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Abstract
Gas-phase oxygen control technology, designed to control the oxygen concen-
tration (Co) in liquid lead-bismuth eutectic (LBE) within an optimal range,
represents an effective approach to mitigating corrosion in structural materials.
To examine the effects of key parameters including inlet gas flow rate and liquid
LBE temperature on the efficiency of this technology, a series of experiments
were conducted in static liquid LBE at temperatures ranging from 350-550°C,
with an Ar+5%H2 gas flow of 100-500ml/min. The results were analyzed ther-
modynamically, to explore comprehensively the oxygen control process. Find-
ings indicate that increases in liquid LBE temperature and inlet gas flow rate
markedly enhance the efficiency of oxygen reduction. Specifically, at 550°C,
the average oxygen reduction rate achieved 4.35 × 10$^{-}$5wt.%/h, which
is approximately two orders of magnitude higher than that observed at 350°C
(3.11 × 10$^{-}7𝑤𝑡._{2}$ reduction are the fundamental factors influencing the
deoxygenation limit in liquid LBE, with Fe3O4 being the primary determinant.
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Gas-phase oxygen control technology, designed to regulate the oxygen concen-
tration (C�) in liquid lead-bismuth eutectic (LBE) within an optimal range,
represents an effective approach for mitigating corrosion in structural materi-
als. To examine the effects of key parameters—including inlet gas flow rate
and liquid LBE temperature—on the efficiency of this technology, a series of
experiments were conducted in static liquid LBE at temperatures ranging from
350–550°C with an Ar+5%H2 gas flow of 100–500 ml/min. The results were
analyzed thermodynamically to comprehensively explore the oxygen control pro-
cess. Findings indicate that increases in liquid LBE temperature and inlet gas
flow rate markedly enhance the efficiency of oxygen reduction. Specifically,
at 550°C, the average oxygen reduction rate achieved 4.35 × 10−5 wt.%/h,
which is approximately two orders of magnitude higher than that observed at
350°C (3.11$×10^{-7}$ wt.%/h). Additionally, the average deoxygenation lim-
its (logC�) at temperatures of 350°C, 400°C, 450°C, 500°C, and 550°C stabilized
at values of -10.33, -9.56, -8.53, -7.98, and -7.70, respectively. The dissolution
and precipitation of temperature-dependent oxides that resist H2 reduction are
the fundamental factors influencing the deoxygenation limit in liquid LBE, with
Fe3O4 being the primary determinant.

Keywords: Liquid lead-bismuth eutectic, Gas-phase oxygen control, Oxygen
concentration

Introduction
Liquid lead-bismuth eutectic (LBE) stands out as a prime candidate coolant
for lead-based fast reactors (LFRs) as well as for both spallation targets and
coolants in accelerator-driven subcritical nuclear systems (ADS). Despite its
numerous advantages, such as a high boiling point, low melting point, and
excellent thermal conductivity, the corrosion of structural materials remains
a major obstacle to the implementation of lead-based nuclear energy systems
[?]. Iron-based materials have been the primary choice for structural compo-
nents in previous studies. The corrosion of these iron-based materials is mainly
influenced by the oxygen concentration within the liquid LBE. The oxygen con-
centration must be precisely controlled to avoid exceeding the threshold for
lead oxide formation or falling below the level required to sustain a protective
oxide film. The protective oxide layer is essential for mitigating LBE-induced
corrosion, thus improving the durability and lifespan of structural materials [?].
Therefore, effective management of the oxygen concentration in liquid LBE is
crucial for ensuring the safe and efficient operation of these systems.

Common methods for controlling oxygen concentration in liquid LBE include
gas-phase oxygen control, solid-phase oxygen control, and electrochemical oxy-
gen pump technology [?]. Of these, gas-phase oxygen control is the most widely
adopted method internationally. This technology regulates oxygen concentra-
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tion by directly introducing an inert carrier into the liquid LBE, utilizing hydro-
gen/oxygen (H2/O2) mixtures, or by adjusting the partial pressure of oxygen
(H2/H2O) in the gas above the liquid LBE surface, facilitating equilibrium be-
tween the oxides in liquid LBE and the incoming gas. Gas-phase oxygen control
is characterized by simple equipment and operation, allowing for effective regula-
tion of oxygen levels [?, ?, ?, ?]. This method is currently employed in large-scale
LBE test facilities worldwide, including Belgium’s CRAFT, Korea’s HELIOS,
Germany’s CORRIDA, Czech Republic’s COLONRI and MATLOO, France’s
STELLA, Italy’s NACIE-UP, LECOR and SHEOPE III, Spain’s LINCE, and
the United States’ DELTA [?, ?, ?].

