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Recent R&D Studies Related to
Coprocessing of Spent Nuclear Fuel Using

N,N-Dihexyloctanamide

P. N. Pathak, D. R. Prabhu, A. S. Kanekar, and V. K. Manchanda
Radiochemistry Division, Bhabha Atomic Research Centre, Trombay,

Mumbai, India

Abstract: The PUREX process has undergone several modifications to address
the issues of high burn up, fewer solvent extraction cycles, and reduced waste aris-
ings. Advanced fuel cycle scenarios have led to a renewed international interest in
the development of separation schemes for co-recovering U=Pu from spent fuels.
Completely incinerable N,N-dihexyloctanamide (DHOA) has been identified as a
promising candidate for the reprocessing of spent fuels. Batch extraction studies
were carried out to evaluate DHOA and TBP for the coprocessing (co-extraction
and co-stripping) of U and Pu from spent fuel under varying concentrations of
nitric acid and of uranium as well as under simulated pressurized heavy water
reactor spent fuel feed conditions. At 50 g=L U in 4M HNO3, DPu values for
1.1M DHOA and 1.1M TBP solutions in n-dodecane were 7.9 and 3.8, respec-
tively. In contrast, significantly lower DPu value at 0.5M HNO3 (4� 10�3)
for DHOA as compared to TBP (4� 10�2) suggested that it was a better choice
for coprocessing of spent nuclear fuel. This behavior was attributed to the change
in stoichiometry of extracted species at lower acidity vis-a-vis the higher acidity.
These studies suggest that plutonium fraction can be enriched with respect to ura-
nium contamination in the product stream. DHOA displays better extraction
behavior of plutonium and stripping behavior of uranium under simulated feed
conditions. DHOA appears distinctly better than TBP with respect to fission
product=structural material decontamination of U=Pu.
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INTRODUCTION

To achieve optimum peaceful utilization of fissile materials, separation
scientists will have to ensure the reprocessing of spent fuels, and afford
effective defenses against proliferation. The proliferation resistant fuel
cycle has led to a renewed international interest in the development
of new separation schemes for coprocessing of U=Pu present in dissol-
ver solution (1–6). This has an additional advantage with respect to
criticality problems. The coprocessing option appears particularly
promising for the reprocessing of Pu based fast reactor spent fuels with
lower uranium component. Therefore, efforts are being made world-
wide on a whole range of processes that must be taken up for reproces-
sing–recycling goals. This includes the development of a reprocessing
scheme for spent nuclear fuel to get mixed uranium-plutonium oxide
as the product can be used directly in processes for manufacturing
mixed oxide (MOX) nuclear fuels. At the Savannah River Laboratory,
a coprocessing flowsheet was proposed for recovering and purifying
light water reactor (LWR) fuels to achieve partial partitioning of
uranium and plutonium to eliminate streams with pure plutonium.
Hydroxylamine nitrate was the reductant in these tests. Plutonium
was enriched with respect to uranium concentrated by factors of 6 to
27.4 (7). Another approach for recycling spent nuclear fuels with the
aim of minimizing the number of stages and the risk of proliferation
of nuclear materials was coextraction of uranium, plutonium, and a
part of fission products (0.1 to 10%) (8). However, the plutonium
product stream obtained after the partitioning step would contain a
part of extracted uranium and most of the radioactive fission products
extracted during the extraction step. This plutonium product stream
was proposed to be processed by a sol-gel method in order to obtain
plutonium-uranium-fission products mixed oxide, which would be
subsequently used to manufacture fresh nuclear fuels. Although the
presence of neutron absorbing fission products in fresh nuclear fuels
does not pose problem in fast reactor operations, a substantial increase
in fissile content is required for thermal light water reactors. This new
type of fuel has to be tested in a reactor before its actual use. Also, the
presence of radioactive fission products at all stages in spent fuel repro-
cessing and fresh fuel production chains requires additional radiation
protection systems in the operating plants. This option appears to be
expensive in view of the additional shielding requirements due to high
dose and evaluation studies on recycled fuel.

