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Abstract
The reduction stripping behavior of Pu(IV) from 30%TBP/OK with hydrox-
ysemicarbazide (HSC) was investigated, and the separation efficiency of HSC
and DMHAN-MMH for U/Pu partitioning in Purex process was compared. The
results show that HSC can effectively realize the separation of Pu from U; using
mixer-settlers to simulate U/Pu separation in 1B bank of PUREX, from 16-stage
counter current extraction experiment (in which 6 stages for supplemental ex-
traction, 10 stages for stripping) with flow rate ratio (1BF:1BX:1BS) =4:1:1
in 1B contactor, good result was achieved that the yields are both more than
99.99% for uranium and Pu, the separation factor of plutonium from uranium
(SFPu/U) is 2.8104, and separation factor of uranium from plutonium (SFU/Pu)
is 5.9104. As a stripping reductant, HSC can effectively achieve the separation
of Pu from U and the separation effect is nearly the same with DMHAN-MMH,
which contributed to replace enough the latter with HSC in the U/Pu separation
in Advanced Purex Process Based on Organic Reagent (APOR) process.
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Abstract: The reduction stripping behavior of Pu(IV) from 30% TBP/OK
with hydroxysemicarbazide (HSC) was investigated, and the separation effi-
ciency of HSC and DMHAN-MMH for U/Pu partitioning in the Purex process
was compared. The results show that HSC can effectively achieve the separation
of Pu from U. Using mixer-settlers to simulate U/Pu separation in the 1B bank
of PUREX, a 16-stage counter-current extraction experiment (with 6 stages for
supplemental extraction and 10 stages for stripping) was conducted with a flow
rate ratio (1BF : 1BX : 1BS) = 4 : 1 : 1 in the 1B contactor. Excellent results
were achieved: the yields for both uranium and plutonium exceeded 99.99%,
the separation factor of plutonium from uranium (SFPu/U) was 2.8 × 104, and
the separation factor of uranium from plutonium (SFU/Pu) was 5.9 × 104. As
a stripping reductant, HSC can effectively achieve the separation of Pu from U,
with separation performance nearly identical to DMHAN-MMH, demonstrating
its potential to replace DMHAN-MMH in U/Pu separation in the Advanced
Purex Process Based on Organic Reagent (APOR) process.

Keywords: APOR process, Hydroxysemicarbazide, Reduction stripping, Sep-
aration of Pu from U, Pu(IV)
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Introduction
The Purex (Plutonium and Uranium Recovery by Extraction) process has been
employed worldwide for spent fuel reprocessing. The typical Purex process
includes three extraction cycles: U/Pu co-decontamination and separation, ura-
nium purification, and plutonium purification. First developed in the USA in
the 1940s, the Purex process has since been refined by researchers in many
countries, including France, the UK, Russia, Japan, and China [1].

In the U/Pu co-decontamination and separation cycle of the Purex process, Pu
is separated from U through the stripping of Pu(IV) from the organic phase us-
ing an aqueous reductant solution, based on the reduction of Pu(IV) to Pu(III).
Consequently, the development of improved reductants represents a principal
research focus in the Purex process. Since the 1960s, U(IV)-N2H4 has been
studied as a reductant in the 1B unit of the Purex process and applied at the
French Marcoule nuclear fuel reprocessing plant [2]; it has since been success-
fully implemented in commercial reprocessing plants such as UP-2, UP-3, and
THORP.

