic acid cRQceQWUaWiRQ. 
AddiWiRQaO TODGA PROecXOeV aVVRciaWed iQ Whe RXWeU VSheUe ZiOO UePaiQ XQdeWecWed.  

E[WUacWion An(III) and Ln(III) ZiWh TODGA diVVolYed in aUomaWic dilXenWV 

The e[WUacWiRQ Rf AQ(III) aQd LQ(III) ZiWh 0.2 PRO/L TODGA diVVROYed iQ DIPB RU WBXB ZaV 
VWXdied aV a fXQcWiRQ Rf Whe iQiWiaO QiWUic acid cRQceQWUaWiRQ. DiVWUibXWiRQ UaWiRV fRU AP(III), 
CP(III), Y(III) aQd Whe OighWeU LQ(III) aUe VhRZQ iQ FigXUe 6 fRU Whe TODGA-DIPB VROYeQW. 
DiVWUibXWiRQ daWa fRU Whe heaYieU LQ(III) iQWR Whe TODGA-DIPB VROYeQW aQd fXUWheU diVWUibXWiRQ 
daWa fRU Whe TODGA-WBXB VROYeQW aUe VhRZQ iQ Whe SI, FigXUeV S3 A±C.  
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Figure 6. Distribution ratios for the extraction of 241Am(III), 244Cm(III), 154Eu(III), Y(III), La(III), Pr(III), 
Sm(III) and Gd(III) with 0.2 mol/L TODGA in DIPB as a function of the initial nitric acid concentration. 
A/O = 1; t = 30 min; T = 20°C. 

BRWh V\VWePV (TODGA iQ DIPB aQd TODGA iQ WBXB) behaYe ViPiOaUO\. E[WUacWiRQ (DM(III) > 1) 
Rf AP(III) aQd CP(III) iV RbVeUYed fRU QiWUic acid cRQceQWUaWiRQV gUeaWeU WhaQ 0.5 PRO/L. LQ(III) 
e[WUacWiRQ VWaUWV aW QiWUic acid cRQceQWUaWiRQV beWZeeQ 0.15 PRO/L aQd 0.8 PRO/L, deSeQdiQg RQ 
Whe LQ(III). FRU QiWUic acid cRQceQWUaWiRQV gUeaWeU WhaQ 2 PRO/L diVWUibXWiRQ UaWiRV fRU PRVW Rf 
Whe PeWaO iRQV aUe WRR high (DM(III) > 5000) WR be deWeUPiQed accXUaWeO\.  

AV RbVeUYed eaUOieU,3, 25, 59 heaYieU LQ(III) aUe beWWeU e[WUacWed WhaQ Whe OighWeU RQeV. AP(III) aQd 
CP(III) VhRZ diVWUibXWiRQ UaWiRV ViPiOaU WR WhRVe Rf Nd(III). IQ geQeUaO, iQWUa-LQ(III) VeOecWiYiW\ 
(aW 0.5 PRO/L HNO3) iV VOighWO\ ORZeU iQ DIPB aQd WBXB cRPSaUed WR aOiShaWic diOXeQWV, Figure 
7 aQd FigXUe S5.  

Figure 7 cRPSaUeV AQ(III) aQd LQ(III) diVWUibXWiRQ UaWiRV fRU TODGA iQ DIPB, WBXB aQd 
TPH/1-RcWaQRO aW cRPSaUabOe e[SeUiPeQWaO cRQdiWiRQV (0.5 PRO/L HNO3 aQd 0.2 PRO/L 
TODGA). DiVWUibXWiRQ UaWiRV aUe aSSUR[iPaWeO\ WZR RUdeUV Rf PagQiWXde ORZeU fRU Whe aURPaWic 
diOXeQWV cRPSaUed WR TPH/1-RcWaQRO,25 iQ agUeePeQW ZiWh eaUOieU RbVeUYaWiRQV.3  
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Figure 7. Comparison of Am(III), Cm(III), Y(III) and Ln(III) distribution ratios for the extraction from 
0.5 mol/L HNO3 into 0.2 mol/L TODGA dissolved in aromatic diluents (DIPB, tBuB) and an aliphatic 
diluent (TPH with 5 vol.% 1-octanol; data from reference25). 

