
AI translation ・View original & related papers at
chinarxiv.org/items/chinaxiv-202306.00308

Modeling the autocatalytic reaction between
Tc(VII) and methyl-hydrazine in HNO3 solution
Postprint
Authors: LIU Fang, WANG Hui, WEI Yan, JIA Yong-Fen

Date: 2023-06-18T00:00:00+00:00

Abstract
The reduction of Tc(VII) by methyl-hydrazine(MMH) in HNO3 aqueous solution
was studied under different conditions. A logistic equation widely used for
modeling autocatalytic reaction was adopted to simulate the target reaction.
All the experimental data were consistent with the proposed equation. Results
showed that Tc(VII) was reduced by MMH in two ways, the stepwise reduced by
MMH and the autocatalytic reduced by Tc(IV). Isothermal experiments were
done at temperatures ranging from 40 ℃ to 55 ℃ and the activation energy
were obtained to be 31.51 kJ/mol and 65.68 kJ/mol for the stepwise reduction
and autocatalytic reduction, respectively.
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The reduction of Tc(VII) by methyl-hydrazine (MMH) in nitric acid aqueous so-
lution was studied under various conditions. A logistic equation widely used for
modeling autocatalytic reactions was adopted to simulate the target reaction.
All experimental data were consistent with the proposed equation. Results
showed that Tc(VII) was reduced by MMH through two pathways: stepwise
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reduction by MMH and autocatalytic reduction by Tc(IV). Isothermal experi-
ments were conducted at temperatures ranging from 40 °C to 55 °C, yielding
activation energies of 31.51 kJ/mol and 65.68 kJ/mol for the stepwise and au-
tocatalytic reductions, respectively.

Keywords: Technetium, Autocatalytic reaction, PUREX, Methyl-hydrazine,
Logistic equation
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Introduction
An advanced salt-free PUREX process was developed by the China Institute
of Atomic Energy, which employs N,N-dimethylhydroxylamine (DMHAN) as a
reductant and methyl-hydrazine (MMH) as a stabilizer in the U/Pu splitting
stage. DMHAN can rapidly reduce Pu(IV) to Pu(III), while MMH acts as an
HNO2 scavenger [1]. MMH is a moderate reductant that may reduce Tc(VII) to
lower valence states, thereby influencing technetium distribution in the process.
Previous studies indicated that DMHAN could not reduce Tc(VII) in HNO3
solution [2]. However, technetium enters the aqueous solution mainly as Tc(IV)
in the U/Pu splitting stage of the advanced PUREX process [3], suggesting that
Tc(VII) is primarily reduced by MMH in this system.

The reaction between technetium and hydrazine has been extensively studied
[4–6]. It is well established that technetium can catalyze the reduction of hy-
drazine by nitric acid. However, the reaction between technetium and MMH
has not yet been investigated, and previous works on technetium have primar-
ily focused on its effect on reductant consumption. In this paper, the reaction
between technetium and MMH was studied in detail under different conditions,
with Tc(VII) concentration monitored to elucidate technetium valence trans-
formations. This investigation is valuable for understanding the mechanism
of MMH over-consumption and technetium behavior in the advanced PUREX
process.

Experimental Details
Reagents and Instruments

NH4TcO4 was purchased from Oak Ridge National Laboratory (ORNL) and
dissolved in distilled water. 2,4,6-trimethylpyridine was obtained from Fluka
chemical reagent company. A liquid scintillation spectrometer manufactured
by Beckman was used for technetium measurement. The cocktail solution for
liquid scintillation counting was prepared by dissolving 1 g triphosphoxane, 16 g
2,5-diphenyloxazole, and 300 g naphthalene in 2 L dioxane. All other chemicals
used were of analytical grade.
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Analysis

The concentrations of MMH and HNO3 were determined by titration using a
glass electrode to monitor pH. Tc(VII) concentration was detected via liquid
scintillation after extraction with 2,4,6-trimethylpyridine in alkaline solution
[7].