An important trend in developing future reprocessing extraction processes is the
use of high-efficiency, salt-free reductants in U/Pu separation and purification,
including hydrazine [3], hydroxylamine [4, 5], and their derivatives [6–9]. N,N-
dimethylhydroxylamine (DMHAN), a hydroxylamine derivative in which two
hydrogen atoms are substituted by methyl groups, was investigated as a Pu(IV)
reductant by Koltunov et al. [6] in Russia. Their results demonstrated that
DMHAN can reduce Pu(IV) at a very rapid rate in nitric acid solution.
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The APOR process, developed by ZHANG Xian-Ye et al. at the China Institute
of Atomic Energy, utilizes two organic reagents—N,N-dimethylhydroxylamine
(DMHAN) and monomethyl hydrazine (MMH)—to create a two-cycle aqueous
reprocessing process [10]. Compared with U(IV) and hydrazine reductants,
DMHAN and MMH offer three evident advantages: (1) elimination of U and Pu
interference from Tc, thereby simplifying the first cycle and reducing hot-region
facilities by 2/5; (2) a 20-fold increase in separation factors, improving the qual-
ity of U and Pu products; and (3) removal of the security risk associated with
hydrazoic acid explosion. However, the APOR process still requires improve-
ment in several areas: (1) DMHAN and MMH, as modified liquid rocket propel-
lants, have high heats of combustion, posing certain security risks in large-scale
nuclear fuel reprocessing plants [11]; (2) DMHAN synthesis involves a vacuum
pyrolysis process that is unsuitable for preparation near nuclear facilities [12];
and (3) the oxidation and radiolysis products are complex [13].

For these reasons, we developed a new organic reductant, hydroxysemicarbazide
(HSC) [14, 15], to replace DMHAN and MMH for U/Pu separation. HSC offers
several benefits: (1) good hydrophilicity (molecular formula HONHCONHNH2);
(2) rapid reduction of Pu(IV) to Pu(III) [14]; (3) minimal HNO3 requirement to
neutralize its alkalinity (pH = 8.0), thereby reducing the salting-out effect on
the extraction distribution of Pu(III); and (4) decreased solid waste and reduced
environmental impact.

This paper investigates the application of HSC in U/Pu separation and compares
it with DMHAN-MMH. The effects of HSC concentration, HNO3 concentration
in the stripping solution, NO3

− in the organic phase, phase-contacting time,
phase ratio, and temperature on the Pu(IV) reaction rate were examined. To
evaluate the feasibility of applying HSC in uranium and plutonium partitioning
in the Purex process, HSC was compared with DMHAN-MMH using a 16-stage
counter-current extraction in the 1B contactor.

Experimental
Reagents and Apparatus

All chemicals used were of analytical-reagent grade. HSC and DMHAN were
synthesized as described in Refs. [12, 16] with purity exceeding 99%. MMH was
provided by China Aerospace Science & Industry Corp. with purity exceeding
99%. Pu(IV) stock solutions in nitric acid were prepared through reduction
by Fe(II), oxidation by HNO2, and purification with 2606 anion-exchange resin
(poly(4-vinyl-N-methylpyridinum nitrate)).

Macro-scale uranium concentration in the aqueous phase was measured by redox
titration; for organic phase measurements, U(VI) was back-extracted with mixed
acid before titration. Micro-scale uranium in the aqueous phase was measured
by TOPO extraction–Br-PADAP colorimetry (at 575 nm); for organic phase
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measurements, U(VI) was back-extracted with saturated Na2CO3 before TOPO
extraction [17]. Plutonium concentration in stock solutions was measured by
K-edge and alpha counting, while process samples were analyzed by scintilla-
tion counting [18] (LS-6000L, Beckman Corp.). Nitric acid concentration was
measured by titration with NaOH after complexing U(VI) and Pu(IV) with
(NH4)2C2O4; for organic phase measurements, nitric acid was back-extracted
by deionization before pH titration (PHS-3C, Shanghai Precision Instrument
Co., Ltd., China).

A DC-1020 low-temperature thermostatic water bath (Ningbo Xinzhi Biological
Technology Co., Ltd., China) maintained constant temperature during reduction
stripping experiments, and a mixer-settler extractor was used for bench-scale
experiments.

Procedures

Single-stage back-extraction tests in centrifugal extraction tubes involved: main-
taining the solution at constant temperature for 0.5 h, introducing it into cen-
trifugal extraction tubes according to the designed phase ratio, stirring for sev-
eral minutes, and allowing phase separation before analysis.