DXe WR Whe VPaOO diffeUeQceV beWZeeQ Whe WZR aURPaWic VROYeQWV, aOO fXUWheU e[SeUiPeQWV ZeUe 
SeUfRUPed ZiWh DIPB RQO\. 

TemSeUaWXUe deSendenW Am(III) and Ln(III) diVWUibXWion daWa  

AP(III) aQd LQ(III) diVWUibXWiRQ ZeUe deWeUPiQed aW YaUied WePSeUaWXUe (10±50�C). FigXUe 8 
VhRZV diVWUibXWiRQ UaWiRV fRU AP(III), Y(III) aQd La(III) ± Gd(III) aV a fXQcWiRQ Rf Whe 
WePSeUaWXUe. DiVWUibXWiRQ UaWiRV fRU Whe heaYieU LQ(III) aUe UeSRUWed iQ Whe SI, FigXUe S6.  
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Figure 8. Distribution ratios of 241Am(III), 154Eu(III), Y(III) and La(III) ± Gd(III) for the extraction from 
1 mol/L HNO3 into 0.2 mol/L TODGA in DIPB as a function of the temperature. A/O = 1; t = 30 min. 

DiVWUibXWiRQ UaWiRV fRU aOO VWXdied PeWaO iRQV decUeaVe VWURQgO\ ZiWh iQcUeaViQg WePSeUaWXUe (e.g. 
DAP(III),20�C / DAP(III),50�C § 30), iQdicaWiQg aQ e[RWheUPic UeacWiRQ. ThiV iQ e[ceOOeQW agUeePeQW 
ZiWh WePSeUaWXUe deSeQdeQW AP(III) diVWUibXWiRQ daWa deWeUPiQed fRU a TODGA/Q-dRdecaQe 
VROYeQW, UeSRUWiQg DAP(III),15�C / DAP(III),45�C § 30.60  

NR WheUPRd\QaPic eYaOXaWiRQ Rf Whe daWa ZaV SeUfRUPed aV WhiV ZRXOd UeTXiUe fXUWheU 
WePSeUaWXUe deSeQdeQW daWa RQ QiWUic acid e[WUacWiRQ. NeYeUWheOeVV, kQRZOedge Rf Whe 
WePSeUaWXUe effecW RQ AQ(III) aQd LQ(III) e[WUacWiRQ iV PaQdaWRU\ fRU fORZ-VheeW caOcXOaWiRQV iQ 
caVe a SURceVV iV WR be SeUfRUPed aW a WePSeUaWXUe RWheU WhaQ 20�C.  

Ln(III) loading behaYioXU  

E[WUacWiQg EU(III) (iQiWiaOO\ 1.5 PRO/L EU(NO3)3 iQ 2±4.3 PRO/L HNO3) iQWR VROXWiRQV Rf 0.1±
0.5 PRO/L TODGA iQ DIPB did QRW UeVXOW iQ Whe fRUPaWiRQ Rf a WhiUd ShaVe RU iQ a ShaVe 
iQYeUViRQ. The aURPaWic diOXeQW iWVeOf ZaUUaQWV a VXfficieQW VROXbiOiW\ Rf Whe QiWUic acid addXcWV 
aQd PeWaO iRQ cRPSOe[eV; a PRdifieU iV QRW UeTXiUed. 

FXUWheUPRUe, a VROYeQW cRPSUiViQg 0.1 PRO/L TODGA iQ DIPB ZaV ORaded ZiWh La(III) b\ 
e[WUacWiQg La(NO3)3 fURP 1 PRO/L HNO3. AgaiQ, QR WhiUd ShaVe fRUPaWiRQ ZaV RbVeUYed aW aQ\ 
La(III) cRQceQWUaWiRQ. The La(III) ORadiQg iVRWheUP iV VhRZQ iQ FigXUe 9.  
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Figure 9. Loading isotherm for the extraction of La(III) from 1 mol/L HNO3 into 0.1 mol/L TODGA in 
DIPB. A/O = 1, t = 30 min, T = 20°C. 

