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Abstract: The removal of radionuclides from the primary coolant system of nuclear power plants
occurs with the dissolution of corrosion metal oxide layers deposited with the radionuclides. Kinetic
dissolution experiments were conducted with a synthetic magnetite specimen in the form of a thin
plate using an aqueous solution of oxalic acid as a reducing agent. The effects of acid concentra-
tion and temperature were investigated on the kinetics of the reductive dissolution of a magnetite
specimen. In particular, the kinetic experiments were performed in a wide temperature range from
low (57 ◦C) to high (120 ◦C), above the normal boiling point of water. The dissolution of magnetite
increased with increasing acid concentration and temperature. The acid concentration dependence of
the dissolution reaction rate of Fe at a given temperature was correlated with the nth power of the
oxalic acid concentration. Additionally, the temperature dependence of the dissolution reaction rate
of Fe at a fixed oxalic acid concentration was studied with an Arrhenius-type equation.

Keywords: magnetite specimen; chemical decontamination; reductive dissolution; kinetics;
oxalic acid

1. Introduction

Radioactive materials generated from a nuclear power plant (NPP) reactor are de-
posited in the form of corrosion oxide layers on the surface of the coolant system, thereby
increasing the level of radiation. Accordingly, it is necessary to reduce the radiation level by
removing the corrosion oxide layers through decontamination before the decommissioning
operation. According to the NPP decommissioning plan, the Kori Unit 1, one of the pres-
surized water reactors in Korea, is expected to perform chemical decontamination of the
reactor coolant system after permanent shutdown [1]. Chemical decontamination is a key
technology that can remove more than 95% of the radionuclide inventory from the primary
coolant system of NPPs. Recently, extensive research on the current status and prospects
for various decontamination technologies in NPPs has been conducted [2]. In general, the
corrosion oxide layers deposited on the inner surface of structures of the coolant system are
composed of metal oxides of iron, nickel, and chromium. The removal of the radionuclides
from the primary coolant system occurs with the dissolution of corrosion metal oxide layers
deposited with the radionuclides.

Chemical decontamination through the oxidative and reductive dissolution of the
metal oxides has so far been recognized as the most effective method. In a number of
experimental results and practical reports, organic acids such as oxalic acid [1,3–8], cit-
ric acid [9–11], ethylelenediamine tetraacetic acid [11], and mixtures thereof were used
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as strong reducing reagents due to their faster dissolution rates and chelating capaci-
ties. Additionally, reductive dissolution through the addition of reducing reagents like
hydrazine [12,13] has been reported with effective experimental results.

The decontamination processes using oxalic acid have been most widely developed
to reductively dissolve the magnetite oxide film, which constitutes most of the corrosion
oxides in the NPP cooling system. The mechanisms and kinetics related to the magnetite
dissolution in the oxalic acid solution have been extensively studied. Salmimies et al. [6]
measured the solubility of magnetite in oxalic acid by using samples of synthetic magnetite
powder and natural magnetite powder while varying temperature and oxalic acid con-
centration. The solubility was highly dependent on the oxalic acid concentration and the
dependence on temperature was small. The solubility of natural magnetite in oxalic acid
showed somewhat more complex behavior due to particle size distribution and impurities.
Thermodynamic and kinetic dissolution experiments were performed at different temper-
atures and different oxalic and sulfuric acid ratios using synthetic magnetite powder [7].
Increasing the oxalic acid content in the solution phase yielded higher solubilities as well
as accelerated kinetics.

The objective of the present experimental study is to investigate the effects of reaction
temperature and acid concentration on the kinetics of the reductive dissolution of magnetite.
The dissolution experiments were conducted with a synthetic magnetite specimen in the
form of a thin plate, using the aqueous oxalic acid solution at different concentrations and
temperatures. Until now, there have been many studies on the reductive dissolution of
magnetite using oxalic acid, but most studies have used powder as the magnetite materials.
When using a magnetite powder sample, it is difficult to accurately measure the reductive
dissolution rate, because the surface area decreases irregularly due to the dissolution
of powder consisting of various sizes and shapes. On the other hand, the magnetite
sample used in this study is a specimen made by sintering magnetite powder at a high
temperature. This can be considered a novel approach. The crystal structure and surface
properties of our magnetite specimen samples remained unchanged during the dissolution
experiments. In addition, it should be emphasized that most of the decontamination
experiments performed so far were conducted at temperatures below 100 ◦C, but our
experiments were also conducted at higher temperatures (120 ◦C).