Multi-stage counter-current tests were conducted using miniature mixer-settlers,
with the flowsheet shown in Fig. 1 [Figure 1: see original paper]. The flow
streams to the mini-banks were specified to simulate U/Pu separation in the
1B bank of PUREX. The mini-banks had a phase ratio of 1.5:1, with 16 total
stages (10 for reduction stripping and 6 for supplemental extraction). The
mixing and settling chamber volumes were 3 mL and 5 mL, respectively, with a
60 s residence time in each mixing chamber. The flow rate ratio of feed solution
(1BF), uranium supplement extraction stream (1BS), and aqueous stripping
stream (1BX) was 4:1:1.

Results and Discussion
Single-Stage Tests of Pu(IV) Stripping by HSC

The effects of phase-contacting time, phase ratio, and concentrations of H+,
NO3

−, HSC, and U in the organic phase, as well as temperature, on the Pu(IV)
stripping rate were investigated.

Influence of Phase-Contacting Time At 21 °C, with phase ratios varying
from 1:1 to 6:1, the stripping rates of Pu(IV) as a function of phase-contacting
time were measured at HSC, H+, NO3

−, and Pu(IV) concentrations in the
organic phase of 0.05 mol/L, 0.4 mol/L, 0.4 mol/L, and 0.8 g/L, respectively.
The results are shown in Fig. 2 [Figure 2: see original paper]. The stripping
rates increased with phase-contacting time at all phase ratios. At a given contact
time, the stripping rate decreased with increasing phase ratio. At a phase
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ratio of 1:1 and contact time of 5 s, the stripping rate was 92.8%; at a phase
ratio of 4:1, the stripping rates were 58.7% and 84.5% at contact times of 5 s
and 20 s, respectively. Notably, the reduction stripping of Pu(IV) approached
equilibrium at a 4:1 phase ratio and 30 s contact time, achieving a stripping
rate of 91.9%. Therefore, at large phase ratios, appropriately increasing contact
time can significantly improve the Pu(IV) stripping rate.

Influence of H+ Concentration At 21 °C, with a phase-contacting time
of 30 s and phase ratios of 1:1 and 4:1, the influence of H+ concentration on
the stripping rate was investigated at HSC, NO3

−, and Pu(IV) concentrations
in the organic phase of 0.05 mol/L, 0.4 mol/L, and 0.8 g/L, respectively. The
results are shown as solid symbols in Fig. 3 [Figure 3: see original paper]. The
stripping rate decreased with increasing H+ concentration because the reaction
rate between HSC and Pu(IV) is inversely proportional to H+ concentration
(to the power of 0.43) [4]. Increased H+ concentration reduces the amount of
Pu(III) formed from Pu(IV) reduction. Additionally, rapid extraction/back-
extraction equilibrium of Pu(IV) exists between the aqueous and organic (30%
TBP/kerosene) phases, while Pu(III) is poorly extracted by 30% TBP/kerosene,
resulting in decreased Pu(IV) stripping into the aqueous phase. When H+ con-
centration increased from 0.3 to 1.0 mol/L, the Pu(IV) stripping rate decreased
from 89.2% to 70.7%. Thus, lower H+ concentration is preferred for Pu(IV)
back-extraction by HSC. When the stripping time was extended to 90 s with
other parameters unchanged (shown as blank symbols in Fig. 3), the results
indicate that properly extending stripping time can increase the stripping rate
if higher H+ concentration is required by the process.

Influence of NO3
− Concentration At 21 °C, with a phase-contacting time

of 30 s and phase ratios of 1:1 and 4:1, the influence of NO3
− concentration

on the stripping rate was investigated at HSC, H+, and Pu(IV) concentrations
in the organic phase of 0.05 mol/L, 0.4 mol/L, and 0.8 g/L, respectively. The
results are shown in Fig. 4 [Figure 4: see original paper]. The Pu(IV) stripping
rate decreased with increasing NO3

− concentration because the reaction rate
between HSC and Pu(IV) is inversely proportional to NO3

− concentration (to
the power of 0.58), so increased NO3

− concentration reduces the amount of
Pu(III) formed. Another reason is the salting-out and synergistic extraction
effects, which increase the distribution ratio of Pu(IV) between TBP/kerosene
and nitric acid aqueous solutions with NO3

− concentration, thereby decreasing
the amount of Pu(IV) back-extracted and the stripping rate. As shown in Fig.
4, at a phase ratio of 4:1, when NO3

− concentration increased from 0.4 to 1.0
mol/L, the Pu(IV) stripping rate decreased from 85.3% to 77.6%. Thus, lower
NO3

− concentration is beneficial for Pu(IV) back-extraction by HSC.

