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Abstract

The metal retention behaviors of several simulated radiolysis products on zirconium metal were investigated, and it was found
that acid phosphate radiolysis product HDEHP has the greatest effect. The effects of extraction nitric acid concentration,
simulated radiolysis product concentration, metal concentration, and temperature on the zirconium metal retention behavior
were also investigated. The results showed that zirconium metal forms complexes with HDEHP resulting in retention in
the organic phase. Nitric acid concentration and metal concentration change the morphology of the metal thus affecting the
extraction and metal retention behavior. The temperature has almost no effect on metal retention.

Keywords TBP - Zirconium - Radiolysis products - Metal retention

Introduction

The Plutonium Uranium Redox Extraction (PUREX) pro-
cess is the most widely applied used nuclear fuel reprocess-
ing process, utilizing an organic phase solvent system con-
sisting of tributyl phosphate (TBP) mixed with a long-chain
aliphatic hydrocarbon diluent for the recovery and separa-
tion of uranium—plutonium[1-3]. However, in the process,
organic solvents are exposed to high levels of radioactivity
and acidity, which makes them susceptible to radiation deg-
radation. With the increased burnup of used nuclear fuel,
the problem of radiolysis of PUREX solvents has become
increasingly important and has been studied more and more
extensively [4, 5]. The study found that the main radiolysis
products of TBP/diluent systems are hydrogen, methane [6],
acid phosphate esters (such as DBP and MBP) [7, 8], nitroal-
kanes [9], and other substances [10]. Due to the generation
of radiolysis products, it is necessary to decontaminate the
dirty solvent after several cycles of use. However, in the
purification and regeneration of dirty solvents after irradia-
tion decomposition, it was found that the radiolysis products
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can be divided into temporary radiolysis products and per-
manent radiolysis products, and the temporary radiolysis
products (such as DBP and MBP) can be removed by alkali
washing [11], while the permanent radiolysis products can-
not be removed by alkali washing and will accumulate with
solvent reuse [12]. Meanwhile, in the study of irradiation
stability of the TBP/diluent system, it was found that in the
presence of diluent, some strong metal complex agents that
are difficult to be removed by alkali washing will appear [4].
These permanent radiolysis products, which are difficult to
remove, are known to significantly impact the used nuclear
fuel reprocessing process and may lead to problems such as
difficult separation of two phases[13], generation of inter-
facial crud[14], and red oil accidents[15]. Furthermore, the
strong metal complexing agent in the permanent radiolysis
product will complex with the metal in the extraction pro-
cess, making it difficult to enter the aqueous phase, resulting
in the retention of uranium—plutonium elements or fission
products during extraction, stripping, and solvent washing
reuse. The issue of metal retention has occurred at the UP3
plant in France [16], the Tokai reprocessing plant in Japan
[17], and the fast reactor reprocessing plant in India [18].
Since the metal retention problem directly impacts the trend
of metals in the PUREX process and reduces the decon-
tamination and recovery of uranium—plutonium metals, it is
necessary to investigate the causes and mechanisms of the
metal retention problem.
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Previous scholars conducted a series of studies on metal
retention and it was found that the irradiated TBP/diluent/
nitric acid system appeared metal retention for actinide met-
als such as uranium and plutonium, and fission products such
as ruthenium and zirconium [12, 19-21]. Furthermore, the
metal retention values of plutonium, ruthenium, and zir-
conium increase continuously with increasing irradiation
doses [12, 19, 22, 23]. In order to investigate which radi-
olysis product is responsible for the metal retention prob-
lem, The solvents causing metal retention after irradiation
were separated using high vacuum distillation, and it was
found that the heavy fraction had a strong retention effect on
zirconium metal. The fraction was characterized by FTIR,
GCMS, and NMR, and was found to contain ketones, acid
phosphate esters [4], nitroalkanes [24], alcohols, and car-
boxylic acids [13]. Therefore, many hypotheses have been
proposed by previous scholars for the permanent radioly-
sis products that cause metal retention. For example, the
nitroalkane hypothesis, the hydroxamic acid hypothesis, the
long-chain acid phosphate hypothesis, etc. [25]. However,
there are many different opinions and it is difficult to con-
clude. Studies have shown that irradiation decomposition
products of the TBP-diluent-nitrate system contain nitroal-
kane radiolysis products, and the secondary products of
nitroalkanes, hydroxamic acids, and compounds produced
by nitration of acidic phosphates with diluents are thought
to be closely related to metal retention phenomena and have
attracted extensive discussion. Hydroxamic acid is a pow-
erful metal complexing agent and is thought to contribute
to the metal retention phenomenon. And alkaline washing
actually increases this hydroxamic acid concentration via
the Nef reaction of the enol form of the nitroparaffin [26].

