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Abstract
During previous radioanalytical studies at Paul Scherrer Institute ca. 30 L of acidic waste containing spent nuclear fuel was 
produced, and now they need to be disposed A flow sheet for conditioning of these waste was designed and the extraction 
chromatography technique is evaluated. Suitable sorbents, such as AMP_PAN, TBP impregnated resin and DGA resin, were 
selected for the task of Cs-removal, extraction of U and Pu, and extraction of minor actinides and lanthanides, respectively. 
A pilot device will be built for preliminary tests with simulated solutions, and the facility will be built and evaluated with 
the real spent fuel solutions.
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Introduction

Radioanalysis of spent fuel pellets is important for nuclear 
power plants, both, concerning the management of the fuel 
cycle and waste disposal. Several decades ago, a number 
of radioanalytical studies on ca. 700 g of spent nuclear fuel 
samples from Swiss nuclear power plants were performed at 
Hot Laboratory (hotlab), Paul Scherrer Institute (PSI), Swit-
zerland. The samples were dissolved in approximately 30 L 
of 8–10 M  HNO3 and the remaining solutions have been 
stored at hotlab for several decades and now they need to be 
properly disposed. In Switzerland, deep geological storage 
is adopted as the disposal concept for radioactive waste [1]. 
Based on this, these spent fuel solutions have to be cemented 
for geological storage.

Concept of the “Fixbox” conditioning

A facility for conditioning of liquid radioactive waste, the 
so-called Fixbox 3 [2], was developed at PSI. This facil-
ity was installed in glove-boxes and gamma-shielded for 

handling the waste containing alpha- and gamma emitters, 
respectively. The Fixbox 3 procedure consists of chemical 
conditioning and pre-cementation. Acids are foreseen to be 
neutralized by standard solutions in the chemical condition-
ing step and several packages of 1 L can be produced in 
the pre-cementation step. Finally, these packages are solidi-
fied with cement in an approximately 200 L metal drum 
before being transferred to the geological storing site. In 
order to fulfill the requirements of the Fixbox 3 procedure, 
the gamma dose rate, mainly stemming from 137Cs (half-
life: ~ 30 a) [3], must be significantly reduced.

Isotope reclamation

Samples or solutions of spent nuclear fuel do not only 
impose huge efforts for conditioning and disposal, but con-
tain also valuable materials for scientific studies i.e. for 
neutron induced fission- and capture cross sections, which 
are urgently needed and can hardly be obtained by other 
means. In the following paragraph, we explain these “spin-
off” applications in more detail:

To optimize the design of advanced nuclear energy 
systems, and especially systems aimed to “burn” spent 
nuclear fuel, accurate nuclear reaction data for a large num-
ber of isotopes are required. In particular, high-accuracy, 
high-resolution cross-section data are needed on neutron 
induced reactions (capture, fission and inelastic reaction) 
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for several actinides, long-lived fission fragments and struc-
tural materials.

The n_TOF facility at CERN [4]—a pulsed neutron 
source coupled to a 200 m flight path designed to study neu-
tron-nucleus interactions in energy ranges from a few meV 
to several GeV—initiated by Rubbia [5], gives the unique 
possibility to measure these urgently needed capture and 
fission cross sections.

Several capture and fission cross-section measurements 
on various long-lived U, Pu, Np, Am and Cm isotopes have 
already been performed during the two n_TOF measurement 
campaigns (2001–2004 and 2009–2012), for instance high 
accuracy results on the radiative capture of 232Th and fission 
of 233U, both of fundamental importance for the develop-
ment of the Th/U fuel cycle [6–9]. Fission cross-sections 
were determined with high accuracy also on 237Np and 240Pu 
[10, 11], two of the minor actinides most abundantly pro-
duced in current reactors. Recently, capture cross section of 
238U, 236U, 241Am and fission cross section of 240Pu and 242Pu 
have been measured with the aim of reaching unprecedented 
accuracy [8, 12]. An overview on the n_TOF CERN fission 
program can be found in [13].

Moreover, Experimental Area II or (EAR-2) [14] has 
been operational from 2014 on with a gain in flux of more 
than 20 times compared to Experimental Area I (EAR-1), as 
thus will allow n_TOF to expand its measurement capabili-
ties to even smaller samples of more short-lived and rare 
isotopes, such as 230Th, 232U, 238U,240Pu, 244Cm and even 
fission products.

