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In this paper, the physical properties of tri-iso-amyl phosphate (TiAP), tri-sec-butyl phosphate (TsBP) and
di-1-methyl heptyl methyl phosphonate (DMHMP) were studied and compared with tri-n-butylphosphate (TBP). Furthermore, the extraction behaviors of U(VI), Th(IV), nitric acid and fission products,
and the extraction capacity of Th(IV) in different extractants were also investigated. The results indicated
that the physical and extraction properties of DMHMP were better than that of other extractants and it is
more appropriate to be used in thorium-based fuel reprocessing. A thorium-uranium co-decontamination
process using DMHMP as extractant was proposed, optimized and verified by multistage countercurrent
extraction using batch simulation and centrifugal extractors. By comparison with conventional Thorex
process using TBP as extractant, it is found that DMHMP is more promising in thorium-based fuel
reprocessing.
Ó 2016 Elsevier B.V. All rights reserved.
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1. Introduction
Thorium as a potential nuclear resource is being paid more
attention. In the thorium fuel cycle, 232Th can be used for breeding
‘fissile’ isotope 233U efficiently in a thermal neutron reactor. Reprocessing of irradiated thorium-based fuel and separation of converted 233U are necessary steps of closed fuel cycle [1,2]. Solvent
extraction separation, using Tri-n-butyl phosphate (TBP) diluted
with aliphatic hydrocarbons as extraction solvent, is a commercialized technique for reprocessing of spent fuel, such as Purex process
[3,4]. However, when TBP is used for thorium-based fuel reprocessing, namely Thorex process, there are some disadvantages [5]. Such
as (1) salting out acid is needed to ensure the recovery of thorium
due to the low distribution coefficient of thorium in TBP, leading to
a complicated process and higher acidity of aqueous waste (HLLW)
[6,7]; (2) a higher organic flow ratio is adopted, because third
phase formation in the extraction of Th(IV) is a serious issue with
TBP [8–10]; (3) the complexation of degradation product with Th
(IV) in the extraction process can form some insoluble and precipitated materials, further affecting system operation [11].
In order to find a more appropriate extraction solvent for
thorium-based fuel reprocessing, some novel extraction agents
have long been attached great importance, such as TsBP, TiAP
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and DMHMP. TsBP has been proven to be a promising extractant
for the processing of irradiated thorium for the recovery of 233U
[12], and the feasibility of using TiAP as an alternate extractant
to TBP in fast reactor fuel reprocessing has been demonstrated
[13]. Furthermore, in the previous work of our project (Thoriumbased Molten-Salt Reactor nuclear energy system, Priority
Research Program of the Chinese Academy of Sciences), it is found
that another kind of neutral organophosphorus compound extractant DMHMP also possesses better extraction properties than TBP
[14], and the extraction property of DMHMP with lower concentration (V/V, 5%) was investigated, it is found that DMHMP with lower
concentration is more effective for extarcting only uranium from
irradiated thorium. However, from the point of co-recovery of thorium and uranium, such as Thorex process, there is not a systemic
comparison for the physical properties and extraction behaviors of
uranium (VI), thorium (IV), nitric acid, and extraction capacity of
thorium between the four neutral organophosphorus compound
extractants (TBP, TsBP, TiAP and DMHMP), especially from the
viewpoint of process flow and parameters. So, in order to choose
a more appropriate extractant for thorium-based fuel reprocessing,
the physical and extraction properties, including distribution coefficient and Limited Organic Concentration (LOC) or Maximum
Organic Concentration (MOC), were evaluated and compared
between the four neutral organophosphorus compound extractants. The results show that DMHMP is proposed to have more
potential for thorium-based fuel reprocessing than other extractants. Finally, the thorium-uranium co-decontamination process
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was proposed, optimized and verified by multistage countercurrent extraction experiments using both of batch simulation and
centrifugal extractors.

and quantitatively analyzed using NaOH standard solution as
titrant. The aqueous samples were titrated directly.
2.5. Extraction of Th(IV) and U(VI)