Research on liquid LBE, especially under gas-phase controlled oxygen environ-
ments, primarily focuses on two key areas. First, gas-phase oxygen control
methods are widely utilized internationally to establish low oxygen concentra-
tions (logC� between -5 to -7) in liquid LBE at temperatures of 400 to 550°C,
primarily for material corrosion and oxygen sensor experiments [?, ?, ?, ?, ?].
Second, despite its widespread application for reducing oxygen concentrations in
liquid LBE, research on the effects of gas-phase oxygen control remains limited
and primarily addresses the following aspects. Hyo On Nam et al. [?] employed
the Ar + 4%H2 bubbling method in the HELIOS loop to reduce oxygen con-
centration. Their results indicated that the bubbling method, with its larger
gas-liquid contact area, offers higher oxygen reduction efficiency than the cover-
ing gas method. Carsten Schroer et al. [?] investigated the use of a humidified
Ar + 5%H2 mixture to create varying H2/H2O ratios, subsequently analyzing
and fitting a gas-liquid oxygen transfer model for the covering gas method under
gas-phase oxygen control. Kris Rosseel et al. [?] developed a stirrer mechanism
to break up LBE bubbles into smaller particles, thereby increasing the gas-liquid
contact area and enhancing the oxygen reduction rate. J.L. Courouau et al. [?]
conducted experiments on gas-phase oxygen control and concluded that using
a ternary gas mixture (Ar + H2/H2O) for oxygen reduction, in comparison to
a binary mixture (Ar + H2), exacerbated LBE contamination.

In summary, various research institutions primarily utilized gas-phase oxygen
control to regulate oxygen concentration in liquid LBE systems, which facili-
tated experiments on material corrosion and sensor calibration. However, rela-
tively few studies have focused on the gas-phase oxygen control process itself,
especially regarding its efficiency and mechanisms. Most of the research that was
conducted concentrated on enhancing efficiency by increasing the gas-liquid con-
tact surface. Despite this progress, key factors such as liquid LBE temperature
and inlet gas flow rate remain underexplored in the literature. The influence of
these parameters has not yet been systematically documented. To achieve more
effective and precise control of oxygen concentration in liquid LBE systems, it
is essential to investigate how these factors influence the gas-phase oxygen con-
trol process. This study aims to address these gaps and contribute to a deeper
understanding of oxygen management in liquid LBE systems.

This study systematically investigated the effects of liquid LBE temperature
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and inlet gas flow rate on the deoxygenation process in gas-phase oxygen control
systems. Experiments using the Ar + 5%H2 bubbling method were conducted
over a temperature range of 350°C to 550°C with varying inlet gas flow rates.
The effects of these parameters on gas-phase deoxygenation efficiency and oxy-
gen reduction limits were investigated. The resulting data were analyzed to
quantify the relationship among liquid LBE temperature, gas flow rate, and
deoxygenation performance. This study provides new insights into optimizing
oxygen control in liquid LBE systems.

Experimental Setup and Methods
2.1. Oxygen Control Equipment

The oxygen control equipment consists of three primary components: a liquid
LBE vessel, an oxygen concentration detection system, and an oxygen control
system, as depicted in Fig. 1 [Figure 1: see original paper]. The liquid LBE
vessel has an inner diameter of 115 mm and a height of 240 mm, with a liquid
LBE height of 100 mm, resulting in a mass of approximately 10.4 kg (43.8%
Pb and 56.1% Bi). This vessel is equipped with a gas inlet, gas outlet, temper-
ature probe, and a secure sealing system. A fixed position is provided for the
installation of the oxygen sensor within the vessel.

The oxygen control system is composed of gas cylinders, a mixing tank,
pipelines, and a detection and control unit. The gas cylinders store argon (Ar),
hydrogen (H2), and oxygen (O2), each with a purity of 99.999%. The flow of
gases from the cylinders into the mixing tank is regulated by flow meters and
valves. After mixing, the gas flow into the liquid LBE vessel is controlled by an
additional flow meter to ensure uniform distribution. This configuration enables
precise regulation of oxygen concentration, which is essential for ensuring the
integrity of the experiment. The LBE vessel, shown in Fig. 1, is constructed
from 316L stainless steel, and its elemental composition is listed in Table 1 .