In this context, Baron et al., proposed a new scheme for reprocessing
spent nuclear fuel, which should allow effective decontamination of ura-
nium and plutonium from the fission products. The final product is
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uranium-plutonium oxide that can be directly used for the manufacture of
MOX nuclear fuels after suitable adjustment of Pu to U ratio using exist-
ing Pu stocks (8). Unlike PUREX process, the proposed scheme aims at

i. co-extraction of U(VI) and Pu(IV) from the feed solution,
ii. scrubbing of fission products from the loaded organic phase using

nitric acid, and
iii. the partial separation of plutonium from uranium (during reductive

stripping step) and to keep it together throughout for all subsequent
steps including mixed oxide fuel fabrication.

The uranium present in the organic phase is stripped separately by
dilute nitric acid and kept separately. The extractant may be a trialkyl
phosphate, such as tri-n-butyl phosphate (TBP), triisobutyl phosphate
(TiBP), or a triisoamyl phosphate (TiAP) in n-dodecane (9). However,
the preferred extractant is 30% TBP=n-dodecane being used in the
PUREX process. The salient features of this process are:

a. it never allows plutonium to be left without uranium minimizing the
risk of plutonium being misappropriated for military purposes, and

b. it provides mixed uranium-plutonium oxide powder as the product
that can be used directly for the manufacture of MOX nuclear fuels
for fast reactors.

However, decades of experience in nuclear fuel reprocessing based on
the PUREX process has identified few problems of TBP essentially aris-
ing due to the degradation products of TBP, which affect the extractive
and stripping behavior of U=Pu and its hydrodynamic properties such
as viscosity, density and phase disengagement time (10,11). These short-
comings are of serious concern for the reprocessing of short-cooled ther-
mal reactor fuels or fast reactor spent fuels. In addition, TBP introduced
for reprocessing leaves behind �20 volume% of phosphoric acid which
has to be neutralized and thereafter either bituminized or converted into
phosphate glass (12). Evaluation of alternate extractants is therefore
desirable, which can overcome these problems.

N,N-dialkyl amides have been identified as alternative extractants to
TBP (13–16). GANEX (Group ActiNide Extraction) and ARTIST
(Amide-based Radio-resources Treatment with Interim Storage of Trans-
uranics) processes have been proposed at CEA, France and at JAERI,
Japan, respectively (17,18). These separations are achieved by use of
amidic extractants in accordance with the CHON principle. The GANEX
process involves a step of preliminary uranium separation using a
branched amide, di(2-ethylhexyl)isobutyramide, followed by the group
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extraction of transuranic elements, along with the residual uranium, from
the raffinate. On the other hand, the ARTIST process proposes to
recover and stock all actinides, uranium, and a mixture of transuranics
separately, and to dispose only fission products. The branched-alkyl
monoamide (BAMA) proposed to be used in ARTIST process is N,N-
di-(2-ethylhexyl)butyramide (D2EHBA).

Extensive laboratory batch studies as well as mixer settler studies
were performed at BARC, India, to evaluate N,N-dialkyl amides as
extractants for the reprocessing of spent uranium and thorium based
fuels (16). Straight chain N,N-dihexyloctanamide (DHOA) was identified
as a promising alternative to TBP for the reprocessing of spent uranium
based fuels. DHOA extracts Pu(IV) more efficiently than TBP, both at
trace-level concentration as well as under uranium loading conditions.
Mixer settler experiments on uranium extraction suggested that the beha-
vior of DHOA is similar to that of TBP during the extraction cycle but is
better than TBP during the stripping cycle. DHOA offers better fission
product decontamination than that of TBP.