2. Experimental
2.1. Materials
TiAP and TsBP were synthesized by the reaction between POCl3
and a stoichiometric equivalent of corresponding alcohol in the
presence of pyridine, using n-heptane as solvent. DMHMP was purchased from Hengyang chemical factory (Changzhou, China) and
further purified by vacuum distillation and silica gel chromatography. TBP was provided by Sinopharm Chemical Reagent Co., Ltd.
Before using, some acidic impurities of these extractants were
removed by washing with 0.47 mol/L Na2CO3, 0.10 mol/L HNO3
and distilled water sequentially and then mixed with diluent
n-dodecyl as required. Thorium and uranyl nitrate hydrate were
provided by the warehouse of Shanghai Institute of Applied
Physics. All other chemicals were analytical reagent (AR) grade.
2.2. Instruments and equipment
Vortex mixer (Vortex-genie 2, Scientific Industries Company of
the united states) and centrifuge (TDZ4-WS, Hunan instrument
centrifuge instrument co., Ltd of China) were used for the mixing
and separation of organic phase and water phase in batch extraction experiment; Inductively coupled plasma mass spectrometer
(ICP-MS) (Perkinelmer NexION 300D of the United States) and
inductively coupled plasma atomic emission spectrometer (ICPAES) (Perkinelmer Optima 8000 of the United States) were used
for analyzing the ppb and ppm level concentration of thorium
and uranium; Mettler acid-base titration T70 was used for analyzing the acidity of organic and aqueous phase; The U10 centrifugal
extractor was originally developed by Tsinghua University for multistage countercurrent extraction experiments [15–17].
2.3. Physical properties of extractants
The density of undiluted extractant was detected by taking the
weight of the sample filled in a previously weighed glass micropipette at room temperature, using an analytical balance of ±0.1 mg
sensitivity.
The solubility of extractant in aqueous phase was determined
by taking 1 mL of extractant equilibrating with 5 mL of deionized
water or various concentrations of HNO3 in 25 mL stoppered
round-bottomed flasks in an invariable temperature bath at room
temperature for 50 min. After centrifugation and separation, samples in aqueous phase were analyzed by ICP-AES (US Perkinelmer
Company), which measured total dissolved phosphorus [18,19].
The solubility of extractant in aqueous phase was obtained by
calculation.
The viscosity of extractant was detected using the densimeter at
room temperature.
2.4. Extraction of nitric acid
The extraction of HNO3 was investigated in an extraction tube
with equilibrating equal volume of organic and aqueous solutions
by using a mechanical shaker for 2 min at room temperature, after
centrifugation and separation, the acid concentration in each phase
was determined. The acid in the organic phase was stripped by
contacting three times with equal volume of deionized water,

In batch equilibration studies, the extraction of Th(IV) and U(VI)
were carried out in an extraction tube with equilibrating equal volume of organic and aqueous solutions by using a mechanical shaker for 2 min at room temperature. The organic phase used in the
batch experiments was pre-equilibrated three times with nitric
acid of the desired concentration. After the mixture was agitated,
the two phases were centrifuged and separated. Suitable aliquots
were withdrawn from the phases for analysis to calculate the distribution ratio (DM) of Th(IV) and U(VI), which is defined as

DM ¼

½Morg
½Maq

where [M]org is the concentration of solute in organic phase and
[M]aq is the concentration of solute in the aqueous phase. The concentration of uranium was determined using ICP-AES or ICP-MS,
while the concentration of thorium was analyzed by EDTA complexometric titration or ICP-AES.
2.6. Extraction of the main fission products (FPs)
In batch equilibration studies, the extraction of the main FPs
(Cs+, Sr2+, Ce3+, Eu3+, Zr4+, RuNO3+) were carried out and the method
was the same as the extraction of Th(IV) and U(VI).
In the multistage countercurrent extraction experiments using
batch simulation and centrifugal extractors, the concentration of
the main FPs in the simulated solution was about 20 ppm.
2.7. Detection of limited organic concentration and maximum organic
concentration for Th(NO3)4
The experimental method for study of the third phase formation
was followed to Ref. [20]. During the determination of LOC or MOC
for Th(IV), 3.0 mL of 1.1 M extractants were equilibtated with
equal volumes of saturated Th(NO3)4 solution to form the third
phase. With dropwise addition of extractants solution, the third
phase was then gradually dissolved. At the moment of third phase
dissolution, the concentration of thorium in the organic phase was
the value of LOC. If there is no third-phase formation, the concentration of thorium in organic phase at equilibrium was called MOC.
2.8. Multistage countercurrent extraction using batch simulation
A batch experiment was used to simulate the multistage countercurrent extraction for thorium-uranium co-decontamination
process. The upper part of Fig. 1 illustrates the extraction pattern
followed for batch simulation of a 16-stage countercurrent extraction process shown at the bottom. In the process, because of the
distribution ratio difference between Th(IV), U(VI) and FPs, almost
all of Th(IV) and U(VI) would be extracted into the organic phase,
leaving FPs in the aqueous phase and achieving the recovery of
Th(IV), U(VI) and separation from FPs.
In the batch simulation experiment, the feed solution (0.5 mL),
extractant (3.5 mL) and scrub solution (0.4 mL) were added into
15 mL of plastic centrifuge tubes repeatedly along the solid and
dotted lines in the figure, plus withdrawal of organic and aqueous
phases after shake and centrifugation. After a number of extraction
cycles, the system would achieve a steady state and the liquids in
the centrifuge tubes would exist resembling continuous countercurrent extraction.
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Fig. 1. Diagrammatic sketch of a batch countercurrent extraction procedure.