Over the past year, the LBE in the vessel was subjected to repeated oxygen
cycling experiments, leading to fluctuations in oxygen concentration between
saturated and undersaturated states. Given the prolonged duration of these
experiments, it is reasonable to conclude that the dissolved elements and oxides
in the liquid LBE have reached saturation.

Table 1. Chemical composition in wt.% of the austenitic steel 316L.

Element Si Cr Ni Mo Fe
Content (wt.%) 0.03 16 11 3 Bal

2.2. Oxygen Sensor

In this experiment, an oxygen sensor independently developed by the Institute
of Modern Physics, Chinese Academy of Sciences, was used, as shown in Fig. 2
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[Figure 2: see original paper]. The sensor uses a Bi/Bi2O3 reference electrode,
with molybdenum wire as the lead material, and a solid electrolyte composed
of yttrium oxide-doped partially stabilized zirconia (YPSZ). The oxygen sensor
operates on the principle of an electrochemical cell, where oxygen ions diffuse
from the high-concentration side through oxygen ion vacancies in the solid elec-
trolyte to the low-concentration side. The oxygen concentration in the liquid
LBE is determined by the potential difference between the reference and work-
ing electrodes, which arises from variations in oxygen concentration. The sensor
operates effectively within a temperature range of 280 to 650°C, as reported in
previous studies [?, ?]. In our experiments, the sensor exhibited a maximum
error of 3% under liquid LBE with saturated oxygen. Notably, at temperatures
above 350°C, the error decreased to less than 1%. The internal resistance of the
multimeter used for measuring the sensor’s potential signal was 1 GΩ.

The electrochemical potential of the sensor is presented below:

Mo, Bi+Bi2O3//YPSZ//LBE, 316L

The relationship between the sensor potential and the oxygen concentration
in the LBE system can be derived using the Nernst equation, as presented in
Equation (1) [?]:

log 𝐶𝑜(𝑤𝑡.%) = 2.1715 − 𝑇 (𝐾) − 10.08
𝐸(𝑚𝑉 ) ⋅ 𝑇 (𝐾)

Table 2. Details of the experimental parameters.

Parameters Values
Experimental temperature (°C) 350, 400, 450, 500, 550
Gas flow rate (ml/min) 100, 200, 300, 400, 500
Bi2O3 sensor temperature range 280 to 650
Bi2O3 sensor accuracy >350°C
Initial oxygen concentration at 350°C (logC�) -
Initial oxygen concentration at 400°C (logC�) -
Initial oxygen concentration at 450°C (logC�) -
Initial oxygen concentration at 500°C (logC�) -
Initial oxygen concentration at 550°C (logC�) -
Resistance acquisition (GΩ) 1
Data acquisition time (s) -
Mass of LBE (kg) 10.4

2.3. Experimental Parameters

The oxygen control experiment was conducted using the setup shown in Fig.
1. A bubbling oxygen reduction test was performed on 10.4 kg of LBE un-
der an atmosphere of Ar + 5%H2. The gas-phase oxygen control experiments
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were designed with gas flow rates of 100, 200, 300, 400, and 500 mL/min at
temperatures of 350°C, 400°C, 450°C, 500°C, and 550°C, respectively.

When the oxygen concentration in the liquid LBE reaches saturation or supersat-
uration, the oxygen sensor’s measured potential corresponds to the saturation
level at the respective temperature. However, the sensor potential signal does
not indicate the degree of supersaturation in the liquid LBE. To accurately
analyze the influence of liquid LBE temperature and gas flow rate on oxygen
control, the initial oxygen concentration at each temperature was intentionally
maintained below the saturation level. Specific values for the initial oxygen con-
centrations at various temperatures are listed in Table 2. The saturated oxygen
concentration in liquid LBE is determined based on Schroer et al. [?], with the
applicable liquid LBE temperature range below 800°C:

log 𝐶𝑜(𝑤𝑡.%) = 2.62 − 𝑇 (𝑘)
...