Influence of HSC Concentration At 21 °C, with a phase-contacting time
of 30 s and phase ratios of 1:1 and 4:1, the influence of HSC concentration on
the stripping rate was investigated at NO3

−, H+, and Pu(IV) concentrations in
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the organic phase of 0.4 mol/L, 0.4 mol/L, and 0.8 g/L, respectively. As shown
in Fig. 5 [Figure 5: see original paper], the Pu(IV) stripping rate increases with
HSC concentration. Below 0.05 mol/L, increasing HSC concentration signifi-
cantly increases the stripping rate, while above 0.05 mol/L, HSC concentration
has only a minor effect. Therefore, 0.01 mol/L is the optimal concentration
when using HSC as a reductant for U/Pu separation.

Influence of U(VI) Concentration At 21 °C, with a phase-contacting time
of 30 s and phase ratios of 1:1 and 4:1, the influence of U(VI) concentration on
the stripping rate was investigated at NO3

−, HSC, H+, and Pu(IV) concentra-
tions in the organic phase of 0.4 mol/L, 0.05 mol/L, 0.4 mol/L, and 0.8 g/L,
respectively. As shown in Fig. 6 [Figure 6: see original paper], the Pu(IV)
stripping rate increases with U(VI) concentration. At a phase ratio of 4:1, the
stripping rate increased by 7.5% at a U(VI) concentration of 5.0 g/L.

Influence of Temperature At a phase-contacting time of 30 s and phase
ratios of 1:1 and 4:1, the influence of temperature on the stripping rate was in-
vestigated at NO3

−, HSC, H+, and Pu(IV) concentrations in the organic phase
of 0.4 mol/L, 0.05 mol/L, 0.4 mol/L, and 0.8 g/L, respectively. As shown in
Fig. 7 [Figure 7: see original paper], the Pu(IV) stripping rate increased with
temperature because the Pu(IV) distribution ratio decreases with increasing
temperature, thereby increasing Pu concentration in the aqueous phase. Addi-
tionally, temperature increase accelerates the reaction rate between HSC and
Pu(IV): a 10 °C increase accelerates the reaction rate by approximately 10 times.
Thus, appropriately high temperature increases the Pu(IV) stripping rate in the
U/Pu separation process.

Multi-Stage Counter-Current Tests of Pu(IV) Stripping

Under identical experimental conditions, comparative experiments were con-
ducted using either DMHAN-MMH or HSC as the Pu(IV) reductant in mixer-
settlers to evaluate the feasibility of HSC for uranium and plutonium partition-
ing. The flowsheet is shown in Fig. 1 [Figure 1: see original paper]. The
1BF solution contained 90.97 g/L U, 0.79 g/L Pu, and 0.18 mol/L HNO3 in
30% TBP/kerosene. The 1BS stream was 30% TBP/kerosene with 0.50 mol/L
HNO3, and the 1BX stream was an aqueous solution containing either 0.10
mol/L DMHAN, 0.15 mol/L MMH, and 0.30 mol/L HNO3, or 0.30 mol/L HSC
and 0.30 mol/L HNO3.

Initially, the mixer-settler was fed with a uranium-free solution. After two hours,
the 1BF solution containing uranium and plutonium was introduced. Two hours
later, instantaneous samples were taken and analyzed every 30 minutes for 6
hours.