Procedure

All experiments were conducted in a 20 mL test tube immersed in a constant
temperature bath. All reactants were preheated to the reaction temperature be-
fore mixing. After mixing, a small volume of solution was sampled immediately
and at regular intervals throughout the experiment. The sampled solution was
sealed and placed in an ice water bath to quench the reaction for subsequent
analysis.

To predict technetium behavior in actual reprocessing conditions, the initial
reactant concentrations in the experiments were similar to those in the U/Pu
splitting stage of the advanced PUREX process. Since MMH and HNO3 con-
centrations were hundreds of times higher than that of technetium and only
small amounts were consumed during the reaction, their concentrations could
be treated as constants in data processing.

Results and Discussion
Mechanism Consideration and Technetium Effect on the Reaction

The effect of initial Tc(VII) concentration on the reaction is shown in Fig. 1
[Figure 1: see original paper]. The curves exhibit a typical sigmoidal shape.
Tc(VII) is reduced relatively slowly at the beginning, which is termed the in-
duction period. Subsequently, Tc(VII) concentrations decline sharply, marking
the transition to the fast reaction period. At the reaction’s conclusion, the re-
duction rate slows again. A notable observation is that Tc(VII) is consumed
much faster under higher initial Tc(VII) concentrations, suggesting that the
reduction product of Tc(VII) may accelerate its own consumption. In all ex-
periments, Tc(VII) could not be completely reduced, with approximately 10%
remaining in solution.

Technetium is a polyvalent nuclide; tetravalent, pentavalent, hexavalent, and
heptavalent technetium species may be involved in this reaction. Other po-
tential reactions such as disproportionation of Tc(VI) and Tc(V), oxidation of
Tc(VI) and Tc(V), and redox reactions between MMH and HNO3 are not con-
sidered here. Reactions (3) and (5) mentioned above are dominant when MMH
is in excess, while other reactions have minimal effect on Tc(VII) reduction.
The intermediate-valence technetium species, Tc(VI) and Tc(V), are unstable
in this system and rapidly transform to stable valences (Tc(IV) or Tc(VII))
after formation [9]; consequently, little Tc(VI) and Tc(V) remain in solution.
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To simplify data processing, we neglected intermediate-valence technetium and
assumed that only Tc(VII) and Tc(IV) exist in the system.

The dissociation of CH3N2H4
+ in HNO3 solution is expressed as:

𝐶𝐻3𝑁2𝐻
4+ ⇔ 𝐶𝐻3𝑁2𝐻

3 + 𝐻+, 𝑘𝑎 =
[𝐶𝐻3𝑁2𝐻

3][𝐻+]
[𝐶𝐻3𝑁2𝐻

4+]

where 𝑘𝑎 is the dissociation constant. The reported pK� value is 7.87 [8], indi-
cating that MMH exists primarily as CH3N2H4

+ in this solution.

The reduction of Tc(VII) by MMH in HNO3 aqueous solution is complex.
Tc(VII) is reduced through two pathways, as shown in reactions (3) and (5):
stepwise reduction by MMH and catalytic reduction by Tc(IV).

𝑇 𝑐(𝑉 𝐼𝐼) + 𝐶𝐻3𝑁2𝐻
4+ + 𝐻+ → 𝑇 𝑐(𝑉 𝐼)

𝑇 𝑐(𝑉 𝐼) + 𝐶𝐻3𝑁2𝐻
4+ → 𝑇 𝑐(𝐼𝑉 )

𝑇 𝑐(𝐼𝑉 ) + 𝑇 𝑐(𝑉 𝐼𝐼) → 𝑇 𝑐(𝑉 ) + 𝑇 𝑐(𝑉 𝐼)

The reduction of Tc(VII) can be expressed as:

−𝑑[𝑇 𝑐(𝑉 𝐼𝐼)]
𝑑𝑡 = 𝑘1[𝐶𝐻3𝑁2𝐻

4+][𝑇 𝑐(𝑉 𝐼𝐼)][𝐻+] + 𝑘2[𝑇 𝑐(𝑉 𝐼𝐼)][𝑇 𝑐(𝐼𝑉 )]

where 𝑘1 and 𝑘2 are the rate constants for reactions (3) and (5), respectively.
Substituting [𝑇 𝑐(𝐼𝑉 )] with [𝑇 𝑐(𝑉 𝐼𝐼)], this equation transforms to:

−𝑑[𝑇 𝑐(𝑉 𝐼𝐼)]
𝑑𝑡 = 𝑘1[𝐶𝐻3𝑁2𝐻

4+][𝑇 𝑐(𝑉 𝐼𝐼)][𝐻+] + 𝑘2[𝑇 𝑐(𝑉 𝐼𝐼)](𝑐0 − [𝑇 𝑐(𝑉 𝐼𝐼)])

where 𝑐0 represents the initial Tc(VII) concentration.

Let 𝑘 = 𝑘1[𝐶𝐻3𝑁2𝐻
4+][𝐻+] + 𝑘2𝑐0, so the above equation can be written as:

−𝑑[𝑇 𝑐(𝑉 𝐼𝐼)]
𝑑𝑡 = 𝑘[𝑇 𝑐(𝑉 𝐼𝐼)] − 𝑘2[𝑇 𝑐(𝑉 𝐼𝐼)]2

From this equation, we can easily derive the integral form:

ln |[𝑇 𝑐(𝑉 𝐼𝐼)] − 𝑘
𝑘2

| − ln[𝑇 𝑐(𝑉 𝐼𝐼)] = 𝑘𝑡 + 𝑐

Since 𝑘
𝑘2

= 𝑘1[𝐶𝐻3𝑁2𝐻 4+][𝐻+]
𝑘2

+ 𝑐0 > [𝑇 𝑐(𝑉 𝐼𝐼)], the modulus can be removed and
the equation expressed in exponential form:
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𝑘
𝑘2

− [𝑇 𝑐(𝑉 𝐼𝐼)]
[𝑇 𝑐(𝑉 𝐼𝐼)] = exp(𝑘𝑡 + 𝑐)

Thus, [𝑇 𝑐(𝑉 𝐼𝐼)] can be expressed as:

[𝑇 𝑐(𝑉 𝐼𝐼)] =
𝑘
𝑘2

1 + exp(𝑘𝑡 + 𝑐)

It is evident that the mechanism equation has the same format as the logistic
function. The logistic function used for fitting is:

𝑦 = 𝑎
1 + exp[−𝑏(𝑥 − 𝑥𝑐)]

Relationships between the logistic function and mechanism function are dis-
played in Table 1 . The fitting was performed using Origin 8 software. The
fitting results and calculated 𝑘1 and 𝑘2 for reactions (3) and (5) are presented
in Table 2 . When calculating 𝑘1 and 𝑘2, we assumed that the concentration of
CH3N2H4

+ equals the initial MMH concentration.

The Effect of MMH on the Reaction

The effect of initial MMH concentration on Tc(VII) reduction is presented in
Fig. 2 [Figure 2: see original paper]. MMH concentration affects the induction
period more distinctly than the fast reaction period. The length of the induc-
tion period decreases with increasing MMH concentration, but the fast reaction
periods under different conditions show little variation. This is supported by
the proposed mechanism: the stepwise reduction is dominant during the induc-
tion period, and since MMH is first-order for stepwise reduction, higher MMH
concentrations favor Tc(VII) reduction. Once sufficient Tc(IV) is produced,
the autocatalytic reaction becomes dominant and the reduction is influenced
primarily by technetium concentration rather than MMH. Additionally, MMH
concentration affects the reaction extent, with less Tc(VII) remaining at higher
initial MMH concentrations.

The Effects of Acidity on the Reaction

The effect of initial HNO3 concentration on Tc(VII) reduction is presented in
Fig. 3 [Figure 3: see original paper]. HNO3 has a similar effect as MMH on the
reaction due to their analogous roles in Tc(VII) reduction. The fitting results
and derived parameters are presented in Table 4 .