In the oxygen reduction experiments conducted at various liquid LBE temper-
atures and inlet gas flow rates, the oxygen concentration limit is defined as the
point at which the oxygen concentration (logC�) decreases to a specific value
and fluctuates by less than 5‰, remaining stable for at least 5 hours.

Table 2 presents the specific experimental parameters. The oxygen reduction
data at different liquid LBE temperatures and inlet gas flow rates were analyzed
to evaluate their effects on the oxygen reduction process.

Results and Discussion
3.1.1. Oxygen Control Results

The variation of oxygen concentration in the liquid LBE with different inlet gas
flow rates at various liquid LBE temperatures is presented in Fig. 3 [Figure 3:
see original paper]. The oxygen reduction limits were observed at each liquid
LBE temperature. Obviously, these limits were largely unaffected by the inlet
gas flow rates. For example, the oxygen reduction limits (logC�) at 400°C for
inlet flow rates ranging from 100 to 500 ml/min were -9.55, -9.60, -9.40, -9.60,
and -9.63. These limits were mainly influenced by liquid LBE temperature, with
the average oxygen reduction limits (logC�) ranging from -7.7 at 550°C to -10.33
at 350°C.

The oxygen reduction rate for each condition was calculated by dividing the
change in oxygen concentration (from its initial to the limit concentration) by
the corresponding deoxygenation time. The oxygen reduction rate increased
with higher inlet gas flow rates. This effect became more pronounced at elevated
liquid LBE temperatures. In contrast, at 350°C and 400°C, the oxygen reduction
curves with different inlet gas flow rates showed negligible variation, suggesting
that inlet gas flow rate had limited influence at low temperatures. The detailed
experimental results are presented in Table 3 .
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Based on the oxygen reduction data in Fig. 3, the trends of deoxygenation with
different liquid LBE temperatures and inlet gas flow rates were similar. Ini-
tially, the oxygen concentration decreased slowly. As the oxygen concentration
decreased further, the deoxygenation rate accelerated, exhibiting a nearly linear
downward trend. Finally, the deoxygenation rate slowed again as it approached
the oxygen decomposition limit. According to the principles of gas-phase oxygen
control, the variation in oxygen reduction rate is closely linked to the reaction se-
quence of oxides involved in the H2 reduction process in liquid LBE at different
oxygen concentration levels and temperatures.

3.1.2. Oxide Reaction Behavior in Oxygen Control Process

The gas-phase oxygen control process is influenced by the sequence of reactions
with oxides involved in liquid LBE. The formation and degradation of these
oxides strongly depend on temperature. The deoxygenation reaction relevant
to gas-phase oxygen control is expressed in Equation (3):

𝑃𝑏𝑂(𝑑𝑖𝑠𝑠) + 𝐻2(𝑔) → 𝐻2𝑂(𝑣𝑎𝑝) + 𝑃𝑏(𝑙)

If the gas-phase oxygen control process strictly follows the reaction outlined in
Eq (3), the oxygen concentration would decrease uniformly, with no lower limit
for oxygen reduction. However, this expectation contradicted the experimen-
tal results in this study, which indicated that the reactions during the oxygen
control process were more complex than Eq (3) suggests [?]. The dissolution
of most metal elements into liquid LBE suggests that gas-phase oxygen control
may be significantly influenced by the presence of various metal oxides.

The liquid LBE vessel is made of 316L stainless steel, which mainly contains Fe,
Cr, Ni, Mn, Mo, and Si, all of which can form oxides. The Gibbs free energy
for the reaction of these elements with 1 mol of PbO was analyzed using HSC9
software [?]. For specific reactions, such as the formation of NiCr2O4 from Ni
and Cr2O3, and NiFe2O4 from Ni and Fe3O4, the Gibbs free energy values were
obtained from Bassini et al. [?]. The analysis further indicates that oxides such
as NiO, Fe3O4, FeO, Mn3O4, Cr2O3, SiO2, and MoO2 may form in liquid LBE,
as shown in Fig. 4 [Figure 4: see original paper]. Fig. 4(b) also highlights the
potential formation of complex oxides, such as NiFe2O4, SiNi2O4, MnFe2O4,
FeCr2O4, SiMn2O4, and NiCr2O4.