Third phase formation behavior of any extractant for a particular
metal ion under a specified condition is expressed in terms of Limiting
Organic Concentration (LOC) of the metal ion beyond which the organic
phase splits into two phases. During the reprocessing of spent nuclear fuel
by solvent extraction, the occurrence of the third phase in the extraction
system is undesirable as apart from limiting the throughput of the plant,
it presents criticality hazard. This is particularly relevant to fast reactor fuel
reprocessing, where the plutonium concentration is fairly high. At 3.3M
HNO3, the LOC (g=L) values of Pu(IV) and U(VI) in 1.1M DHOA=
n-dodecane system were �49 and �98, respectively. The corresponding
Pu(IV)-LOC value for 1.1M TBP has been reported to be �53 g=L (19).
No third phase formation was observed in the case of uranium extraction
using TBP as the extractant under identical conditions. Radiolytic degra-
dation studies of DHOA showed the formation of caprylic acid, dihexyla-
mine, and dihexylketone, which could be easily washed out. Unlike TBP,
irradiated DHOA showed negligible retention of Pu, U and fission
products in the organic phase after the stripping cycle (20).

The present paper compares the behavior of DHOA and TBP as
extractants for the coprocessing of uranium based fuels under

a. varying concentrations of nitric acid and of uranium, and
b. simulated pressurized heavy water reactor (PHWR) spent fuel feed

conditions.

Batch experiments have been done for the performance evaluation of
TBP and DHOA in extraction, scrubbing and stripping cycles. Extraction
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behaviors of Am(III), fission products and structural materials were also
investigated under simulated PHWR feed conditions using both the
extractants.

EXPERIMENTAL

Materials

DHOA was synthesized in our laboratory as per the reported method
(16). TBP and n-dodecane used in this study were of AR grade. However,
TBP was washed with alkali prior to its use in the present work. 233U
tracer (�10�4M) was purified by anion exchange to eliminate the daugh-
ter products of 232U and was found by a spectrometry to be free from
228Th and its daughter products (21). Pu (principally 239Pu) was purified
by solvent extraction procedure using HTTA (2-theonyltrifluoroacetone)
as extractant and its radiochemical purity was ascertained by gamma
spectrometry for the absence of 241Am (22). Pu(IV) was extracted by
0.5M HTTA in xylene at 1.0M HNO3 and stripped by 8.0M HNO3

and was used as stock for Pu(IV). Further, the valency of Pu in the aqu-
eous phase was adjusted and maintained in the tetravalent state by the
addition of 0.05M NaNO2þ 0.005M NH4VO3 (holding oxidants). Other
radionuclides such as (241Am, 147Nd, 137Cs, 152,154Eu, 95Zr, 106Ru=106Rh,
85,89Sr, 59Fe, and 51Cr) were checked for their purity by gamma spectro-
metry. A stock solution of natural uranium (oxide form) was prepared by
dissolving in nitric acid, and used after suitable dilution as per the
requirement in solvent extraction experiments.

Extraction Procedure

Pre-equilibrated 1.1M solutions of DHOA and TBP in n-dodecane with
respective nitric acid solutions were used for solvent extraction experi-
ments under desired experimental conditions. Desired volumes of the
pre-equilibrated organic phases (1.1M TBP=DHOA) and the aqueous
phases containing metal ions were kept for equilibration in the water bath
for 30 minutes at 25�C. The two phases were then centrifuged and
assayed by taking suitable aliquots (25–50 mL) from both the phases.
233U and Pu in the organic and aqueous phases were estimated by liquid
scintillation counting using dioxane based scintillator. The composition
of the scintillator medium was: 0.7% (w=v) 2,5-diphenyloxazole (PPO),
0.03% (w=v) 1,4-di-[2-(5-phenyloxazoyl)]-benzene (POPOP), 1% (w=v)
trioctyl phosphine oxide (TOPO), and 10% (w=v) naphthalene dissolved
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in one liter of dioxane. The correction for counts in both the phases due
to the decay products of natural uranium was done by performing experi-
ments under identical conditions using natural uranium solutions under
the desired conditions. The distribution ratio of the metal ions (DM)
was defined as the ratio of concentration of metal ion in the organic
phase (expressed in terms of counts per unit volume per minute) to that
in the aqueous phase. For radiometric assay, usually concentration and
aliquot sizes were adjusted suitably to give a count rate of 10000 to
50000 counts=min. However, in the cases where the count rates were
lower, a long period counting was performed to keep relative standard
deviation values within �5%. All the experiments were carried out at least
in duplicate and the material balance was within error limits (�5%).