The RUgaQic eTXiOibUiXP La(III) cRQceQWUaWiRQ iQcUeaVeV OiQeaUO\ (DLa(III) § 0.15) ZiWh Whe iQiWiaO 
La(III) cRQceQWUaWiRQ XS WR aQ aTXeRXV iQiWiaO La(III) cRQceQWUaWiRQ Rf 0.45 PRO/L. AW WhiV SRiQW 
Whe RUgaQic eTXiOibUiXP La(III) cRQceQWUaWiRQ iV 0.033 PRO/L. ThiV UeSUeVeQWV Whe Pa[iPXP 
cRQceQWUaWiRQ Rf La(III) e[WUacWed iQWR 0.1 PRO/L TODGA aVVXPiQg WhaW La(III) iV e[WUacWed aV 
a 1:3 cRPSOe[. HRZeYeU, RUgaQic eTXiOibUiXP La(III) cRQceQWUaWiRQ keeSV iQcUeaViQg fRU 
aTXeRXV iQiWiaO La(III) cRQceQWUaWiRQV gUeaWeU WhaQ 0.45 PRO/L. AW aQ aTXeRXV iQiWiaO La(III) 
cRQceQWUaWiRQ Rf 1.84 PRO/L, 0.045 PRO/L La(III) iV e[WUacWed. CRQVeTXeQWO\, ORZeU La(III)-
TODGA cRPSOe[eV, SUeVXPabO\ Whe 1:2 cRPSOe[, PXVW be SUeVeQW iQ Whe RUgaQic ShaVe.  

SSecWUoVcoSic VWXd\ of Ln(III) loaded VolYenW VamSleV  

TR fXUWheU iQYeVWigaWe Whe fRUPaWiRQ Rf Whe 1:2 cRPSOe[ iQ LQ(III) ORaded RUgaQic ShaVeV, TRLFS 
ZaV SeUfRUPed. ATXeRXV ShaVeV cRQWaiQiQg 1.84 PRO/L Rf LQ(III) (LQ = Y, La, Nd, SP, Gd, EX, 
EU) aQd 10í5 PRO/L EX(III) (iQ caVe Rf SP(III), 10í4 PRO/L EX(III)) ZeUe SUeSaUed. AfWeU 
e[WUacWiRQ aQd ShaVe VeSaUaWiRQ Whe ORaded RUgaQic ShaVeV ZeUe iQYeVWigaWed b\ TRLFS, 
fRcXViQg RQ Whe EX(III) ePiVViRQ baQdV.  

The XVe Rf WZR diffeUeQW LQ(III) SeU VaPSOe (EX(III)VSike + LQ(III)e[ceVV) cRPSOicaWeV Whe 
eYaOXaWiRQ Rf Whe EX(III) fOXRUeVceQce VSecWUa aQd OifeWiPeV:<  
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FiUVW, Whe e[ceVV LQ(III) iWVeOf caQ fOXRUeVce eYeQ if QRW e[ciWed aW RQe Rf iWV abVRUSWiRQ Pa[iPa. 
WiWh Whe UaWiR [EX(III)VSLNH]:[LQ(III)H[FHVV] § 10í5, e[WiQcWiRQ cRefficieQWV H < 10í4 PROāLí1ācPí1 
aUe VXfficieQW WR e[ciWe LQ(III)e[ceVV. EX(III) fOXRUeVceQce baQdV RYeUOaS ZiWh Nd(III) aQd SP(III) 
fOXRUeVceQce baQdV. HRZeYeU, RQe caQ VeOecWiYeO\ deWecW EX(III) fOXRUeVceQce iQ SUeVeQce Rf Whe 
cRPSaUaWiYeO\ VhRUW OiYed Nd(III) aQd SP(III) fOXRUeVceQce b\ aSSO\iQg a deOa\ beWZeeQ 
e[ciWaWiRQ aQd fOXRUeVceQce deWecWiRQ.  