As a consequence of this situation, we observe a strongly 
increasing demand for rare and exotic radioactive sample 
material, especially minor actinides and fission products, 

because a basic ingredient of a reliable cross section deter-
mination with a low uncertainty is a high quality target, con-
taining sufficient amount of the desired isotopes and meeting 
the specific requirements of the measurement. The currently 
available spent fuel solutions can be a source of such valu-
able material.

Design of the flow sheet

The model developed for the conditioning of spent nuclear 
fuel solutions is shown schematically in Fig. 1. This model 
consists of Cs-removal, U and Pu extraction, minor actinides 
and lanthanides extraction, activation isotopes extraction and 
final cementation.

The Cs-removal process is the first step for two reasons: 
(1) the reduction of gamma dose rate on these spent fuel 
solutions fulfills the requirement of the Fixbox 3 procedure; 
(2) the risk of radiation-induced decomposition on the 
extractants used in the following steps is lowered. U and Pu 
extraction is following after the Cs-removal step. The aim 
of this step is to remove the matrix elements from the spent 
fuel solutions, which lowers the concentration of interfering 
ions during extraction of the desired isotopes. As stated in 
“isotope reclamation”, those scientific valuable isotopes (e.g. 
minor actinides) are in high demand, therefore the extraction 
of minor actinides as well as the extraction of rare activa-
tion isotopes are performed before the cementation proce-
dure. The co-extraction of minor actinides and lanthanides 
is conducted due to their similar chemical properties [15], 
and the step of separating minor actinides from lanthanides. 
For the separation of Am from Cm, currently the separation 

Fig. 1  Flow sheet for condi-
tioning of spent nuclear fuel 
solutions at PSI. MA minor 
actinides, Ln lanthanides
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procedure is not determined. This work might be performed 
properly in the future.

Description of materials in each step

Because of its operational simplicity, chromatographic sep-
aration techniques were evaluated in each separation step 
presented in the flow sheet.

Cs‑removal

Ammonium molybdophosphate polyacrylonitrile (AMP_
PAN) was used for Cs-removal. This material is an engi-
neered product—immobilized ammonium molybdophos-
phate (AMP) on polyacrylonitrile (PAN) [16]. It was 
developed and evaluated by Sebesta et al. [17]. The chemi-
cal stability was tested by pre-contacting the AMP_PAN 
with 1 M  HNO3 for a month and the radiation stability of 
AMP_PAN was tested after receiving  103–106 Gy of either 
gamma or X-ray dose [17, 18]. The results of the evalua-
tion on pre-treated AMP_PAN showed that no changes of 
adsorption properties of AMP_PAN to Cs was observed in 
comparison with non pre-treated AMP_PAN, which proved 
the good chemical and radiation stability of AMP_PAN. 
Later, AMP_PAN was tested at Idaho National Engineering 
and Environmental Laboratory (INEEL) to remove radioac-
tive Cs from acidic and radioactive liquid waste. Both batch 
and column methods experiments with AMP_PAN were per-
formed at INEEL [19–21]. Their results showed that AMP_
PAN has high selectivity to Cs in highly acidic and salt bear-
ing solutions. The evaluation indicated that AMP_PAN is an 
efficient and promising material to remove Cs from highly 
acidic solutions. A manuscript concerning the optimization 
of the chemical separation system for Cs removal has been 
submitted to the Radiochimica Acta.

U and Pu extraction

The liquid–liquid extraction technique as well as the devel-
oped extractants have been widely studied for the extraction 
of U and Pu from spent fuel solutions [22–25]. However, the 
complexed setup is not suitable for the small-scale extraction 
task. In this work, the simplified ion-exchange technique 
and TBP impregnated resin is evaluated for the extraction 
of U and Pu. It is an engineered form of U and Pu selective 
sorbent material marketed by the company “Triskem” in 
Europe. This material is produced by immobilizing tribu-
tyl-phosphate (TBP) molecules on an inert matrix and it 
has been studied by Dirks et al. recently [26]. They studied 
the distribution coefficient (Kd) of many elements on TBP 
impregnated resin in a wide range of  HNO3 concentrations 
(0.1–10 M) [26]. Their results indicated that the Kd value of 

U and Pu increased with the concentration of  HNO3, while 
the Kd value of other elements (mainly fission products) 
remained small. Details can be found in [27]. This study 
proved that the TBP impregnated resin has high selectivity 
for U and Pu in concentrated  HNO3 solutions. Therefore, 
TBP impregnated resin is a suitable material to remove the 
matrix elements of U and Pu from these high acidic spent 
fuel solutions.