RESULTS AND DISCUSSION

Effect of Uranium Concentration

Extraction studies of U(VI) and Pu(IV) were carried out at varying acidities
(0.5–4M HNO3) and uranium concentrations (50–300 g=L) using 1.1M
solutions of TBP as well as of DHOA in n-dodecane. Third phase was
observed in the case of 1.1M DHOA=n-dodecane for [U]initial> 100g=L
(VO=VA¼ 1). VO=VA was maintained as 3 for [U]initial of 200 g=L and 3.5
for [U]initial of 300g=L U. VO and VA refer to the volume of the organic
and aqueous phases used in the solvent extraction experiments. The DU

and DPu values

i. increased with increased aqueous phase acidity at a fixed uranium
concentration, and

ii. decreased with increased uranium concentration at a fixed acidity for
both the extractants (Figs. 1–4).

Generally, DU values were higher but DPu values were lower in the
case of TBP than those of DHOA. It is also evident that unlike TBP,
DU does not decrease significantly in case of DHOA with uranium con-
centration in the range 100–300 g=L. DHOA displayed fascinating beha-
vior with respect to DPu values. Typically at 50 g=L U (which is expected
to be present in fast reactor spent fuel feed solution), the DPu values were:
4.0� 10�2 (0.5M HNO3) and 3.8 (4M HNO3) for 1.1M TBP and
4.0� 10�3(0.5M HNO3) and 7.9 (4M HNO3) for 1.1M DHOA. Irre-
spective of the uranium concentration, DPu values were larger for DHOA
between 3–4M HNO3 but lower between 0.5� 1.0M HNO3 as compared
to the corresponding values with TBP. This was attributed to the change

Recent R&D Studies 3655

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
5
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



in the nature of extractable species at 0.5 and 4.0M HNO3 using DHOA as
the extractant. These special features of DHOA make it a promising candi-
date to coprocess uranium and plutonium present in the dissolver solution.
This is particularly important for the coprocessing of fast reactor spent fuels

Figure 1. Variation of DU with nitric acid concentration; Extractant: 1.1M
TBP=n-dodecane; Temperature: 25�C; #: VO=VA¼ 3; ##: VO=VA¼ 3.5.

Figure 2. Variation of DU with nitric acid concentration; Extractant: 1.1M
DHOA=n-dodecane; Temperature: 25�C; #: VO=VA¼ 3; ##: VO=VA¼ 3.5.
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containing larger quantities of plutonium. In comparison to TBP, Pu can be
better extracted from 4M HNO3 and better stripped from the loaded
organic phase at 0.5M HNO3 (without any reducing agent) using DHOA.

To ascertain the stoichiometry of the extracted species, the
DPu values were obtained as a function of DHOA concentration

Figure 3. Variation of DPu with nitric acid concentration; Extractant: 1.1M
TBP=n-dodecane; Temperature: 25�C; #: VO=VA¼ 3; ##: VO=VA¼ 3.5.