SecRQd, a fXUWheU TXeQchiQg SURceVV caQ RccXU iQ PRUe cRQceQWUaWed VROXWiRQV. IQ diOXWe 
V\VWePV, fOXRUeVceQce deSeQdV PaiQO\ RQ Whe SUeVeQce Rf TXeQchiQg PROecXOeV iQ Whe fiUVW 
cRRUdiQaWiRQ VSheUe Rf Whe fOXRUeVciQg PeWaO iRQ. HaUPRQic RYeUWRQeV Rf Whe OH VWUeWchiQg 
PRde aUe Whe PaiQ cRQWUibXWRUV WR WhiV TXeQchiQg SURceVV. HRZeYeU, iQ PRUe cRQceQWUaWed 
VROXWiRQV Whe e[ciWed VWaWe iV addiWiRQaOO\ TXeQched b\ eQeUg\ WUaQVfeU Yia diSROe-diSROe 
cRXSOiQg WR QeighbRXUiQg PeWaO iRQV. ThiV SURceVV iV kQRZQ aV ³F|UVWeU UeVRQaQce eQeUg\ 
WUaQVfeU (FRET)´. IW iV SURSRUWiRQaO WR Whe iQYeUVe Vi[Wh SRZeU Rf Whe diVWaQce beWZeeQ Whe 
acceSWRU aQd Whe dRQRU (kET a UAD

í6). IQ EX-Nd aQd EX-EU V\VWePV FRET WakeV SOace fURP 
EX(III) (dRQRU) WR Nd(III) RU EU(III) (acceSWRUV), UeVXOWiQg iQ EX(III) fOXRUeVceQce OifeWiPeV WhaW 
aUe VhRUWeU WhaQ e[SecWed.61-67 CRQVeTXeQWO\, HRUURck¶V eTXaWiRQ58 iV QRW aSSOicabOe; iW RYeU 
eVWiPaWeV Whe QXPbeU Rf cRRUdiQaWiQg ZaWeU PROecXOeV.  

FigXUe 10 VhRZV Whe QRUPaOi]ed EX(III) fOXRUeVceQce VSecWUa Rf Whe 5D0 Æ 7FQ (WRS, Q = 1, 2; 
bRWWRP, Q = 0) WUaQViWiRQV.  
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Figure 10. Normalized Eu(III) fluorescence emission spectra of the 5D0 Æ 7Fn transitions (top, n = 1, 2; 
bottom, n = 0) of TODGA in DIPB loaded with Ln(III) (Y, La, Nd, Sm, Eu, Gd, Er). Aqueous phase, initially 
1.84 mol/L Ln(NO3)3 in 1 mol/L HNO3. [TODGA] = 0.1 mol/L in DIPB; A/O = 1, t = 30 min, T = 20°C. 

IQ caVe Rf Whe RUgaQic ShaVeV ORaded ZiWh La(III) aQd Nd(III), EX(III) 5D0 Æ 7F1,2 ePiVViRQ 
VSecWUa ZiWh ePiVViRQ baQdV aW 592.8 QP, 614.1 QP aQd 618.8 QP aUe RbVeUYed (FigXUe 10, WRS). 
TheVe VSecWUa cRUUeVSRQd WR Whe [EX(TODGA)3]3+ cRPSOe[.54 HRZeYeU, fRU RUgaQic ShaVeV 
ORaded ZiWh Y(III), SP(III), EX(III), Gd(III) RU EU(III) aQ ePiVViRQ baQd aW 617.9 QP aSSeaUV, 
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beiQg PRVW SURQRXQced iQ Whe VaPSOeV cRQWaiQiQg Y(III) aQd EU(III). ThiV ePiVViRQ baQd 
cRUUeVSRQdV QeiWheU WR Whe EX-TODGA 1:1 cRPSOe[, (haYiQg aQ ePiVViRQ baQd aW 615 QP54) QRU 
WR Whe 1:3 cRPSOe[ (cf. La(III) aQd Nd(III) VaPSOeV). The RbVeUYed ePiVViRQ baQd SUeVXPabO\ 
beORQgV WR Whe 1:2 cRPSOe[. SXch a 1:2 VSecieV haV QRW beeQ RbVeUYed iQ eaUOieU e[SeUiPeQWV.54 
HRZeYeU, a ViPiOaU CP-TEDGA 1:2 cRPSOe[ ZaV RbVeUYed ZiWh Whe ZaWeU VROXbOe 
digO\cROaPide, TEDGA.14, 55  