In the logistic function, when 𝑥 = 𝑥𝑐, the second derivative of 𝑦 equals zero,
meaning 𝑥𝑐 defines the time when the Tc(VII) reduction reaction accelerates.
When 𝑥 = 𝑥𝑐, 𝑦 = 𝑎/2, and the calculated value of “a” is very close to the initial
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Tc(VII) concentration, suggesting that Tc(VII) decreases most rapidly when its
concentration is approximately half of the total technetium concentration. This
confirms our hypothesis that mainly Tc(VII) and Tc(IV) exist in solution, with
only trace amounts of other valence states.

From the rate constants 𝑘1 and 𝑘2 obtained in different experiments, we calcu-
lated the average 𝑘1 to be 0.179 M−2h−1 with a standard deviation of 0.02, and
the average 𝑘2 to be 961 M−2h−1 with a standard deviation of 129. 𝑘2 has a
larger relative error than 𝑘1 because we assumed that the activities of MMH
and HNO3 equal their initial concentrations in data processing, which intro-
duces significant deviation. Based on this discussion, it can be concluded that
this reaction is very similar to the reaction between TcO4

− and hydrazine [4].
There is a long induction period during which Tc(VII) is stepwise reduced by
CH3N2H4

+ to Tc(IV). When sufficient Tc(IV) accumulates, the autocatalytic
reaction becomes prominent and the reaction enters the fast reaction period.
As Tc(VII) decreases, the reduction rate slows again.

Thus, both MMH concentration and acidity affect the induction period. Higher
initial technetium concentration, higher CH3N2H3 concentration, and higher
acidity all facilitate passage through the induction period, but the fast reaction
velocity is primarily determined by technetium concentration.

The Effects of Temperature on the Reaction

Temperature significantly affects reaction kinetics. This effect is typically ex-
pressed as a temperature dependence of kinetic parameters, which has been
widely studied and can be generally described by the Arrhenius equation:

ln 𝑘 = ln 𝐴 − 𝐸𝑎
𝑅𝑇

where 𝑘 is a kinetic parameter, 𝐸𝑎 is activation energy, 𝑅 is the universal gas
constant, and 𝑇 is absolute temperature.

The effect of temperature on this reaction is presented in Fig. 4 [Figure 4: see
original paper]. The fitting results and derived parameters at different tem-
peratures are displayed in Table 5 . Based on these parameters, the apparent
activation energy (𝐸𝑎) is calculated to be 31.51 kJ/mol for reaction (3) and
65.68 kJ/mol for reaction (5).

Conclusion
The reduction of Tc(VII) by MMH in HNO3 aqueous solution is a complex re-
action. Tc(VII) is consumed through two pathways: reduction by MMH and
catalysis by Tc(IV). The first is a termolecular reaction dominant during the
induction period. When sufficient Tc(IV) is present in solution, the autocat-
alytic reaction becomes primary and the reaction enters the fast reaction pe-
riod. Therefore, the induction period is affected by initial Tc(VII) concentra-
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tion, MMH concentration, and acidity, while the fast reaction period is primarily
controlled by technetium concentration.

Based on this mechanism, we derived the reaction rate equation and fitted it
with a logistic function. The reaction rate equation for Tc(VII) reduction is:

−𝑑[𝑇 𝑐(𝑉 𝐼𝐼)]
𝑑𝑡 = 𝑘1[𝐶𝐻3𝑁2𝐻

4+][𝑇 𝑐(𝑉 𝐼𝐼)][𝐻+] + 𝑘2[𝑇 𝑐(𝑉 𝐼𝐼)][𝑇 𝑐(𝐼𝑉 )]

The rate constant 𝑘1 is 0.179 M−2h−1 with a standard deviation of 0.02, and 𝑘2
is 961 M−2h−1 with a standard deviation of 129. The apparent activation energy
is 31.5 kJ/mol for reaction (3) and 65.68 kJ/mol for reaction (5), respectively.
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Note: Figure translations are in progress. See original paper for figures.
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