2. Experimental
2.1. Materials and Analytical Methods

In order to observe the characteristics of the reductive decontamination reaction of
corrosion oxides, a magnetite specimen (Fe3O4) was used as the test material, and oxalic
acid was used as the reducing agent. The dimensions and a surface image of the thin plate
magnetite specimen are shown in Figure 1. The magnetite specimen used in our work
was purchased from the Kojundo Chemical Laboratory Co., LTD (Saitama, Japan). The
certificate of analysis for the magnetite specimen sample was provided by the company
and is given in Table 1. Solid oxalic acid dihydrate (H2C2O4·2H2O: CAS no. 6153-56-6)
with a purity of 99.5% (EP grade) from Daejung Chemicals and Metals (Sinan, Korea) was
used to formulate (prepare) the leaching solutions. Deionized water was used to prepare
the solution and analyze the samples in all the experiments.

For the magnetite specimen samples, the surface morphology and elemental composi-
tions of the materials were measured using a field emission scanning electron microscope
(FE-SEM) (Jeol model JSM-7610F Plus) equipped with energy dispersive x-ray spectroscopy
(EDS). The area scan method was used for the EDS analysis. An inductively coupled plasma
mass spectrometer (ICP-MS) (Perkin Elmer model NexION 2000) was used to analyze the
concentration of Fe2+ ions dissolved into the aqueous solution from the magnetite specimen
during the reductive decontamination. It had a detection limit of less than 1.5 ng·L−1 (ppt)
for 56Fe.
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agent. The leaching experiments were carried out in a stainless steel reactor equipped with 
a thermostat to maintain constant temperature in the reacting mixture. The heart of the 
system is the high-temperature and high-pressure cylindrical reactor, which has the fol-
lowing dimensions: 70 mm internal diameter, 150 mm height, and an internal working 
volume of about 580 mL. A magnetic drive with an agitator was installed to mix the solu-
tion inside the reactor. Two pitched paddle agitators with four paddles, which had diam-
eters of 37 mm and 50 mm, were mounted on the agitator shaft to for better agitation. The 
distance between the agitator and the specimen holder placed on the bottom of the reactor 
is about 5 mm. No baffles are installed on the inner wall of the reactor; however, it is 
believed that the thin plate-shaped magnetite specimen mounted in the specimen holder 
can partially play the role as a baffle during stirring. A ceramic band heater is attached to 
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tor, a thermocouple, an agitator and shaft, and a sampling line in the reactor are all Teflon-
coated to prevent corrosion of materials by the oxalic acid solution. In order to prevent 

Figure 1. Shape and dimensions of the magnetite specimen used in this work.

Table 1. Certificate * of elemental analysis for the magnetite (Fe3O4) specimen sample.

Purity 99.8%

Metal impurities

Element Amount [%]

Al 0.02
Cr 0.01
Mn 0.02
Na 0.02
Ni 0.005
Si 0.02

Total 0.095
* Provided by the Kojundo Chemical Laboratory Co.