2.9. Multistage countercurrent extraction using centrifugal extractors
On the basis of batch simulation experiment, a continuous multistage countercurrent extraction by using centrifugal extractors
was operated to further test and verify the process as shown in
Fig. 1. The rotate speed of centrifugal extractor is 4000–5000 r/
min and the total runtime was 8 h. The flow rates, controlled by
injection pump, of feed, extractant and scrub solution were 0.5,
3.5 and 0.4 mL/min respectively. Samples from raffinate, loaded
organic at different running time of organic and aqueous phases
in each stage at the end of run were collected for estimation of running effect.

3. Results and discussion
3.1. Physical properties
The large density difference with aqueous phase, low solubility
in aqueous phase, and low viscosity are essential requirements for

extractant. The physical properties of four kinds of extraction
agents are given in Table 1 and their structures are shown in Fig. 2.
Density refers to how closely the molecules of a substance are
packed in the matrix. This is decided by the strength of attractive
force operating between the molecules, which depend on their
composition, size, and shape. The introduction of branching near
the P@O group and increase of the carbon chain length would
restrict the space availability for trialkyl phosphates molecules to
come closer and weaken the dipole-dipole interactions, so DMHMP
possesses a lowest density, which could be propitious to organicaqueous phase separation. Moreover, generally, aqueous solubility
of extractants increases by decreasing the alkyl chain length
(decreasing the number of carbon atoms in the molecule) and also
by introducing branching. Due to the longer carbon chain in
DMHMP, it also possesses lower solubility in different aqueous
phase. Although the viscosity of DMHMP is highest in the four
extraction agents, it can be adjusted by adding diluent to meet
the demand of hydrodynamics in extraction equipment. So, in
the view of physical properties, DMHMP would be better used in
the extraction process than TBP, TsBP and TiAP.
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Table 1
Comparison of physical properties of DMHMP, TiAP, TsBP and TBP.
Extractant

Density, q (g cm3)

Viscosity (mPas)

Solubility, (mg/L)
Deionized water

DMHMP
TBP
TsBP
TiAP

0.91
0.98
0.97
0.95

7.56
3.32
3.41
3.54

8.17
420
1520
39.72

[HNO3], mol/L
1.0

3.0

5.67
391
1410
30.13

3.71
293
1280
27.64

Fig. 2. Structures of DMHMP, TsBP, TiAP and TBP.

3.2. Extraction of nitric acid
The extraction behaviors of nitric acid were studied and the
results were shown in Fig. 3. It indicated that the extraction behaviors of nitric acid were relatively similar for four extraction agents
with concentrations of 0.18 mol/L and 1.1 mol/L. At the lower concentrations of nitric acid (<2.0 mol/L), with the nitric acid concentration in the aqueous phase increasing, the distribution ratio of
nitric acid would increase, however, when the concentration of
nitric acid was higher than 3.0 mol/L, the distribution ratio of nitric
acid would decrease.
The variation tendency were agreement with that in previous
literatures [21], the initial rise can be attributed to self-salting by
the nitric acid and the decrease observed thereafter to the decrease
in the free extractant concentration.
In terms of the extraction behaviors difference in different
extractants, neither the introduction of branching near the phos-

phoryl (P@O) group of phosphate, just like TsBP, nor the increase
in the carbon chain length (by one unit) of the alkyl group, just like
TAP, seems to affect the extraction of nitric acid significantly [20].
However, when CAOAP group in the extractant was replaced by
CAP group (DMHMP), an increase in the extracting power can be
expected by an increase in the electron availability (increase in
basicity) on the group of P@O [13], which leaded a higher distribution ratio of HNO3 in DMHMP than that in other three extraction
agents. However, the distribution ratios of nitric acid at low concentrations of nitric acid are obvious higher with the phosphonate
than that with the phosphates, and the differences would become
small at higher concentrations of acid (over 6.0 mol/L).
3.3. Extraction of uranium (VI)
Fig. 4 shows the data on the extraction of U(VI) by 0.18 mol/L
and 1.1 mol/L of the four extraction agents as a function of the