Minor actinides and lanthanides extraction

The minor actinides and lanthanides extraction from spent 
nuclear fuel solutions have attracted much attention recently 
and several extractants were developed and tested [28]. In 
this study, the DGA-resin was tested for the extraction of 
minor actinides and lanthanides extraction. This material 
was developed by “Eichrom Technologies Inc.” in the US 
and is marketed by the company “Triskem” in Europe. The 
DGA-resin is synthesized by immobilizing N,N,N′,N′-tetra-
n-octyldiglycolamide (TODGA) molecules on an inert 
matrix and it has been studied extensively recently. Pour-
mand et al. evaluated the distribution coefficient of many 
elements on the DGA-resin in wide range of  HNO3 concen-
trations (0.1–12 M) [29]. Their results showed that the minor 
actinides and lanthanides have high affinity to this material 
in concentrated  HNO3, which indicated that the DGA-resin 
is an effective material to extract minor actinides and lantha-
nides from these highly acidic spent fuel solutions. Details 
can be found in [30].

Separation of minor actinides from lanthanides

The separation of minor actinides from lanthanides is a 
challenging task due to their similar chemical properties 
and many studies have been performed by different groups 
[31–35]. In this work, the separation of minor actinides 
from the DGA-resin (lanthanides) is performed with hydro-
philic bis-triazinyl-pyridine (BTP). Geist and Wilden et al. 
performed experiments of extraction of Am and Eu by the 
TODGA system with addition of hydrophilic BTP in aque-
ous phase [36, 37]. They found that the extraction of Am 
was effectively suppressed, but the extraction of Eu was 
only slightly influenced. The separation factor of Am/Eu 
increased with the concentration of hydrophilic BTP. Since 
the active component of DGA resin is TODGA, the hydro-
philic BTP would be an effective material to separate minor 
actinides from the DGA resin.

Design of the specific flow diagram

By considering a chromatographic separation system and 
the selected sorbents, the specific conceptual flow diagram 
is depicted in Fig. 2 and the selected sorbents are shown 
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in Table 1. In the chromatographic separation system, a 
transparent glass tube was used for loading the sorbent and 
a Teflon™ frit was put in the bottom of the tube for hold-
ing the sorbent. A peristaltic pump  (ISMATEC®) was used 

to control the flow rate of the solution though the column 
and plastic bottles are used for the collection of effluents.

The loaded sorbents (AMP_PAN and TBP-resin) as well 
as the adsorbates (Cs, U and Pu) and the waste produced in 
each separation step were sent to the Fixbox 3 facility for 
final cementation. The separated isotopes will be kept for 
further scientific investigations.

Conclusions and outlook

In the present paper, a concept for conditioning of spent 
nuclear fuel solutions at PSI was presented. An already 
developed facility (Fixbox 3) will be used for the final 
cementation of these high-level solutions. In order to fulfill 

Fig. 2  Specific conceptual flow diagram for the treatment of spent fuel solutions

Table 1  The information of selected materials

MA minor actinides, Ln lanthanides

Task Materials Source

Cs-removal AMP_PAN “Triskem”
U and Pu extraction TBP impregnated resin “Triskem”
MA and Ln extraction DGA resin “Triskem”
MA separation Hydrophilic BTP “Sigma-Aldrich”
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the requirement of Fixbox 3 and to meet the demand of 
scientific valuable isotopes, extraction of Cs, U and Pu, 
minor actinides and lanthanides, and rare fission products 
are included into a designed flow sheet for the disposal of 
these spent fuel solutions. For the purpose of separation or 
extraction of the desired elements, chromatographic sepa-
ration techniques are currently evaluated. Promising mate-
rials were selected for each extraction step. AMP_PAN, 
TBP impregnated resin and DGA resin were selected for 
the extraction of Cs, U and Pu, minor actinides and lantha-
nides, respectively. The hydrophilic BTP was selected for the 
separation of minor actinides from DGA resin. A conceptual 
flow diagram containing these separation steps as well as the 
sorbents was thus developed.

In the future, the selected sorbents will be individually 
tested by both batch and column methods. The performed 
tests will allow determining the optimum condition (e.g. 
acidity) and parameters (e.g. dimension of column and flow 
rate) of the devices suitable for our tasks. The device pre-
sented in Fig. 2 will be tested using simulated solutions in 
lieu of real spent fuel solutions and later one with the real 
spent fuel solutions.

The operation of the device will establish the basis for 
the safe and efficient disposal of the liquid nuclear waste at 
PSI stemming from nuclear power plants and, additionally, 
can help to provide urgently needed radioactive samples for 
scientific experiments like neutron capture and fission cross 
section measurements.
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