As shown in Fig. 4, the activity of these elements above the red hydrogen oxida-
tion reaction is lower than H2, suggesting that their corresponding oxides can be
reduced by H2. Relevant oxides include NiO, SiNi2O4, NiFe2O4, and NiCr2O4.
Consequently, in gas-phase oxygen control, the primary oxides reduced by H2
are PbO, NiO, SiNi2O4, NiFe2O4, and NiCr2O4. Based on Bassini’s [?] deriva-
tion of the minimum oxygen concentrations for NiFe2O4 and NiCr2O4 forma-
tion, the minimum oxygen concentrations of the above oxides were correlated
with the oxygen reduction curve at 350°C, as depicted in Fig. 5 [Figure 5: see
original paper].
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In the first stage, all oxides reacted with H2, resulting in a slower oxygen re-
duction rate at saturated oxygen levels. The next stage mainly involved the
reduction of nickel and nickel-based complex oxides, as their Gibbs free energy
for H2 reduction was relatively low. This stage was characterized by a faster
oxygen reduction rate. Fluctuations during this phase likely resulted from the
reaction dynamics of nickel oxides. Stages three to five focused on the reduction
of complex nickel oxides. After the fifth stage, Ni-containing oxides in liquid
LBE were completely reduced by H2. The slowest oxygen reduction rate from
stage five to the reduction limit was attributed to oxides most resistant to H2
reduction. The type and concentration of oxides involved at different stages are
the primary factors affecting the oxygen reduction rate.

3.2. Factors Related to Oxygen Control Efficiency

The oxygen reduction curve in Fig. 3 shows that both increasing the liquid
LBE temperature and the inlet gas flow rate significantly enhance the oxygen
reduction rate. However, their effects differ in magnitude. The following section
presents a detailed analysis of how liquid LBE temperature and inlet gas flow
rate affect oxygen reduction efficiency.

3.2.1. Gas Flow Rate The inlet gas flow rate plays a critical role in gas-
phase oxygen control. Fig. 6 [Figure 6: see original paper] shows the oxygen
reduction rates at different inlet gas flow rates under constant liquid LBE tem-
perature conditions. Although the oxygen reduction rate at certain inlet gas
flows was lower than in the previous stage, the overall trend showed an increase
in oxygen reduction rate with enhanced inlet gas flow. At 550°C, the oxygen
reduction rate increased by 234.36 × 10−7 wt.%/h as the inlet gas flow increased
from 100 mL/min to 500 mL/min. Similarly, increases of 38.36, 44.36, 10.24,
and 2.79 × 10−7 wt.%/h were observed at 500°C, 450°C, 400°C, and 350°C,
respectively.

As the liquid LBE temperature decreased, the effect of increasing the inlet gas
flow rate on oxygen reduction efficiency diminished. For example, at 350°C and
400°C, every 100 ml/min increase in inlet gas flow rate only increased the oxygen
reduction rate by an average of 0.70 and 2.56 × 10−7 wt.%/h, respectively.

The effect of inlet gas flow rate on the oxygen reduction rate is investigated
during the gas-phase oxygen control process. Fig. 7 [Figure 7: see original
paper] shows the mechanism of the gas-phase oxygen control process, where H2
from bursting bubbles or permeating from the bubble wall reacts with oxides
in liquid LBE. Therefore, the oxygen reduction process primarily occurs at the
bubble interface and the surface of the liquid LBE. Moreover, the movement of
gas bubbles induces turbidity and fluctuations in the liquid LBE. Variations in
inlet gas flow primarily affect the form and dynamics of bubbles in the liquid
LBE, without altering the physicochemical properties of the LBE itself. As the
inlet gas flow rate increases, both the number and velocity of bubbles entering
the liquid LBE improve, which increases the H2 content and the contact between
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H2 and liquid LBE, thereby accelerating H2 reduction reactions. Additionally,
the increased bubble velocity intensifies the agitation of the liquid LBE, resulting
in a higher diffusion rate of elements within the liquid. As a result, the overall
oxygen reduction efficiency improves with increasing inlet gas flow rate.

3.2.2. Liquid LBE Temperature The average rate of deoxygenation from
the initial oxygen concentration to the limit across different temperatures is
presented in Fig. 8 [Figure 8: see original paper], showing a strong tempera-
ture dependence in the deoxygenation rate. As the temperature increased, the
average oxygen reduction rate increased significantly. Specifically, the average
oxygen reduction rate at 500°C was 66 times greater than that at 350°C, while
at 550°C, it was 140 times greater than at 350°C. The increase in temperature
significantly improved the efficiency of oxygen removal.