Fig. 3. Effect of nitric acid concentration on the distribution ratios of HNO3 by 0.18 mol/L (3a) and 1.1 mol/L (3b) extractants/n-dodecane.
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Fig. 4. Effect of acidity on extraction of U(VI) by 0.18 mol/L (4a) and 1.1 mol/L (4b) extractants/n-dodecane (Cinitial

equilibrium concentration of aqueous nitric acid. In the previous
reports [15], there are empirical rules for choosing an extractant
for uranium. The branched alkyl radicals are to be preferred to
the normal radicals, and the phosphonates are obviously more preferred to the phosphates. Furthermore, if only the normal compounds are available, amyl and hexyl groups are to be preferred
to butyl [11,22]. As these rules, a tremendous increase of DU could
be found when the extractant was changed from phosphate to
phosphonate due to the introduction of branched chains in the
P@O bond and the replacing of CAOAP group by CAP group in
the extractant, which greatly increased the charge density of
P@O bond, and improved the performance of the extraction [22].
So, the DU of DMHMP is much higher than that of other extraction
agents at all nitric acid concentrations. In addition to this, Suresh
et al. also has concluded that increase in the DU values by the
increase in the chain length of the alkyl groups is small and
branching away from the P@O group does not significantly affect
the extraction of U(VI). However, introduction of branching on
the first carbon atom of the alkyl groups would increase the extraction of U(VI) [20]. In this study, it was also seen from Fig. 4 that the
DU of TsBP and TiAP was higher than that of TBP.
3.4. Extraction of thorium (IV)
Fig. 5 shows the extraction of Th(IV) by 0.18 mol/L and 1.1 mol/
L of the four extraction agents. As the same as U(VI) and HNO3, a
higher DTh with DMHMP could be obtained due to the replacing
of CAOAP group by CAP group in the extractant. Furthermore, the
extraction of Th(IV) is neither significantly affected by changing

(U(VI))

= 0.5 ± 0.01 g/L).

the chain length of the alkyl groups of the phosphate, nor apparently decreased by introducing branching on the second carbon
atom of the alkyl groups. However, there is a significant reduction
in the D values for Th(IV) extraction if branching is introduced on
the very first carbon atom of the alkyl groups, just like the values
for TsBP was lower than that for TBP, due to the stability of the
complex, which is influenced by the spatial arrangement of the
atoms in the complex. It must be pointed out that the extraction
of Th(IV) with 1.1 mol/L TBP at the acidity higher than 3 mol/L
has not be studied due to the third-phase formation.
3.5. Extraction of the main fission products
Fig. 6 shows the extraction of Cs+(6a), Sr2+(6b), Ce3+(6c),
Eu3+(6d), Zr4+(6e), and RuNO3+(6f) by 1.1 mol/L of the four extraction agents. The distribution ratios of alkaline and alkaline earth
metal elements, such as Cs+ and Sr2+, in the four extraction agents
are very low. The extraction of rare earth elements, such as Ce3+,
Eu3+, and annoying elements, such as Zr4+, RuNO3+, with TsBP
and TiAP are similar with TBP. However, the distribution ratios in
DMHMP are usually higher than that in other extraction agents.
It can be imaged that when DMHMP is used in thorium-based fuel
reprocessing, it will be difficult to achieve a high decontamination
factor for Zr and Ru. Nevertheless, considering the pursuit of higher
decontamination factor in the thorium-based fuel reprocessing is
not as important as uranium-based fuel reprocessing because that
reprocessed thorium would contain more Th-228 than its equilibrium value, which has some very radioactive daughters. On the
other hand, there is significant amount of U-232, which has a

Fig. 5. Effect of acidity on extraction of the thorium ion by 0.18 mol/L (5a) and 1.1 mol/L (5b) extractants/n-dodecane (Cinitial

(Th(IV))