Figure 4. Variation of DPu with nitric acid concentration; Extractant: 1.1M
DHOA=n-dodecane; Temperature: 25�C; #: VO=VA¼ 3; ##: VO=VA¼ 3.5.
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(0.1–1.1M) at 0.5 and 4.0M HNO3. Fig. 5 shows that the slopes of the
log DPu vs log [DHOA]free concentration at these two acidities are differ-
ent. It appears that a disolvated species is formed at lower acidity while
more than two DHOA molecules are involved in the extracted species of
Pu(IV) at higher acidity. The data indicate that DHOA appears better
extractant than TBP for coprocessing of fast reactor fuels and a lesser
number of stages are required for extraction and stripping of plutonium
as compared to that of uranium. Figure 6 compares the separation factor
(SF: DU=DPu) values for 1.1M TBP and 1.1M DHOA solutions in
n-dodecane in the presence of 50 g=L U in 0.5 and 4M HNO3. It is evi-
dent that the Pu=U ratio can be increased in the case of DHOA during
the stripping step at 0.5M HNO3. This observation suggests that DHOA
appears promising for the coprocessing of fast reactor spent fuels.

Extraction Studies under Simulated PHWR Spent Fuel

Feed Conditions

The flow sheet developed at Savannah River Plant, USA and by the
French group aimed at enriching plutonium stream (by reductive
stripping) with respect to uranium (7,8). By contrast, Zabunoglu and
Özdemir proposed a two-step flow sheet viz. co-decontamination (of
U and Pu) and co-stripping, for coprocessing of spent light water

Figure 5. Variation of log DPu vs log [DHOA]free at 0.5M and 4M HNO3.
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reactor fuels similar to conventional PUREX process (3). Fission pro-
duct decontamination was done by acid scrub (2.5M HNO3). No redu-
cing agent was proposed for the stripping of plutonium (and uranium),
instead dilute nitric acid solution (0.01M) was used in flow sheet devel-
opment studies. In this context, it was of interest to evaluate DHOA
and TBP as extractant for coprocessing of uranium and plutonium
under PHWR spent fuel feed conditions. Table 1 compares the extrac-
tion behavior of uranium and plutonium under simulated PHWR feed
conditions containing 300 g=L U at 4M HNO3 maintaining VO=VA¼ 5.
Whereas quantitative extraction (>99%) of Pu(IV) was achieved in two
successive extraction stages employing 1.1M DHOA as extractant;
three stages were required for its extraction using 1.1M TBP as extrac-
tant. Both DHOA and TBP required two extraction stages for
quantitative extraction of uranium.

Scrubbing conditions were optimized using loaded 1.1M TBP and
1.1M DHOA solutions in n-dodecane (obtained after extraction cycle)
as organic phases and 2–4M HNO3 solutions maintaining VO=VA¼ 5
(Table 2). Based on these studies, 4M HNO3 was found suitable as scrub-
bing solution [TBP: 3.9 (DPu), 10 (DU); DHOA: 6.6 (DPu), 5.4 (DU)].
DHOA offered higher DPu values both under extraction and scrubbing
stages as compared to those of TBP.

Figure 6. Separation factor of U and Pu at 0.5M and 4M HNO3; Extractant(s):
1.1M TBP and 1.1M DHOA solutions in n-dodecane; [U]¼ 50 g=L;
Temperature¼ 25�C.
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One of the interests in the coprocessing of U=Pu from the spent fuels
is to avoid the stringent=critical chemical conditions for the partitioning
of Pu from uranium, which is achieved by the use of reducing agents like
U(IV) and hydrazine. By contrast, only dilute nitric acid is proposed to
be used for the stripping of uranium and plutonium from the loaded
organic phase. The purpose of co-stripping was to wash the loaded
organic phases (TBP=DHOA) with dilute nitric acid solution with a
recovery as high as possible. Therefore, stripping studies were carried
out on the loaded TBP and DHOA phases using 0.1M HNO3 without
any reducing agent. The choice of 0.1M HNO3 was as the strippant
was based on the minimum aqueous phase acidity requirement to avoid
hydrolysis=polymerization of plutonium. It should be noted that acidity
build up in the aqueous phase was also expected during the stripping
cycle.