The mechanism of temperature effect on oxygen control efficiency is the underly-
ing reaction in oxide reduction, as described in Section 3.1.2. During gas-phase
oxygen control, oxides such as PbO, NiO, SiNi2O4, NiFe2O4, and NiCr2O4 are
reduced by H2. The elevated temperature of liquid LBE decreases the Gibbs
free energy of oxides involved in the reduction reactions, making these reac-
tions more thermodynamically favorable. Higher temperatures in liquid LBE
also enhance element diffusion, further facilitating the oxygen concentration
reduction. The changes in liquid LBE temperature primarily affect the thermo-
dynamic properties of the reaction, while the inlet gas flow rate mainly affects
the contact between H2 and liquid LBE. Consequently, the changes in liquid
LBE temperature have a more pronounced effect on oxygen reduction efficiency
than changes in inlet gas flow rate.

As shown in Fig. 4, the activity of these elements below the hydrogen oxidation
reaction curve denoted by the red line is higher than that of H2, suggesting that
the oxides they form are more resistant to reduction by H2, including Fe3O4,
FeO, Mn3O4, Cr2O3, SiO2, MoO2, MnFe2O4, FeCr2O4, and SiMn2O4. In 316L
stainless steel, the major elements are Fe, Cr, and Ni, with Fe3O4 and Cr2O3
detected in LBE experiments. Therefore, only the impact of Fe3O4 and Cr2O3
dissolution and precipitation on oxygen concentration is analyzed here.

Based on the solubility of Fe3O4 and Cr2O3, the corresponding oxygen concen-
trations are determined:

log 𝐶0,𝐹𝑒3𝑂4 = log 𝐶0,𝐶𝑟2𝑂3 = (log 𝐾𝐹𝑒3𝑂4−3 log 𝐶𝐹𝑒) = (log 𝐾𝐶𝑟2𝑂3−2 log 𝐶𝐶𝑟)

Where log 𝐾𝐹𝑒3𝑂4 and log 𝐾𝐶𝑟2𝑂3 represent the solubility products of Fe3O4 and
Cr2O3 in LBE, which were derived from Schroer et al. [?] as shown in Eq (6)
and (7). Eq (8) is the solubility product of Fe3O4 in LBE obtained by Aerts et
al. [?].
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log 𝐾𝐹𝑒3𝑂4 = 10.3123 − 𝑇 (𝐾)
...

log 𝐾𝐶𝑟2𝑂3 = 4.4472 − 𝑇 (𝐾)
...

log 𝐾𝐹𝑒3𝑂4 = 10.5 − 𝑇 (𝐾)
...

Fe and Cr solubilities were calculated using the following solubility equations
reported by Stéphane Gossé [?], which are valid in the temperature range 127–
727°C:

log 𝐶𝐹𝑒
𝑠 = 2.00 − 𝑇 (𝐾)

...

log 𝐶𝐶𝑟
𝑠 = 1.12 − 𝑇 (𝐾)

...
Under the experimental conditions, it was assumed that the concentrations of
Fe and Cr in liquid LBE reached saturation. At this point, the minimum oxygen
concentration influenced by Fe3O4 and Cr2O3 can be determined. Eq (11) was
derived from the data in Eq (6), while Eq (12) was obtained from the data in
Eq (8):

log 𝐶𝑚𝑖𝑛(0,𝐹𝑒3𝑂4) = 1.0781 − 𝑇 (𝐾)
...

log 𝐶𝑚𝑖𝑛(0,𝐹𝑒3𝑂4) = 1.125 − 𝑇 (𝐾)
...

log 𝐶𝑚𝑖𝑛(0,𝐶𝑟2𝑂3) = 0.7357 − 𝑇 (𝐾)
...

This explains that at low liquid LBE temperature the oxygen reduction efficiency
was little influenced by the inlet gas flow rate, as observed in Section 3.2.1. It
concludes that as the temperature of liquid LBE increases, both the reduction
reaction and element diffusion are enhanced, accelerating the rate of oxygen
reduction.
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3.3. Effect on Deoxygenation Limits

In the gas-phase oxygen control experiment, a distinct oxygen reduction limit
was observed, as discussed in Section 3.1.1. This deoxygenation limit was signif-
icantly influenced by the temperature of liquid LBE. As temperature decreased,
the deoxygenation limit decreased correspondingly. The average oxygen reduc-
tion limits (logC�) from 550°C to 350°C were -7.7, -7.98, -8.53, -9.56, and -10.33,
as shown in Fig. 9 [Figure 9: see original paper].