= 50 ± 0.1 g/L).
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Fig. 6. Effect of acidity on extraction of Cs+ (6a), Sr2+(6b), Ce3+ (6c), Eu3+ (6d), Zr4+ (6e) and RuNO3+ (6f) by 1.1 mol/L extractants/n-dodecane (Cinitial

half-life of only 73.6 years and is associated with strong gamma
emitting daughter products. If recycled immediately, before the
sufficient decay of 228Th and 232U. Even a higher decontamination
factor can be obtained in thorium-based fuel reprocessing, the thorium and uranium product would still contain high radioactivity
due to the decay process of 228Th and 232U. The products must be
processed in hot cells and the high decontamination factors are
probably not worthwhile [23]. So, DMHMP also can get use in
the thorium-based fuel reprocessing.
3.6. Detection of limited organic concentration (LOC) and maximum
organic concentration (MOC) for Th(NO3)4
Third phase formation is a serious problem in solvent extraction
and would affect the normal running of extraction equipments.
Usually, it occurs due to the poor solubility of the extractantmetal complex in diluent phase when metal loadings in extractant
beyond a particular value namely limited organic concentration. In
the reprocessing of thorium-based spent fuel, the easy third phase

(M)

= 0.15 ± 0.001 g/L).

formation of extractant-Th(IV) complex is a serious problem. So,
the LOC or MOC of Th(IV) with different extraction agents were
investigated and the results were shown in Fig. 7. It was found that
the LOC or MOC would decrease with the increase of nitric acid
concentration for all the four extraction agents. It is quite understandable that free extractant can aid mutual miscibility of metal
solvate and diluents by acting as a bridge between them. A higher
fraction of the extractant would be complexed by nitric acid with
the increase of nitric acid concentration in aqueous phase, which
leaded the decrease of free extractant concentration in organic
phase and third phase formation. In addition, the MOC of DMHMP
for extraction of Th(IV) is larger than LOC of other extraction
agents, especially for TBP and TsBP. Third phase formation was
not observed in the extraction of Th(IV) with DMHMP and TiAP
even at the loadings indicated. It is clear that the LOC or MOC
increases obviously by increasing the carbon atoms of the extractant. Perhaps, this is due to the organophilic character of the metal
solvate would increase as the carbon atoms of the extractant
increasing, which would improve the compatibility of metal
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no need to worry about the third phase formation because of the
fluctuation of process operating conditions. So, DMHMP would be
a preferable extractant for thorium-based fuel reprocessing and
batch simulation of multistage countercurrent extraction was used
for evaluating the extraction process using DMHMP as extractant.
The Data of batch countercurrent extraction is useful in predicting the extraction behavior and steady-state operation in extractors. The concentration profiles of Th(IV) and U(VI) in aqueous
and organic phase after equilibrium are shown in Table 2. It can
be seen that almost a complete extraction of thorium and uranium
is achieved in 8 extraction stages and the concentrations of
thorium and uranium in the aqueous phase of E8 stage were lower
than 1.3 ppm and 1.0 ppt, respectively. Furthermore, the
concentrations of Th(IV) and U(VI) could keep stable in scrub
stages, achieving the recovery of Th(IV) and U(VI). There is a little
nitric acid accumulation in the feed inlet stage due to the high ratio
between organic phase and water phase, but the overall trend is
normal.
Fig. 7. The variation of LOC or MOC value with equilibrium aqueous acidity in the
system of thorium nitrate-nitric acid-1.1 mol/L extractants/n-dodencane at room
temperature.

solvate with diluents, and restrain the formation of third phase.
This conclusion was also agreement with Sidoall [11], the tendency
to form a third phase decreased markedly with amyl phosphates
and phosphonates, and was not observed with hexyl compounds
and higher homologs. It can also be seen that introduction of
branching in the extractant is able to improve the formation of
third phase, such as TsBP. Generally, the lesser tendency for
third-phase formation in the extraction of Th(IV) by phosphates
with branching on the first carbon atom of the alkyl groups only
indicates that branching on the first carbon atom of the alkyl
groups probably makes the aggregation of metal-solvate molecules
in the organic-phase difficult [24]. However, the structural aspects
of the species formed in the extraction of metal nitrates with such
phosphates should be investigated by carrying out further
experiments.