butyl lauryl phosphate (HBLP) both exhibit properties simi-
lar to those of strongly complexed radiolysis products [30,
31]. Single long-chain alkyl acid phosphate esters had strong
extraction and retention effects on zirconium metal while
forming 2:1 type complexes [32]. As for the density func-
tional study for the formation of complexes between acid
phosphate and actinide metal elements, it was indicated that
the bond lengths of coordination bonds formed between acid
phosphate and Pu elements are shorter than those of TBP
due to the influence of the steric hinder of the ligands, and
have the higher coordination affinity [33]. Therefore, the
acid phosphate hypothesis has gained more general agree-
ment. There have been many studies on the retention of met-
als by HDBP and H2MBP [21, 34], however, the study of
long-chain acid phosphate radiolysis products formed by the
radiolysis of diluents together with TBP is not well defined
[4]. Meanwhile, carboxylic acids and alcohols have been
found to be important radiolysis products [10], however,
their metal retention behavior has not been confirmed.
Bis(2-ethylhexyl) phosphate (HDEHP) is a homologue
of dioctyl acid phosphate and a typical long-chain acid
phosphate with branched chains, and it has been less
studied before. Therefore, it was chosen to simulate the
long-chain acidic phosphate ester radiolysis products, and
1-dodecanoic acid and 1-dodecanol were also chosen to
investigate the retention of zirconium metal by carboxylic
acid and alcohol radiolysis products. They were added to
30% TBP/n-DD to simulate the solvent after irradiation.
Subsequently, extraction experiments were conducted to
verify their effects on zirconium metal extraction. In the
presence of HDEHP, the effects of nitric acid concentra-
tion, radiolysis product concentration, metal concentra-

RCH,NO, — RCH = NO(O)~ — Aldehyde, Oxime and Hydroxamic Acid, etc. ey

However, there has been considerable debate regarding
the stability and role of radiolytically-produced hydroxamic
acids and nitroparaffins in metal complexation [27]. It was
noted that not enough hydroxamic acid was detected in the
irradiated solvent to cause metal retention. The combina-
tion of higher molecular weight acidic phosphate produced
by TBP irradiation with compounds produced by diluent
nitration has been noted in the literature to cause difficul-
ties in reverse extraction and poor separation factors [19].
However, studies on long-chain acidic phosphates indicate
that some long-chain acidic phosphates have a strong reten-
tion effect on metals. In past studies, it was pointed out that
TBP generates acid phosphate esters with long chains with
carbon chain lengths of about 6 to 12 (hexyl to octyl) with
diluents under irradiation, and the length of the side chain
alkyl group of the long chain acid phosphate ester is related
to the type of diluent [28, 29]. Dioctyl acid phosphate and

@ Springer

tion, and temperature factors on metal retention values
were investigated. In this work, whether HDEHP, dode-
canoic acid and dodecanol retain metal zirconium was
verified, and the substances that cause metal retention
were further clarified, and experiments were conducted
to investigate the effect of various influencing factors on
the metal retention value, to investigate the mechanism of
metal retention phenomenon, and to study the method of
reducing the metal retention value by changing the param-
eters such as nitric acid concentration. The relationship
between the concentration of radiolysis products and the
metal retention value has been established, which contrib-
utes to the formulation of standards for the purification of
dirty solvents, the determination of the concentration of
radiolysis products that requires the purification of dirty
solvents by distillation, and the increase of the number of
cycles of extraction solvents.
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Scheme 1 Molecular structure of Bis(2-ethylhexyl) phosphate
(HDEHP)

Experimental
Materials

N-Dodecane (98%), Bis(2-ethylhexyl) phosphate (99%),
Dodecanoic acid (99%), and 1-Dodecanol (98%) were
purchased from Shanghai Macklin Biochemical Co., Ltd
(Shanghai, China). The other chemicals were of analytical
grade and purchased from Sino pharm Reagent Co., Ltd, and
used without additional purification. The molecular structure
of HDEHP is shown in Scheme 1.