Given the nature of gas-phase oxygen control, the deoxygenation limit is likely
primarily affected by oxides that are resistant to reduction by H2. The contents
of these oxides at different temperatures alter the oxygen concentration in liquid
LBE. As shown in Fig. 4, the activity of these elements below the hydrogen
oxidation reaction curve denoted by the red line is higher than that of H2,
suggesting that the oxides they form are more resistant to reduction by H2,
including Fe3O4, FeO, Mn3O4, Cr2O3, SiO2, MoO2, MnFe2O4, FeCr2O4, and
SiMn2O4. In 316L stainless steel, the major elements are Fe, Cr, and Ni, with
Fe3O4 and Cr2O3 detected in LBE experiments. Therefore, only the impact
of Fe3O4 and Cr2O3 dissolution and precipitation on oxygen concentration is
analyzed here.

Based on the solubility of Fe3O4 and Cr2O3, the corresponding oxygen con-
centrations are determined. The minimum oxygen concentrations influenced
by Fe3O4, as derived from Eq (11) and (12), are nearly identical. The experi-
mentally observed oxygen reduction limit was slightly higher than the minimum
oxygen concentration influenced by Fe3O4 and significantly higher than the min-
imum oxygen concentration determined from Cr2O3 dissolution analysis. The
slight increase in experimental values compared to those from Fe3O4 dissolution
can be attributed to other oxides’ influence. These results indicate that Fe3O4 is
the primary factor governing the deoxygenation limit in this experiment. How-
ever, if Fe3O4 solubility in liquid LBE is not saturated, the deoxygenation limit
may be influenced by Cr2O3.

Aerts et al. [?] found that the dissolution of Fe3O4 in low-oxygen-concentration
liquid LBE significantly influenced the oxygen concentration in LBE. Fe3O4
is not easily reduced by H2, making its removal during the oxygen reduction
process difficult, as shown in Fig. 4. Consequently, when the concentration
of Fe3O4 in LBE reaches saturation, the deoxygenation limit stabilizes at the
minimum oxygen concentration determined by the dissolution of Fe3O4.

Conclusions
This study discussed gas-phase oxygen control conducted in a static liquid LBE
system at temperatures ranging from 350°C to 550°C, with an Ar + 5% H2 inlet
gas flow rate ranging from 100 to 500 mL/min. Regarding the effects of liquid
LBE temperature and inlet gas flow rate on the oxygen control process, several
key conclusions follow:
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1. The gas-phase oxygen control process in LBE primarily involves the re-
action of H2 with oxides in the system, specifically PbO, NiO, SiNi2O4,
NiFe2O4, and NiCr2O4.

2. Increasing the inlet gas flow rate significantly enhances deoxygenation ef-
ficiency. At 550°C, the specific oxygen reduction rate increased by 234.36
× 10−7 wt.%/h when the inlet gas flow increased from 100 mL/min to
500 mL/min. However, the inlet gas flow rate has a negligible effect on
the deoxygenation limit. A higher flow rate increases the contact between
H2 bubbles and LBE, improving LBE mixing and thus accelerating deoxy-
genation efficiency.

3. The increase in liquid LBE temperature strongly improves deoxygenation
efficiency. The average oxygen reduction rate at 550°C is 140 times higher
than that at 350°C. Elevated temperature promotes reduction reactions
between oxides in liquid LBE and H2, and accelerates the diffusion of
elements, thus improving overall deoxygenation performance.

4. The deoxygenation limit is primarily influenced by the LBE temperature
and it decreases as the temperature decreases. At temperatures of 350°C,
400°C, 450°C, 500°C, and 550°C, the mean deoxygenation limits logC�
are observed to decrease progressively from -10.33, -9.56, -8.53, -7.98, to -
7.70. The limit is influenced by the solubility and precipitation of impurity
oxides in liquid LBE. Notably, the deoxygenation limit is significantly
affected by Fe3O4 when the content of Fe3O4 in LBE reaches saturation.
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