3.8. Multistage countercurrent extraction experiments by using
centrifugal extractors
To explore the applicability of DMHMP in the reprocessing of
Th-based fuel as an alternate to TBP, the continous countercurrent
extraction experiment by using sixteen stages centrifugal extractor
was operated employing 0.73 M DMHMP/n-dodecane as extractant. The flow rate of the organic solvent was maintained as
3.5 mL/min and the flow ratio of Feed/Scrub/Organic solvent was
1/0.8/7. Other experiment parameters were the same as that of

3.7. Multistage countercurrent extraction experiments by batch
Simulation
As mentioned above, among the four neutral organophosphorus
compound extractants, DMHMP possesses better physical properties, such as low solubility in aqueous phase and density, achieving
less extractant residue in aqueous phase and favorable organicaqueous phase separation in extraction process. Furthermore, the
distribution ratios of Th(IV) and U(VI) in DMHMP are highest,
which is propitious to the recovery of Th(IV) and U(VI) in the
thorium-based fuel reprocessing at lower system acidity. The most
important advartange is that the MOC of DMHMP for extraction of
Th(IV) is highest and no third phase is formed even above the loadings. The organic phase flow ratio could be reduced and there was

Fig. 8. Stage profiles for the extraction of U(VI) and Th(IV) by 0.73 M DMHMP in the
integral run.

Table 2
The concentration profiles of Th(IV), U(VI) and HNO3 in aqueous and organic phase after equilibrium, data taken after 64 rows.
Stage

7S
5S
3S
1S
2E
4E
6E
8E

Organic phase

Aqueous phase

Th (g/L)

U (mg/L)

HNO3 (mol/L)

Th (g/L)

U (mg/L)

HNO3 (mol/L)

36.46
42.05
44.23
46.69
0.022
0.0019
0.0014
0.0010

375.1
396.3
405.2
354.3
5.1E-5
4E-5
3E-5
1.3E-6

0.054
0.073
0.068
0.061
0.012
0.018
0.015
0.019

39.52
47.62
51.90
53.90
0.049
0.0048
0.0032
0.0013

13.8
16.7
18.8
11.4
6E-5
<1E-6
<1E-6
<1E-6

0.23
0.29
0.34
0.45
0.52
0.41
0.40
0.39
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Table 3
A comparison of Th-U co-extraction sections in DMHMP process and Thorex process.

DMHMP
TBP

Extractant concentra
tion (mol/L)

Flow ratio of
Feed/Organic solvent

Salting out acidity
(mol/L)

System
acidity (mol/L)

Recovery of
Th-U

Main FPs decontamin
ation factor

0.73
1.1

1:7
1:9

n
13

0.2-0.4
1.0–4.0

>99.99
>99.99

103
103

n: no salting-out acid.

batch simulation experiment. The concentration profiles of Th(IV)
and U(VI) in the process were shown in Fig. 8. As the same as
the results of batch simulation experiment, the concentrations of
Th(IV) and U(VI) in the aqueous phase in 9th extraction stage were
less than 1.1 ppm and 2.0 ppt, which suggested that the recovery of
U(VI) and Th(IV) in the process was over 99.99%. The final composition (at equilibrium) of the loaded organic phase was: [U]
= 0.32 g/L, [Th] = 34.29 g/L. The concentrations of the main FPs in
the organic phase in the scrub stage (from stage1 to 8) were less
than 0.013 ppm, which could get the decontamination factor of
103, except that the decontamination factor of Zr and Ru were
58.07 and 198.63, respectively.
3.9. Comparison of thorium-uranium co-extraction and
decontamination between DMHMP process and Thorex process
The thorium-uranium co-extraction and decontamination process using DMHMP was compared with Thorex process and the
main salient features of the two processes were summarized in
Table 3. It was found the main process indexes of the two processes
were almost the same, while the extractant concentration of
DMHMP process was reduced from 1.1 M to 0.73 M, and the ratio
of Organic solvent/Feed reduced from 9/1 to 7/1. In addition, the
DMHMP process does not require strong salting out acid, and the
acidity of the whole system of the process is sharply reduced to
0.2–0.4 mol/L.
4. Conclusions
DMHMP is a potential extraction agent for thorium-based fuel
reprocessing because of its excellent physical and extraction properties, especially no third phase formation. Compared with Thorex
process, the thorium-uranium co-extraction and decontamination
process using DMHMP has been simplified greatly, which was
operated by batch simulation and continuous centrifugal extractor
extraction. However, the research for DMHMP is still in the laboratory scale, it requires further in-depth study, including thorium
and uranium stripping process from organic products, irradiation
stability and process scale-up, before using in the reprocessing of
thorium-based nuclear fuel.
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