EX(III) ePiVViRQ VSecWUa Rf Whe 5D0 Æ 7F0 WUaQViWiRQ aUe VhRZQ iQ FigXUe 10 (bRWWRP). The VhifW 
Rf Whe ePiVViRQ baQdV ZiWh UeVSecW WR Whe ePiVViRQ baQd Rf Whe VROYeQW VSecWUXP (578.9 QP) 
aOORZV caOcXOaWiQg Whe QXPbeU Rf cRRUdiQaWed R[\geQ dRQRUV.68 IQ caVe Rf Whe VROYeQW ORaded 
ZiWh La(III) (ePiVViRQ baQd aW 580 QP) Whe caOcXOaWed QXPbeU Rf R[\geQ dRQRUV iV 8.5, Zhich 
iV iQ gRRd agUeePeQW ZiWh Whe [EX(TODGA)3]3+ cRPSOe[. IQ caVe Rf Gd(III) aQd EX(III), 
ePiVViRQ baQdV aW 579.67 QP aQd 579.87 QP cRUUeVSRQd WR 6 aQd 6.7 TODGA R[\geQ dRQRUV, 
UeVSecWiYeO\, iQdicaWiQg Whe SUeVeQce Rf Whe 1:2 EX(III) cRPSOe[.  

FURP Whe EX(III) fOXRUeVceQce VSecWUa (cf. FigXUe 10), WhUee gURXSV aUe diVWiQgXiVhed: 

1. SaPSOeV cRQWaiQiQg RQO\ Whe EX-TODGA 1:2 cRPSOe[: Y(III) aQd EU(III) 
2. SaPSOeV cRQWaiQiQg RQO\ Whe EX-TODGA 1:3 cRPSOe[: La(III) aQd Nd(III) 
3. SaPSOeV cRQWaiQiQg bRWh 1:2 aQd 1:3 cRPSOe[eV: SP(III), EX(III), Gd(III)  

The 1:2 EX(III)-TODGA cRPSOe[ iV RQO\ fRXQd if Whe e[ceVV LQ(III) iV ViPiOaUO\ ZeOO aV RU 
beWWeU e[WUacWed WhaQ EX(III): The VROYeQW iV ORaded ZiWh Whe e[ceVV LQ(III) aQd Whe UePaiQiQg 
ORZ cRQceQWUaWiRQ Rf fUee TODGA SURPRWeV Whe fRUPaWiRQ Rf Whe  1:2 EX(III)-TODGA cRPSOe[. 
IQ caVe Rf VROYeQWV ORaded ZiWh La(III) aQd Nd(III), EX(III) diVSOaceV La(III) RU Nd(III) dXe WR 
iWV higheU diVWUibXWiRQ UaWiR, fRUPiQg Whe EX-TODGA 1:3 cRPSOe[.  

FOXRUeVceQce OifeWiPe PeaVXUePeQWV Rf each VaPSOe ZeUe SeUfRUPed WR fXUWheU chaUacWeUi]e Whe 
EX(III) cRPSOe[eV SUeVeQW iQ Whe LQ(III) ORaded RUgaQic ShaVeV. ReVXOWV aUe VhRZQ iQ FigXUe 11 
aQd aUe VXPPaUi]ed iQ Table 1. IQ caVe Rf Nd(III), Gd(III) aQd SP(III), bi- RU WUie[SRQeQWiaO fiWV 
ZeUe XVed WR deWeUPiQe Whe OifeWiPeV.  
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Figure 11. Natural logarithm of the Eu(III) fluorescence intensity of organic phases loaded with Ln(III) as a 
function of the delay time. Organic phase, 0.1 mol/L TODGA in DIPB. Aqueous phase, 1.84 mol/L Ln(NO3)3 
in 1 mol/L HNO3. A/O = 1, t = 30 min, T = 20°C. 

Table 1. Eu(III) and Ln(III) fluorescence lifetimes in TODGA-DIPB organic phases loaded with Ln(III) and 
calculated58 number of inner-sphere water molecules of the Eu(III)-TODGA complexes.  