2.2. Apparatus and Procedure

Figure 2 shows a schematic diagram of the experimental apparatus for dissolving
Fe3O4 from the magnetite specimen using an aqueous oxalic acid solution as a reducing
agent. The leaching experiments were carried out in a stainless steel reactor equipped
with a thermostat to maintain constant temperature in the reacting mixture. The heart of
the system is the high-temperature and high-pressure cylindrical reactor, which has the
following dimensions: 70 mm internal diameter, 150 mm height, and an internal working
volume of about 580 mL. A magnetic drive with an agitator was installed to mix the solution
inside the reactor. Two pitched paddle agitators with four paddles, which had diameters
of 37 mm and 50 mm, were mounted on the agitator shaft to for better agitation. The
distance between the agitator and the specimen holder placed on the bottom of the reactor
is about 5 mm. No baffles are installed on the inner wall of the reactor; however, it is
believed that the thin plate-shaped magnetite specimen mounted in the specimen holder
can partially play the role as a baffle during stirring. A ceramic band heater is attached
to the outer wall of the reactor to heat the solution in the reactor. Inside the wall of the
reactor, a thermocouple, an agitator and shaft, and a sampling line in the reactor are all
Teflon-coated to prevent corrosion of materials by the oxalic acid solution. In order to
prevent the aqueous solution in the reactor from boiling or evaporating, the upper part
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of the reactor was connected to a nitrogen gas cylinder in which the pressure was kept
constant at 1.5 bar. Figure 3 shows a photograph of the holder made of Teflon material to
fix the magnetite specimen inside the reactor.
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The experimental conditions are presented in Table 2. Oxalic acid concentration and
reaction temperature were determined in consideration of the NPP’s chemical decontam-
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ination application range. The experimental procedure is as follows: First, the amounts
of oxalic acid, magnetite specimen, and deionized water corresponding to certain exper-
imental conditions were quantified using precision balances (AND models HM-300 and
GX-1003A) measuring ± 0.1 mg and ± 1 mg, respectively. After inserting the magnetite
specimen into the holder, the holder was placed inside the reactor. The prepared oxalic
acid aqueous solution was introduced into the reactor, and then the flange at the top of the
reactor was coupled. The reaction temperature was set by operating the band heater, and
the dissolution reaction was conducted while stirring the reaction solution. The stirring
speed was 300 rpm.

Table 2. Experimental conditions for the reductive dissolution of magnetite specimen using
oxalic acid.

Operating Variable Experimental Condition

Reaction temperature, Trxn [◦C] 57, 82, 95, 105, 120
Concentration of oxalic acid, COA [mmol·L−1] 10, 15, 20, 30, 40

Reaction time, t [min] 180 max.
Reactor pressure, P [bar] 1.5~1.9 (under N2 gas)

Volume of reaction solution, V [mL] 500
Number of magnetite specimen used in

experiments 1

During the dissolution reaction, samples were taken from the reaction solution at
different time intervals. A glass vial was used to take the sample from the reactor, after
which the sample was diluted with DI water ten times to avoid any precipitation caused by
changes in the temperature. A total reaction time of 120 min or 180 min was employed to
obtain the kinetic data for the dissolution reaction, depending on the variable. Finally, the
concentration of the dissolved Fe present in the sample solution was measured through the
ICP-MS analysis.

3. Results and Discussion

Figure 4 shows the FE-SEM images and the EDS analysis result for the magnetite
specimen sample used in this work. It is revealed that the specimen consists of 68.77 atomic
% Fe and 29.25 atomic % O. The FE-SEM images of the magnetite specimen sample after
the dissolution reaction are given in Figure 5. Note that the images shown in Figures 4
and 5 are compared at the same magnifications. Compared to the SEM images of the
specimen before the dissolution reaction shown in Figure 4, it seems that the surface of the
magnetite specimen was slightly roughened due to the reductive dissolution by the oxalic
acid solution. In particular, this is well shown in the × 1000 magnification image.

A kinetic study of the reductive dissolution of the magnetite specimen in oxalic acid
medium was performed with the experimental conditions shown in Table 2. The key
experimental parameters were reaction temperature and oxalic acid concentration. Five
different temperatures were chosen to observe the effect of temperature on the kinetics of
the dissolution of the magnetite specimen. The concentrations for oxalic acid were 10, 15,
20, 30, and 40 mmol·L−1. During the dissolution reaction, small amounts of samples (about
5 mL) were collected from the aqueous solution of oxalic acid at preset reaction times, and
the leached Fe content in the aqueous solution (based on concentration) was analyzed for
each sample.
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3.1. Effect of Oxalic Acid Concentration