Table 3 shows that quantitative stripping of uranium can be achieved
in four contacts in the case of DHOA as extractant. By contrast, a mini-
mum of six stages were needed for its stripping from loaded TBP phase.
However, three stages were sufficient for the quantitative stripping
of Pu from loaded TBP=DHOA phases. These studies suggest that

Table 1. Extraction data of U and Pu under simulated PHWR feed
conditions; Extractant(s): 1.1M TBP and 1.1M DHOA solutions in
n-dodecane; [HNO3]: 4M; VO=VA: 5; Temperature: 25�C

1.1M TBP 1.1M DHOA

Stage EU (%) EPu (%) EU (%) EPu (%)

I 97.3 83.3 95.6 93.7
II 99.9 97.2 99.8 99.9
III – 99.5 – –

Table 2. Scrubbing studies on loaded organic phases containing U
and Pu under simulated PHWR feed conditions; Extractant(s):
Loaded 1.1M TBP and 1.1M DHOA solutions in n-dodecane (dur-
ing extraction cycle); [HNO3]: 4M; VO=VA: 5; Temperature: 25�C

1.1M TBP 1.1M DHOA

[HNO3], M DU DPu DU DPu

2 6.5 1.4 4.0 2.3
3 9.2 2.6 4.6 5.4
4 10.0 3.9 5.4 6.6
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co-processing of PHWR spent fuel can be achieved in lesser number
of stages using DHOA as extractant (extraction: 2; stripping: 4) as
compared to that of TBP (extraction: 3; stripping: 6).

Extraction Behavior of Americium, Fission Products, and

Structural Materials

It was of interest to investigate the behavior of Am(III), fission products
(viz. 147Nd, 137Cs, 152,154Eu, 95Zr, 106Ru=106Rh, 85,89Sr) and structural
materials (viz. 59Fe and 51Cr) under the simulated feed conditions using
1.1M TBP and 1.1M DHOA solutions in n-dodecane as the extractants.
Table 4 clearly indicates that DHOA offers better decontamination from
Am(III), fission products, and structural materials as compared to those
of TBP.

Table 3. Stripping behavior of U and Pu from loaded organic phases under simu-
lated PHWR feed conditions; [HNO3]: 0.1M; Temperature: 25�C

Pu Stripping, % U Stripping, %

Stages VO=VA 1.1M TBP 1.1M DHOA 1.1M TBP 1.1M DHOA

I 2 78 78 20 26
II 2 89 90 47 60
III 1 >99 >99 70 90
IV 1 – – 85 >99

Table 4. Fission products=structural materials distribution
behavior under simulated PHWR feed conditions; [HNO3]:
4M; VO=VA: 5

DM

Metal ion 1.1M TBP 1.1M DHOA

Am 4.3� 10�2 6.6� 10�3

Cs 3.1� 10�2 <10�4

Eu 4.1� 10�2 2.3� 10�3

Zr 0.2 5� 10�2

Ru 5� 10�2 1� 10�2

Fe 5.5� 10�2 3.8� 10�3

Nd 3.3� 10�2 <10�4

Cr <10�4 <10�4
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CONCLUSIONS

Batch extraction studies suggest that DHOA is a better choice for copro-
cessing of spent nuclear fuel than TBP. It offers better extraction of Pu
under feed conditions (4M HNO3) and its easy stripping at 0.5M
HNO3 without using any reducing agent. This observation has been
attributed to the formation of disolvated species at 0.5M HNO3; while
more than two DHOA molecules are involved in the extracted species
at 4M HNO3. DHOA displays better extraction behavior of plutonium
and stripping behavior of uranium under simulated feed conditions.
Quantitative extraction of Pu can be achieved in two contacts using
1.1M DHOA as the extractant; while more than three stages are required
for 1.1M TBP as the extractant. Four contacts of 0.1M HNO3 is suffi-
cient for quantitative uranium stripping in the case of DHOA. On the
other hand, a minimum of six stages were needed for its stripping from
loaded TBP phase. DHOA appears distinctly better than TBP with respect
to Am(III), fission products and structural materials decontamination
of U=Pu.
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