Ln(III) LifeWimeV [�V] n(H2O)  

Y ĲEX = 758 � 25  0.8 

La ĲEX = 1929 � 42  í0.1 

Nd ĲNd = 1.50 � 0.03; ĲEX = 265 � 15  3.4 

SP ĲSP = 44 � 4; ĲEX = 1094 � 28 aQd 3424 � 105  0.3 (1:2); í0.3 (1:3) 

EX ĲEX = 1585 � 35  0.1 

Gd ĲEX = 926 � 27 aQd 1929 � 41  0.5 (1:2), í0.1 (1:3) 

EU ĲEX = 446 � 20  1.7 

BRWh Nd(III) aQd SP(III) aUe e[ciWed b\ Whe OaVeU OighW haYiQg a ZaYeOeQgWh Rf Oex = 394 nm. 
The fOXRUeVceQce OifeWiPeV ĲNd aQd ĲSm are in the usual range of those observed in organic 
solutions (0.032 µs < WNd < 2 µs69-70 and 2.7 µs < WSm < 22 µs).69 The OifeWiPeV Rf Whe EX(III)-
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TODGA cRPSOe[eV iQdicaWe Whe abVeQce Rf cRRUdiQaWiQg ZaWeU PROecXOeV, ZiWh Whe e[ceSWiRQ 
Rf Whe VROYeQWV ORaded ZiWh Y(III) (§ 1 H2O), Nd(III) (§ 3 H2O) aQd EU(III) (§ 2 H2O). ShRUWeU 
OifeWiPeV iQ caVe Rf Nd(III) aQd EU(III) Pa\ be caXVed b\ TXeQchiQg Yia F|UVWeU UeVRQaQce 
eQeUg\ WUaQVfeU.  

The lifetimes of the EX-TODGA 1:3 cRPSOe[eV aUe iQ Whe UaQge Rf 1929 µs < W1:3 < 3424 µs. 
ThiV cRUUeVSRQdV WR ]eUR ZaWeU PROecXOeV iQ Whe fiUVW cRRUdiQaWiRQ VSheUe. Lifetimes of the 1:2 
cRPSOe[ aUe iQ Whe UaQge Rf 758 µs < W1:2 < 1094 µs, cRUUeVSRQdiQg WR 0.8±0.3 ZaWeU PROecXOeV 
iQ Whe fiUVW cRRUdiQaWiRQ VSheUe.  

Si[ cRRUdiQaWiRQ ViWeV Rf EX(III) aUe RccXSied b\ Whe WUideQWaWe TODGA OigaQdV iQ Whe 1:2 
cRPSOe[. WiWh EX(III) SUefeUUiQg QiQe-fROd cRRUdiQaWiRQ iQ VROXWiRQ, WhUee ViWeV aUe aYaiOabOe fRU 
fXUWheU OigaQdV. AV Whe aURPaWic diOXeQW iV iQeUW, RQO\ QiWUaWe RU, accRUdiQg WR Whe OifeWiPe, ]eUR 
RU RQe ZaWeU PROecXOe Pa\ fiOO Whe YacaQW ViWeV (cf. Table 1). CRQVeTXeQWO\, Whe 1:2 cRPSOe[ iV 
[EX(TODGA)2(H2O)(NO3)P](3íP)+ (P = 1, 2) RU [EX(TODGA)2(NO3)Q](3íQ)+ (Q = 2, 3) iQ Whe 
RUgaQic ShaVe (P, Q deSeQdiQg RQ Whe deQWiciW\ ț Rf Whe QiWUaWe aQiRQ). WhaWeYeU Whe e[acW 
VWRichiRPeWU\ Rf Whe 1:2 cRPSOe[ PighW be, iW iV cOeaUO\ diVWiQgXiVhed fURP Whe 1:3 cRPSOe[ b\ 
iWV EX(III) ePiVViRQ VSecWUXP.  

TR iQYeVWigaWe Whe fRUPaWiRQ Rf Whe 1:2 cRPSOe[ iQ RWheU WhaQ aURPaWic diOXeQWV, ViPiOaU ORadiQg 
e[SeUiPeQWV ZeUe cRQdXcWed XViQg 0.1 PRO/L TODGA diVVROYed iQ TPH + 5 YRO.% 1-RcWaQRO. 
EX(III) VSecWUa iQ TPH/1-RcWaQRO (daVhed OiQeV) aUe cRPSaUed WR Whe VSecWUa iQ DIPB 
(cRQWiQXRXV OiQeV) iQ Whe SI, FigXUe S7. NR VigQificaQW diffeUeQceV aUe RbVeUYed fRU aQ\ Rf Whe 
VaPSOeV, cRQfiUPiQg Whe fRUPaWiRQ Rf a 1:2 cRPSOe[ aOVR iQ Whe aOiShaWic diOXeQW. FOXRUeVceQce 
OifeWiPeV ViPiOaU WR WhRVe PeaVXUed iQ Whe TODGA-DIPB VROYeQW (SI, FigXUe S8) fXUWheU cRQfiUP 
WhiV RbVeUYaWiRQ.  