The effect of oxalic acid concentration on the concentration of the Fe2+ ions leached
from the magnetite specimen was studied. The oxalic acid concentration varied at 10, 15,
20, 30, and 40 mmol·L−1 and the reaction temperature was kept constant. The experi-
mental results are shown in Table 3. The effect of acid concentration on the dissolution
of magnetite was clearly seen with oxalic acid. Noticeable differences in kinetics were
observed when using oxalic acid with concentrations of 10 to 40 mmol·L−1. Increased
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oxalic acid concentration yielded increased dissolution of Fe from the magnetite specimen.
Therefore, it can be seen that the reductive reaction occurred more rapidly as the oxalic acid
concentration increased. The solution temperature and the reaction time are also listed in
Table 3. It took approximately 50 min for the solution temperature to reach close to the set
temperature. The actual average value of the solution temperature maintained after the
solution temperature reached the set temperature was approximately 94 ◦C.

Table 3. Experimental kinetic data of reductive dissolution of magnetite specimen using oxalic acid
at different acid concentrations (COA) at a constant temperature around 94 ◦C.

Reaction Time,
t [min]

Tsoln
a

[◦C]
CFe2+

b

[mmol·L−1]
Tsoln
[◦C]

CFe2+

[mmol·L−1]
Tsoln
[◦C]

CFe2+

[mmol·L−1]

COA = 10 mmol·L−1

(Trxn
c = 94 ◦C)

COA = 15 mmol·L−1

(Trxn = 94 ◦C)
COA = 20 mmol·L−1

(Trxn = 94 ◦C)

0 18 0 18 0 17 0
20 50 0.036 51 0.053 49 0.045
40 83 0.201 83 0.275 83 0.336
50 89 d 0.383 d 93 d 0.530 d 91 d 0.654 d

60 94 d 0.535 d 96 d 0.741 d 95 d 0.954 d

90 96 d 0.928 d 93 d 1.335 d 94 d 1.909 d

120 97 d 1.403 d 95 d 2.072 d 97 d 2.834 d

COA = 30 mmol·L−1

(Trxn = 94 ◦C)
COA = 40 mmol·L−1

(Trxn = 95 ◦C)

0 17 0 20 0
20 50 0.049 57 0.104
40 84 0.479 88 0.701
50 91 d 0.955 d 93 d 1.430 d

60 95 d 1.430 d 96 d 2.072 d

90 94 d 2.622 d 93 d 3.537 d

120 96 d 3.876 d 96 d 5.365 d

a Real-time temperature of aqueous solution in the reactor. b Concentration of Fe2+ ions leached from the magnetite
specimen. c Average reaction temperature. d Data used for obtaining the average reaction temperature (Trxn) and
for performing the linear fitting of the dissolution reaction rate of Fe (r(x) = dCFe2+ /dt).

From the reaction time when the reaction temperature almost reached the set temper-
ature, the concentration of dissolved Fe2+ increased almost linearly with time. Only the
data showing such linear increases were taken and presented in Figure 6. The linear plots
were also given together with the data. For the five oxalic acid concentrations examined,
the dissolution reaction rates of Fe were calculated from the slopes of the linear fits shown
in Figure 6, and the results are listed in Table 4. In all cases, the R2 values were greater
than 0.99, meaning that the fits were almost perfectly linear. In Table 4, in addition to the
absolute concentration itself, the relative concentration denoted by x was used to express
the concentration of oxalic acid used in the dissolution reaction. x is defined as the ratio of
the actual oxalic acid concentration (COA) to the reference oxalic acid concentration (COA,R),
which is expressed in a dimensionless form as: x = COA/COA,R. In this work, COA,R was
arbitrarily set to 20 mmol·L−1. Note that the acid concentration of 20 mmol·L−1 was the
same concentration adopted when studying the effect of temperature on the dissolution of
magnetite (see Table 5).
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Table 4. Results of the linear fit of dissolution reaction rates of Fe at different oxalic
acid concentrations.