Solvent Extraction experiment

Zirconium stock solution was prepared from zirconium
nitrate pentahydrate. Zirconium nitrate pentahydrate was
dissolved in different concentrations of the nitric acid solu-
tion by heating in a water bath, which generated aqueous
zirconium nitrate solutions with different nitric acid con-
centrations, and then diluted to obtain aqueous zirconium
nitrate solutions with different metal concentrations. The
organic solution of 30/70 (v/v)% TBP/n-DD was obtained
by dissolving TBP in the n-dodecane diluent. The simu-
lated radiolysis products were added to the organic phase
to obtain the simulated post-radiation solution. In the 1AF
process in the PUREX process, a high acid feed is often
used in order to improve the purification factor of the
ruthenium, typically using a feed acidity of 3 mol L™! to
4 mol L™! for the nitric acid [35], and it was found in the
study that the zirconium metal would hydrolyze into dif-
ferent forms when the acidity was too low [36], so a higher
concentration of 4 mol L™'was selected as the experimen-
tal concentration in the concentration range; and the zir-
conium metal concentration in the process ranges from
8.8 mmol L™! to 22 mmol L™}, and a relatively wider range
has been chosen for experiments with zirconium metal in
the literature [37], so the metal concentration was selected
as the 10 mmol L™! concentration value. Unless otherwise
stated, the metal ion concentration and nitric acid concen-
tration of the aqueous solution are 10 mmol L™! Zr(IV)
and 4 mol L™' HNO3, respectively. it is known that the
yield of irradiated decomposition products after irradiation

is in the range of 0.12 g L™'-0.52 g L™! [38], so a concen-
tration of 10 mmol L~! was chosen as the mixing ratio of
TBP and simulated radiolysis products.

The extractant solution was taken in a 15 mL centrifuge
tube and mixed with an equal volume of aqueous zirconium
nitrate solution, and the extraction was carried out on a con-
stant-temperature shaker for 30 min. It is demonstrated that
30 min is enough for the two phases to reach equilibrium.
After a period of extraction, the phase was split by centrifu-
gation in a centrifuge (LG16B high-speed centrifuge, Lei-
boer Medical Devices Co., Ltd., Beijing, China) at 2500 rpm
for 10 min. An aliquot of the aqueous raffinate was taken into
an individual tube containing 0.1 M HNO3 and the zirco-
nium concentration was assayed by ICP-MS (X-II ICP-MS,
Thermo Fisher Scientific, Waltham, MA, USA). The zir-
conium concentration in the organic phase after extraction
was calculated using the subtraction method, and the ratio of
zirconium concentration in the organic and aqueous phases
was calculated. The distribution ratio, D, was derived from

D=2 2

c, @
where ¢, is the metal concentration value in the organic
phase after extraction and c,, is the metal concentration value
in the aqueous raffinate. The error of the data obtained in the
experiment is within 5%.

Zirconium retention

The zirconium metal retention values of the organic phase
were measured using the fixed ratio method [19]. The
organic phase solution after extraction and centrifugation
was taken out and firstly stripped six times with an equal
volume of 0.01 M nitric acid, then washed three times with
an equal volume of 5% wt. Na,CO;, then washed three times
with an equal volume of 0.1 M nitric acid and then washed
with distilled water to neutralize. The aqueous phase after
each washing was centrifuged, the metal concentration of the
aqueous phase after washing was measured by ICP-MS, and
the metal concentration of the organic phase after washing
was calculated using the subtraction method. The ratio of
the zirconium metal concentration in the organic phase after
washing to the zirconium metal concentration in the organic
phase after extraction was the retention value. The retention
value, r, was derived from
)

r= 3)
where ¢ is the metal concentration value in the organic
phase after extraction and c, is the metal concentration value
in the organic phase after washing.