TheVe UeVXOWV UeSUeVeQW Whe fiUVW VSecWURVcRSic eYideQce Rf a EX(III)-TODGA 1:2 cRPSOe[ iQ 
ORaded RUgaQic ShaVeV, iQdeSeQdeQW Rf Whe diOXeQW. EX(III) ePiVViRQ VSecWUa cRQfiUP WhaW Whe 
QeZ VSecieV iV a 1:2 cRPSOe[. ThiV e[SOaiQV Whe RbVeUYed high LQ(III) cRQceQWUaWiRQV iQ Whe 
RUgaQic ShaVe Rf Whe La(III) ORadiQg e[SeUiPeQW (cf. FigXUe 9). The e[iVWeQce Rf WhiV 1:2 TODGA 
cRPSOe[ PXVW be cRQVideUed ZheQ diVcXVViQg e[WUacWiRQ daWa aQd WakeQ iQWR accRXQW fRU DGA 
eTXiOibUiXP aQd fORZ-VheeW PRdeOV.  

CONCLUSION 

The e[WUacWiRQ Rf QiWUic acid, AQ(III) aQd LQ(III) iQWR TODGA diVVROYed iQ aURPaWic diOXeQWV 
(DIPB, WBXB) ZaV VWXdied. CRPSaUed WR TODGA-keURVeQe VROYeQWV,3-4, 6, 25 Whe TODGA-DIPB 
VROYeQW e[WUacWV OeVV QiWUic acid, aQd AQ(III) aQd LQ(III) diVWUibXWiRQ UaWiRV aUe RQe WR WZR RUdeUV 
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Rf PagQiWXde ORZeU fRU a giYeQ QiWUic acid cRQceQWUaWiRQ. HeQce, higheU OigaQd cRQceQWUaWiRQV 
caQ be XVed Zhich beQefiWV PeWaO iRQ ORadiQg. NR WhiUd ShaVe fRUPaWiRQ ZaV RbVeUYed.  

SORSe aQaO\ViV iPSOieV WhaW AP(III) iV e[WUacWed aV a 1:4 RU 1:3 cRPSOe[, deSeQdiQg RQ QiWUic 
acid cRQceQWUaWiRQ. TRLFS VhRZV Whe iQQeU cRRUdiQaWiRQ VSheUe Rf WheVe cRPSOe[eV WR be 
[M(DGA)3]3+ (M = CP, EX). TRLFS iQYeVWigaWiRQV Rf RUgaQic ShaVeV ORaded ZiWh LQ(III) UeYeaO 
Whe fRUPaWiRQ Rf Whe EX(III)-TODGA 1:2 cRPSOe[ fRU Whe fiUVW WiPe.  

IQ VXPPaU\, Whe TODGA-DIPB VROYeQW aOORZV fRU high LQ(III) ORadiQg ZiWhRXW UeTXiUiQg a 
ShaVe PRdifieU, RWheU WhaQ keURVeQe-baVed TODGA VROYeQWV. ThiV VROYeQW VhRZV SRWeQWiaO iQ 
Whe cRQWe[W Rf bRWh UaUe eaUWh Uec\cOiQg aQd adYaQced QXcOeaU fXeO c\cOeV.  
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Extraction kinetics of 241Am(III) and 154Eu(III) with TODGA in DIPB 

 

Fig. S1. 241Am(III) and 154Eu(III) distribution ratios for the extraction with TODGA dissolved in DIPB as a 
function of shaking time. [HNO3]ini = 1 mol/L; [TODGA] = 0.2 mol/L; A/O = 1; T = 20°C. 
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Normalized Cm(III) and Eu(III) fluorescence spectra of the organic phase of TODGA 
extraction samples in aromatic diluents. 