COA [mmol·L−1] x = COA
COA,R

*
Dissolution Reaction Rate of Fe,
r(x)(= dCFe2+

dt ) [mmol·L−1·min−1]
R2

10 0.5 0.014 0.998
15 0.75 0.022 0.997
20 1 0.031 0.999
30 1.5 0.041 0.999
40 2 0.055 0.998

* Reference oxalic acid concentration: COA,R = 20 mmol·L−1.

Figure 7 shows the effect of oxalic acid concentration on the dissolution rate of mag-
netite specimens at an average reaction temperature of 94 ◦C. The dissolution rate of Fe
increased almost linearly as the oxalic acid concentration increased. The data were fitted
to a power equation, and the results are presented in Figure 7. A slope from the straight
line of the graph gave a reaction order of n = 0.958 with a coefficient of determination of
R2 = 0.992. Thus, the dependence of the oxalic acid concentration of the dissolution reaction
rate [r(x)] of the magnetite specimen at 94 ◦C can be expressed by the following equation:

r(x)|T=94◦C =
dCFe2+

dt

∣∣∣∣
T=94◦C

= 0.029x0.958 (1)

This indicates that the order of the dissolution reaction rate is close to 1 with respect to
the oxalic acid concentration.
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Table 5. Experimental kinetic data of reductive dissolution of magnetite specimen using oxalic acid
at different reaction temperatures (Trxn ) with COA = 20 mmol·L−1 fixed.

Reaction Time,
t [min]

Tsoln
a

[◦C]
CFe2+

b

[mmol·L−1]
Tsoln
[◦C]

CFe2+

[mmol·L−1]
Tsoln
[◦C]

CFe2+

[mmol·L−1]

Trxn
c = 57 ◦C Trxn= 82 ◦C Trxn= 95 ◦C

0 16 0 21 0 22 0
20 37 0.118 48 0.184 54 0.114
40 55 d 0.164 d 77 0.347 85 0.513
50 58 d 0.330 d 82 d 0.595 d 91 0.884
60 59 d 0.489 d 83 d 0.868 d 94 d 1.287 d

90 55 d 0.814 d 81 d 1.443 d 94 d 2.099 d

120 59 d 1.229 d 79 d 2.165 d 96 d 3.221 d

150 56 d 1.583 d 82 d 2.790 d 97 d 4.022 d

180 58 d 1.776 d 82 d 3.367 d 96 d 4.384 d

Trxn= 105 ◦C Trxn= 120 ◦C

0 16 0 17 0
20 50 0.125 56 0.114
40 87 0.451 96 0.467
50 99 0.924 109 0.849
60 105 d 1.334 d 116 d 1.318 d

90 103 d 2.404 d 121 d 2.531 d

120 106 d 3.449 d 120 d 3.728 d

150 106 d 4.432 d 121 d 4.647 d

180 106 d 5.181 d 120 d 5.608 d

a Real-time temperature of aqueous solution in the reactor. b Concentration of Fe2+ ions leached from the magnetite
specimen. c Average reaction temperature. d Data used for obtaining the average reaction temperature (Trxn) and
for performing the linear fitting of the dissolution reaction rate of Fe (r(T) = dCFe2+ /dt).
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Figure 7. Dissolution reaction rate of Fe (r(x)) vs. oxalic acid concentration (x ) at a fixed reaction
temperature of 94 ◦C.

3.2. Effect of Reaction Temperature

Table 5 shows the experimental data for the reductive dissolution of the magnetite
specimen at five different reaction temperatures. The table shows the change in the concen-



Processes 2022, 10, 696 10 of 12

tration of the Fe2+ ions leached from the magnetite specimen with respect to the reaction
time. Note that the concentration of oxalic acid in the aqueous solution was kept constant
at 20 mmol·L−1. The temperature of the solution in the reactor, according to the lapse
of the reaction time, is also listed in each table. It took approximately 60 min (however,
40 min for 57 ◦C and 50 min for 82 ◦C) until the temperature of the reactor reached the set
temperature. Therefore, the average value of the solution temperature after the time the
solution temperature reached close to the set temperature was regarded as the reaction
temperature.