@ Springer
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Results and discussion

Effects of several simulated radiolysis products
on zirconium extraction

1-Dodecanoic acid, 1-dodecanol, and HDEHP were mixed
with 30% TBP/n-DD solution, respectively, to obtain simu-
lated radiolysis product solutions, and the literature showed
that the concentration of radiolysis products and diluent deg-
radation products (DDP) in the PUREX process ranged from
107 mol L™! to 107! mol L~'[38]. Therefore the concentra-
tion of several simulated radiolysis products was determined
to be 1072 M. The solution of simulated radiolysis products
was extracted with an aqueous solution of zirconium nitrate,
and after extracting for different times, the phase was sepa-
rated by centrifugation. The Zr concentration in the aqueous
phase was measured by ICP-MS, and the Zr concentration
in the organic phase was determined by subtraction, and the
results are displayed in Fig. 1. As can be seen from Fig. 1,
in the presence of 1-dodecanoic acid and 1-dodecanol, the
extraction equilibrium time and extraction distribution ratio
of the solution for zirconium metal were almost no different
from that of pure 30% TBP/n-DD, while in the presence of
HDEHP it was found that the extraction equilibrium time for
zirconium metal became significantly faster and was com-
pletely equilibrated at 10 min, and the extraction distribution
ratio became significantly larger, reaching 0.473. This work
focuses on zirconium retention, so HDEHP, which has the
greatest influence on the extraction and retention process of
zirconium, was selected for the study.

The significant effect of HDEHP on zirconium extrac-
tion may be related to its ability to extract metal cations more
strongly than TBP. Metal performed through ion exchange at
low acidity while the solvation effect by sharing the electron
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Fig. 1 Relationship of zirconium metal concentration in organic
phase with extraction time. The aqueous nitric acid concentration
is 4 mol L™}, the temperature is 298 K, and the Zr concentration is
10 mmol L
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pairs in the oxygen atoms from P=0O dominated at high acid-
ity [39, 40]. It is stated in the literature that the tetravalent
cations of zirconium bind to HDEHP via cation-exchange
and solvate mechanisms. Compounds M(NO3)nDEHP4-
n are formed in a nitric acid medium, and the formation of
M(NO;)2DEHP,.2HDEHP is possible in mixtures of acids
[39]. The equilibrium equation for the extraction of these two
extractants is shown in Eq. (4-6).

4

Zr(aJ:]) +4 - nHDEHP(Org)

+ nNO; =7r(NO; )nDEHP4—n(org) “)
+4 —nH*

4
Zr(atl) + 4HDEHP(org)

+ 2NO; =Zr(NO;),DEHP, - 2HDEHP ., (5)
+2H*
4 —
Zr(;q) + 2TBP ) + 4NO; =Zr(NO;), TBPy(,) ©6)

The positively charged metal cation interacts with the nega-
tive dipole on the phosphoryl oxygen of TBP, resulting in the
formation of a metal solvate [41]. The nonpolar butyl tails
of TBP keep the resulting metal solvate dissolved in the ali-
phatic hydrocarbon diluent. And the hydrogen ions in HDEHP
exchange with positively charged metal cations to form neutral
metal complexes. In a study using alkyl phosphates for extrac-
tion of tetravalent metal cations, it was indicated that the AG of
the reaction for HDEHP extraction of tetravalent metal cations
became smaller than that of TBP extraction, indicating that it
reacts more easily with metals to form complexes[42].

Meanwhile, for the synergistic extraction system in which
TBP and HDEHP coexist, a synergistic extraction effect of
neutral extractant and acidic chelating extractant may be
formed. It is indicated in the literature that when a mixture
of HDEHP and TBP is used to extract metals, the former pro-
duces a neutral chelate with the metal cation, but the coordi-
nation number of the metal ion is not yet saturated, so it can
further complex with TBP to form a stable extraction com-
plex that is electrically neutral and saturated with coordination
number, thus greatly increasing the extraction distribution ratio
[43].

The following reaction was given to explain this phenom-
enon in a study on the synergistic extraction of metal cations
by HDEHP and TBP [44]:

M?;;) + n(HA)y(org) + Liorgy =M(AHA), L) + nH(th) (7
where L is the neutral extractant (TBP in this case) and HA
is the acidic extractant (HDEHP in this case).
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Effect of nitric acid concentration in the aqueous
phase of extraction on the extraction and retention
of zirconium