 

 

Fig. S2. Normalized fluorescence spectra (top, Cm(III) 6D¶7/2 Æ 8S¶7/2; right, Eu(III) 5D0 Æ 7Fn (n = 1,2)) of 
organic phases from the extraction of Cm(III) or Eu(III) with 0.2 mol/L TODGA dissolved in DIPB or tBuB. 
[Cm(III)]ini = 10í7 mol/L; [Eu(III)]ini = 10í5 mol/L [HNO3]ini = 0.3-5 mol/L (in case of Eu(III): 1 mol/L); 
A/O = 1; t = 30 min; T = 20°C. 
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Cm(III) and Eu(III) fluorescence lifetime of the organic phases of extraction samples for 
the extraction with TODGA in DIPB or tBuB  

 

 

Fig. S3. Natural logarithm of the fluorescence intensity of the organic phase of extraction samples for the 
extraction of Cm(III) (top) or Eu(III) (bottom) with 0.2 mol/L TODGA dissolved in DIPB or tBuB as a 
function of the delay time. [Cm(III)]ini = 10í7 mol/L; [Eu(III)]ini = 10í5 mol/L [HNO3]ini = 0.3-5 mol/L (in 
case of Eu(III): 1 mol/L); A/O = 1; t = 30 min; T = 20°C. 
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Distribution ratios for the extraction of An(III) and Ln(III) with TODGA in DIPB and 
tBuB 

 

Fig. S4 A. Distribution ratios for the extraction of 241Am(III), 244Cm(III), 154Eu(III), Y(III) and La(III)±
Gd(III) with TODGA in tBuB as a function of the initial nitric acid concentration. [TODGA] = 0.2 mol/L; 
A/O = 1; t = 30 min; T = 20°C. 

 

Fig. S4 B. Distribution ratios for the extraction of Y(III) and Eu(III)±Lu(III) with TODGA in DIPB as a 
function of the initial nitric acid concentration. [TODGA] = 0.2 mol/L; A/O = 1; t = 30 min; T = 20°C. 
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Fig. S4 C. Distribution ratios for the extraction of Y(III) and Eu(III)±Lu(III) with TODGA in tBuB as a 
function of the initial nitric acid concentration. [TODGA] = 0.2 mol/L; A/O = 1; t = 30 min; T = 20°C. 

Comparison of separation factors SFM(III)/Am(III) for the extraction rom nitric acid into 
TODGA dissolved in aliphatic and aromatic diluents 

 

Fig. S5. Comparison of the SFM(III)/Am(III) values for Y(III), Ln(III) and Cm(III) for the extraction from 
0.5 mol/L HNO3 into 0.2 mol/L TODGA dissolved in aromatic diluents (DIPB, tBuB) and an aliphatic diluent 
(TPH with 5 vol.% 1-octanol; data from reference1). 
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Distribution ratios for the heavy lanthanides for the extraction with TODGA in DIPB at 
different temperatures. 

 

Fig. S6. Distribution ratios of Y(III) and Eu(III)±Lu(III) for the extraction with TODGA in DIPB as a function 
of the temperature. [HNO3] = 1 mol/L; [TODGA] = 0.2 mol/L; A/O = 1; t = 30 min. 
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Normalized Eu(III) emission spectra from TODGA in DIBP or TPH + 5 vol.% 1-octanol 
organic phases loaded with Ln(III)  

 

 

Fig. S7. Normalized Eu(III) fluorescence emission spectra from organic phases loaded with Ln(III). Top, 5D0 
Æ 7Fn (n = 1, 2) transition; TODGA in DIPB (continuous lines) or TPH + 5 vol.% 1-octanol (dashed lines). 
Bottom, 5D0 Æ 7F0 transition; TODGA in TPH + 5 vol.% 1-octanol.   
Organic phases (0.1 mol/L TODGA in DIPB or TPH + 5 vol.% 1-octanol) loaded with Ln(III) (Y, La, Nd, 
Sm, Eu, Gd, Er). Aqueous phases, initially 10í5 mol/L Eu(NO3)3 and 1.84 mol/L Ln(NO3)3 in 1 mol/L HNO3. 
A/O = 1, t = 30 min, T = 20°C.  



 
 

8 

Decay of the Eu(III) fluorescence intensity from TODGA in TPH + 5 vol.% 1-octanol 
organic phases loaded with Ln(III)  

 

Fig. S8. Natural logarithm of the fluorescence intensity from organic phases loaded with Ln(III) as a function 
of the delay time. Experimental conditions, see Fig. S7; diluent was TPH + 5 vol% 1-octanol. 
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