As the reaction time elapsed, the concentration of the dissolved Fe2+ ions showed a
tendency to increase. Additionally, the dissolution reaction rate of Fe2+ increased with
the increase in the reaction temperature. Typical dissolution rate curves with a strong
temperature dependence were found. Therefore, it can be seen that the reductive dissolution
occurs better at high temperature than at low temperature. That means that the dissolution
of Fe2+ using oxalic acid could be thermally activated to improve its efficiency. In particular,
at the reaction time when the temperature of the reaction solution nearly reached the
set temperature, the concentration of dissolved Fe2+ increased almost linearly with time.
In order to show this trend more clearly, only the data from the time section showing the
linear change were separately taken and shown in Figure 8, and the linear fits were also
given together with the data.
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Figure 8. Linear plots of the concentration of Fe2+ ion dissolved with respect to reaction time at
different reaction temperatures.

For each temperature tested, the dissolution reaction rate of Fe (r(T)) was obtained
from the slope of the linear plot in Figure 8, and the results are listed in Table 6. The
graphs in Figure 8 revealed straight lines for all reaction temperatures, and the coefficients
of determination (R2) of the linear fits, which expressed the goodness of the fits, were
greater than 0.97. The temperature dependency of the dissolution reaction rate, r(T), can
be expressed in a form of the Arrhenius equation:

r(T) =
dCFe2+

dt
= k0 exp

(
− Ea

RT

)
(2)

where CFe2+ is the concentration of Fe2+ dissolved, Ea is an apparent activation energy for
the dissolution reaction, k0 is a reaction rate constant in the Arrhenius equation, and R is
the gas constant (8.314 × 10−3 kJ·mol−1·K−1).
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Table 6. Results for the linear plots of the dissolution reaction rates of Fe at different reaction temperatures.

Reaction Temperature,
Trxn [◦C]

Dissolution Reaction Rate of Fe,
r(T)(= dCFe2+

dt ) [mmol·L−1·min−1]
R2

57 0.012 0.991
82 0.021 0.999
95 0.027 0.975

105 0.032 0.996
120 0.036 0.996

With the aim of making the Arrhenius plot represent the variation of ln r(T) vs.
1/T in the range of temperatures tested in this work, the calculations shown in Table 7
were performed from the data in Table 6. Figure 9 shows the result of the Arrhenius
plot representing the temperature dependence of the rate of dissolution reaction for our
system. The Ea and k0 values were obtained from the slope and intercept of the straight
line of ln r(T) vs. 1/T in Figure 9, respectively, and are given in Table 7. Consequently, the
temperature dependence of the dissolution reaction rate of Fe at x = 1 (COA = 20 mmol·L−1)
is expressed as follows:

r(T)|x=1 = 16.318 exp
(
−19.726

RT

)
(3)
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Table 7. Data and results for the Arrhenius plot [ln r(T) vs. 1/Trxn ] of the dissolution reaction rate of
Fe with respect to the reaction temperature.

Trxn [◦C] Trxn [K] 1000
Trxn

[K−1] lnr(T) Ea
[kJ·mol−1]

k0
[mmol·L−1·min−1] R2

57 330.15 3.028 −4.443

19.726 16.318 0.979
82 355.15 2.82 −3.846
95 368.15 2.713 −3.610
105 378.15 2.643 −3.429
120 393.15 2.546 −3.334
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4. Conclusions

From the experimental study on the kinetics of the reductive dissolution of the mag-
netite specimen in oxalic acid medium, the following conclusions were obtained depending
on the temperature and acid concentration. The results showed that the temperature and
acid concentration were of importance for the determination of the dissolution reaction
kinetics. According to the results for the acid concentration dependence of the dissolution
reaction rate at a given temperature, the order of reaction was observed to be n = 0.958,
close to the first order. The temperature dependence of the dissolution reaction rate of Fe
from the magnetite specimen followed the Arrhenius formula well. The activation energy
of the dissolution reaction was found to be 19.726 kJ·mol−1.
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