It was found that at high acidity, the zirconium distribution
ratio varies significantly with the nitric acid concentration.
Therefore, to investigate the effect of nitric acid concen-
tration during extraction on the extraction and retention of
zirconium metal, the extraction distribution ratios and reten-
tion values of zirconium for the HDEHP-TBP/n-DD system
were determined at nitric acid concentrations in the range of
4 mol L™! to 8 mol L™! and the results are shown in Fig. 2.
From Fig. 2-a, it can be seen that the extraction distribution
ratio of zirconium metal increases slowly with the increase
of the nitric acid concentration in the extraction aqueous
phase at 4—6 mol L', while the extraction distribution ratio
of zirconium metal increases significantly with the increase
of the nitric acid concentration in the extraction aqueous
phase at 6-8 mol L. It is assumed that the salting-out effect
of N O resulted in an overall increasing trend of the distri-
bution ratio. It is stated in the literature that in the extraction
of zirconium metal by TBP, the extraction distribution ratio
rises significantly as the nitric acid concentration rises when

(a) | —o0—D

m/i

3 L 1 L 1 L
4 5 6 7 8

HNO, concentration (mol L™
(b)
0.40
0.35}
0.30 |
0.25+
0.20 -
0.15}
0.10 -
0.05

0.00

—0O— retention value

retention value

4 5 6 7 8
HNO, concentration (mol L")

Fig.2 Extraction distribution ratio a and metal retention value b
in relation to the nitric acid concentration of the extracted aqueous
phase. The HDEHP concentration is 10 mmol L™, the temperature is
298 K, and the Zr concentration is 10 mmol L™

the nitric acid concentration is 2—8 M [45]. The reason for
this is related to the following equations. It is stated in the
literature that zirconium ions undergo hydrolysis in aqueous
nitric acid solutions [36], and the chemical reaction equilib-
rium equation is given in Eq. (8).

Zr** + nH,0 © Zr(OH)! " + nH* )

Equation (8) states that in the aqueous nitric acid solu-
tion zirconium metal exists in the form of Zr(OH)ﬁ " which
gradually transforms into extractable Zr4 + as the nitric acid
concentration rises [36], therefore, as the concentration of
nitric acid rises, all the reactants in Eq. (6) rise, leading to a
significant increase in the extraction distribution ratio. And
in the extraction of zirconium metal by HDEHP, at lower
acidity it is shown that zirconium ions are extracted by ion
exchange with hydrogen ions dissociated from HDEHP, and
as the acidity rises, the dissociation of HDEHP is inhibited
by hydrogen ions in nitric acid and extraction tends to occur
more through the solvation effect, so the concentration of
the HA substance in Eq. (5) and Eq. (7) rises, leading to an
increase in the distribution ratio.

As can be seen from Fig. 2-b, the metal retention values
in the washed organic phase gradually decreased with the
increasing nitric acid concentration of the extracted aque-
ous phase in the experimental range. When the nitric acid
concentration of the extracted aqueous phase increased to
7 mol L', the zirconium metal in the organic phase could
be almost completely removed after stripping, alkaline wash-
ing, and acid washing, and it was assumed that the morphol-
ogy of zirconium might have changed at the higher nitric
acid concentration of the extracted aqueous phase.

Effect of the concentration of simulated radiolysis
products in organic solvents on the extraction
and retention of zirconium

To investigate the effect of the concentration of simulated
radiolysis products in organic solvents on the extraction and
retention of zirconium metal, the extraction distribution
ratio, and retention values of zirconium for the HDEHP-
TBP/n-DD system were determined for different HDEHP
concentrations, and the results are shown in Fig. 3.

From Fig. 3-a, it can be seen that the distribution
ratio increased gradually with the increase of HDEHP
concentration in the experimental concentration range,
and the distribution ratio increased slowly between
1x 107 mol L™ and 1 x 1072 mol L™!, while it increased
rapidly in the range of 1 x 102 mol L™ to 2 x 102 mol L.
The distribution ratio reached 80 or more. The reason
may be that HDEHP has a stronger extraction capacity

@ Springer
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Fig. 3 Extraction distribution ratio a and metal retention value b in
relation to the HDEHP concentration. The aqueous nitric acid con-
centration is 4 mol L, the temperature is 298 K, and the Zr concen-
tration is 10 mmol L™

for zirconium than TBP, and they both form a synergistic
extraction, which makes the extraction distribution ratio
much higher.