DMHAN-MMH as the Pu(IV) Reductant The experiment achieved
steady state after 2.5 hours. The concentration profiles of uranium, nitric

chinarxiv.org/items/chinaxiv-202306.00247 Machine Translation

https://chinarxiv.org/items/chinaxiv-202306.00247


acid, and plutonium are shown in Fig. 8 [Figure 8: see original paper]. At
the stripping step, both organic and aqueous phases had higher uranium
concentrations, while the organic phase had lower nitric acid concentration
(approximately 0.02 mol/L). At the supplemental extraction step, the higher
nitric acid concentration in 1BS facilitated uranium extraction, achieving a
satisfactory result with U concentration of only 5 × 10−3 g/L in the 1BP
outlet. The Pu concentration in 1BU was 25 µg/L. Calculations showed U and
Pu yields of 99.99% and 99.96%, respectively; material balances of 99.9% for
U and 98.5% for HNO3; and separation factors of 2.5 × 104 for Pu from U
(SFPu/U) and 6.0 × 104 for U from Pu (SFU/Pu).

In Fig. 8, uranium concentration declined to 30 mg/L when the supplemental
extraction stage reached stage 4, providing a higher uranium yield of 99.99%. A
plutonium concentration peak appeared at stage 7, indicating plutonium accu-
mulation in the aqueous phase, which we attribute to the oxidation product of
DMHAN—formaldehyde. At the stripping step, uranium concentration did not
change significantly, and the lower concentration in the organic phase outlet
agreed with theoretical calculations. In the aqueous phase, uranium concen-
tration increased significantly in stages 7–11 and remained essentially constant
in stages 11–16. In the organic phase, plutonium concentration decreased sig-
nificantly in stages 7–11 but remained nearly constant in stages 12–16; in the
aqueous phase, plutonium concentration was orders of magnitude lower in stages
7–11 but remained almost constant in stages 11–16. The nitric acid concentra-
tion in the organic phase decreased significantly in stages 7–13 but remained
almost constant in stages 14–16, while the nitric acid concentration in the aque-
ous phase decreased obviously in stages 7–12 but remained almost constant in
stages 13–16.

HSC as the Pu(IV) Reductant The experiment achieved steady state after
2.0 hours. The concentration profiles of uranium, nitric acid, and plutonium are
shown in Fig. 9 [Figure 9: see original paper]. At the stripping step, both or-
ganic and aqueous phases had higher uranium concentrations, while the organic
phase had a lower HNO3 concentration of approximately 0.02 mol/L. At the
supplemental extraction step, the higher HNO3 concentration in 1BS facilitated
uranium extraction, achieving a satisfactory result with uranium concentration
of only 6.11 × 10−3 g/L in the 1BP outlet. In the experiment containing no
plutonium, the uranium yield was 99.998%, and the material balances for U and
HNO3 were 99.92% and 97.5%, respectively.

At the supplemental extraction step, uranium concentration in the aqueous
phase declined to 50 mg/L at stage 2, providing a yield exceeding 99.99%. At
higher stage numbers, it decreased only slightly. The plutonium distribution
ratio remained almost constant in stages 1–6, without a plutonium peak, unlike
the result using DMHAN-MMH as reductant, suggesting no uncertainties in
the U/Pu separation process. Plutonium concentrations in the aqueous and
organic phases were approximately 3.2 g/L and 0.2 g/L, respectively, with small
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differences between stages. The nitric acid distribution in the supplemental
extraction step was similar to that of plutonium.

Calculation results show the separation factor of plutonium from uranium
(SFPu/U) is 2.8 × 104, and the separation factor of uranium from pluto-
nium (SFU/Pu) is 5.9 × 104. Comparing the results of experiments using
DMHAN-MMH or HSC as reductant for Pu/U separation, the separation
factors SFPu/U and SFU/Pu are nearly identical. From this perspective, HSC
can replace DMHAN-MMH for separating Pu from U in the APOR process.

Conclusion
As a new organic reductant, HSC can effectively achieve the separation of Pu
from U, with excellent results: the separation factor of plutonium from uranium
(SFPu/U) is 2.8 × 104, and the separation factor of uranium from plutonium
(SFU/Pu) is 5.9 × 104. The separation performance using HSC as reductant is
nearly identical to DMHAN-MMH, and furthermore, no plutonium peak exists
compared to the result using DMHAN-MMH as reductant. Therefore, HSC
has good application prospects in the Purex process and represents a promising
alternative reductant for Pu/U separation in the APOR process.
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