It was stated in the study for HDEHP that because of
the presence of P-OH and P =0 bonds, HDEHP ligands
tend to exist as dimers or polymers in non-polar diluents
by forming intermolecular hydrogen bonds [46]. And sug-
gested possible reactions, such as the equation[42]:

+
©) + 4H(aq)

)

From Fig. 3-b, it can be seen that in the experimen-
tal concentration range, the metal retention value also
increased gradually with the increase of HDEHP con-
centration. When the concentration of HDEHP reached
1 x 1073 mol L™, the metal retention value could reach
more than 23% +2%, which had already seriously
affected the solvent extraction separation and washing
purification process. And at the HDEHP concentration of
2% 1072 mol L', the metal retention value reached more
than 92% + 3%, and it was almost impossible to remove
zirconium metal from the organic phase by stripping and

M5 + 4(HDEHP),, < (M{H(DEHP), },)
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Fig.4 Extraction distribution ratio a and metal retention value b in
relation to the temperature. The aqueous nitric acid concentration is
4 mol L', and the Zr concentration is 10 mmol L', and the HDEHP
concentration is 10 mmol L~!

washing. In a study of organic solvent wastes at the nuclear
fuel reprocessing plant in Karlsruhe, Germany, it was
noted that at concentrations of 5 x 10~ mol L™! of long-
chain acid phosphate esters, the solvent could no longer
be used [47].

The cause of metal retention is unclear, and some stud-
ies have stated that it may be related to the aggregation of
acid phosphate extractants in the extraction process with
the formation of reversed micelles [48]. However, during
the adsorption and elution experiments of zirconium using
HDEHP sorbent, it was found that the structure of the resid-
ual HDEHP-zirconium complex was very similar to that of
the third phase, while the aggregation of the extractant was
not confirmed [49].

Effect of the temperature on the extraction
and retention of zirconium

In order to investigate the effect of temperature during
extraction and washing on the extraction and retention
of zirconium metal, the extraction distribution ratio and
retention values of zirconium for the HDEHP-TBP/n-
DD system were determined at different temperatures,
and the results are shown in Fig. 4. As can be seen from
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Fig. 4-a, the distribution ratio gradually increased with the
increase of temperature over the range of the experiment.
The extraction distribution ratio gradually increased from
about 3.6 at 298 K to about 5.0 at 338 K. It is assumed
that the extraction reaction of zirconium by the HDEHP-
TBP/n-DD system is endothermic in nature, and the reac-
tion equilibrium constant gradually increases with the
increase of temperature, and the reaction moves positively,
resulting in an increase of the distribution ratio.

According to the Vant' Hoff equation, the relationships
between the Gibbs free energy change AG, the enthalpy
change AH, the entropy change AS, the extraction equi-
librium constant K, and the temperature 7 are given in
Eq. (10):

AG =AH - TAS =-2303RTIgK (10)

From the relationship between the distribution ratio D
and the equilibrium constant K of the extraction reaction,
Eq. (11) can be obtained.

[élgD _ —-AH
5(1) P 2.303R an
T

The enthalpy change AH can be calculated by plotting
the slope of 1/T and 1gD, and the result is shown in Fig. 5.
From the calculation of the Fig. 5, A H=6.624 kJ mol ™!,
it can be seen that the extraction of zirconium by HDEHP-
TBP/n-DD system is endothermic in nature, and increas-
ing the temperature can promote the reaction in a positive
direction.

Meanwhile, it can be seen from Fig. 4-b that the metal
retention values did not change significantly with the
increase of temperature in the range of the experiment,
and it can be concluded that the effect of temperature on
metal retention is not significant.

0.72
070 ¢
0.68 -
0.66 -

o gD

y=-345.98*x+1.719
R?=0.99

lgD

0.64

Effect of the concentration of Zr in the aqueous
phase on the extraction and retention of zirconium

In the PUREX process, the concentration of metal ions
varies in a certain range due to differences in the extrac-
tion process, fuel burnup, etc., and the literature states
that the concentration range is generally 8.8 mmol L™! to
22 mmol L™! [37]; therefore, experiments were carried out
to cover various process situations with Zr concentration in
the range of 5 mmol L™! to 50 mmol L. To investigate the
effect of metal cation concentration on extraction and reten-
tion, the extraction distribution ratios and retention values
of zirconium for the HDEHP-TBP/n-DD system were deter-
mined for different zirconium metal cation concentrations,
and the results are shown in Fig. 6. As can be seen from
Fig. 6-a, the distribution ratio decreases significantly as the
metal concentration increases in the concentration range of
the experiment. The extraction distribution ratio decreases
rapidly from about 500 +5 at the metal concentration of
5 mmol L™! to about 0.8 +2% at the metal concentration of
25 mmol L', The reason may be that under the condition of
higher metal cation concentration, due to the limited content
of extractant molecules, the metal cation is too much at this

1000
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23

0 10 20 30 40 50
Zr** concentration (mmol L™)
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—0—retention value
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Fig.5 Effect of temperature on extraction. The aqueous nitric acid
concentration is 4 mol L', and the Zr concentration is 10 mmol L™,
and the HDEHP concentration is 10 mmol L™

retention value

0.20 -

0.15F

T

0.10

0 10 20 30 40 50
Zr** concentration (mmol L)

Fig.6 Extraction distribution ratio a and metal retention value b in
relation to the Zr** concentration. The aqueous nitric acid concentra-
tion is 4 mol L, the temperature is 298 K, and the HDEHP concen-
tration is 10 mmol L™!
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time to complex with the extractant molecules sufficiently,
resulting in a decrease in the extraction distribution ratio.

Meanwhile, it was shown that with increasing zirconium
metal concentration, the morphology of zirconium in solu-
tion gradually changes from extractable Zr*" and ZrOH>*
to inextractable Zr3(OH)§+. The equilibrium equations
for the extraction reactions of these forms and the reac-
tions transformed between them are given in the following
equations[37]:

Zr** + H,0 & ZtOH*" + H* (12)
3Zr** + 4H,0 & Zry(OH)S* + 4H* (13)
Zr** + 4NO; + 2TBP & Zr(NO,),(TBP), (14)

ZrOH’* + 3NO; + 2TBP « ZrOH(NO;);(TBP), 15)

From Fig. 6-b, it can be seen that the retention value
of zirconium metal shows a trend of increasing and then
decreasing with the increase of metal concentration in the
experimental concentration range, and the maximum value
occurs at the metal concentration of 15 mmol L', This
phenomenon may be caused by a combination of two rea-
sons: on the one hand, as the concentration of metal cations
increases, the total amount of metal ions extracted into the
organic phase gradually increases, which is difficult to be
removed by alkaline washing, resulting in an increase in
the metal retention value; on the other hand, as the concen-
tration of metal cations increases, the extraction distribu-
tion ratio decreases, and the metal ions extracted into the
organic phase gradually become saturated and are more eas-
ily removed by stripping, resulting in a decrease in metal
retention values. Therefore, as the concentration of metal
cations increases, the former effect dominates before the
inflection point and the latter effect after the inflection point.

Conclusions

In this paper, three simulated radiolysis products, 1-dodeca-
noic acid, 1-dodecanol, and HDEHP, were investigated by
adding them to 30% TBP/n-DD to simulate the solution after
radiation. The effect of these simulated radiolysis products
on the extraction and retention behavior of zirconium was
evaluated by determining the extraction distribution ratio
of zirconium. The results show that 1-dodecanoic acid and
1-dodecanol have almost no effect on the extraction of zir-
conium metal, however, when HDEHP is present, the extrac-
tion distribution ratio of the simulated radiation solution for
zirconium metal increases considerably. It can be concluded
that alcohols and carboxylic acids have no significant effect

@ Springer

on the retention of zirconium metal, while the effect of
acidic phosphate esters is significant.

The factors influencing the extraction and retention
behavior of HDEHP-TBP/n-DD solutions for zirconium
metal were subsequently investigated. The results indicated
that (1) With the increase of nitric acid concentration, the
distribution ratio of zirconium metal gradually increases
while the retention value gradually decreases, which may
be related to the salt-out effect and competition effect of
nitric acid, and to the extraction of metal ions by HDEHP
at high acidity through the solvation effect. (2) With the
increase of HDEHP concentration, both the distribution
ratio and retention value of zirconium metal increase, which
indicates that the acid phosphate radiolysis products have a
significant effect on the solution. (3) With the increase of
temperature, the distribution ratio of zirconium metal gradu-
ally increases, while the change of retention value is not
significant, which proved that the extraction of zirconium
metal by the HDEHP-TBP/n-DD system is endothermic in
nature. (4) With the increase of metal cation concentration,
the extraction distribution ratio gradually decreases while
the metal retention value first increases and then decreases,
which may be related to the excess of metal ions.

However, the mechanism of metal retention caused by
acidic phosphate esters is not well understood and needs to
be further investigated.
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