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Abstract: The production of medium- and low-carbon ferromanganese (M-LCFeMn) using the
converter method has not been industrialized to date in China due to the high manganese loss
and serious erosion of the furnace lining. To solve the above problems and to improve the refining
technology of M-LCFeMn, the introduction of CO2 gas into the traditional converter process is
proposed. In this study, the oxidation behavior of C and Mn in various conditions was analyzed by
blowing different proportions of CO2-O2 mixed gas into the high-carbon ferromanganese (HCFeMn)
melt. The results showed that it is feasible to make M-CFeMn by blowing CO2-O2 mixtures, and the
Mn loss can be effectively reduced during the decarburization process. It is considered that when
the proportion of CO2 reaches 25%, the mixed gas has the best effect on the decarburization and
manganese preservation under current experimental situation. Two hypotheses and corresponding
rate formulas of decarburization kinetics by using pure oxygen are put forward, and the effect of CO2

on the kinetics of decarburization was studied according to different hypotheses.

Keywords: medium and low carbon ferromanganese; converter; CO2; kinetics of decarburization

1. Introduction

As a deoxidizer, desulfurizer and alloy element additive, manganese alloy is often
used in the metallurgical industry. It can be classified into silicomanganese (SiMn), high-
carbon ferromanganese (HCFeMn), medium-carbon ferromanganese (MCFeMn), low-
carbon ferromanganese (LCFeMn), and manganese metal. Among them, medium and
low carbon ferromanganese (M-LCFeMn) are usually used in the production of steel with
strict requirements in terms of carbon content, such as stainless steel, high-manganese steel,
acid-resistant steel, and tool steel, due to its high content of manganese and relatively low
carbon content. In recent years, the continuous improvement of quality and production
level of high-grade steels has driven the demand of high-quality M-LCFeMn.

Traditional technologies of smelting M-LCFeMn, such as the shaking ladle method
and the electro-silicothermic method, cannot meet the needs of current production on
account of their disadvantages of high power consumption, complicated process, poor
utilization of heat, low recovery of manganese, and relatively high cost. The converter
process for decarburization of HCFeMn to get M-LCFeMn has the characteristics of a short
process, very little electricity consumption, high productivity, and low production cost [1].
Therefore, it is believed that the converter method will be the technology development
trend for M-LCFeMn production in China.

A lot of investigations on the production of M-LCFeMn in converter have been con-
ducted all over the world [2–4]. Many countries, such as South Africa, Germany [5],
Norway [6], and Brazil [7], already have mature processes for industrial production. There
are also some domestic studies on M-LCFeMn production using the converter method [8,9],
but this method still has not been applied practically in the ferroalloy industry. The reasons
for this are mainly [10]:
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1. The reactions between O2 and elements in melt release huge quantities of heat that
can raise temperature in the bath to a high level in a short time, which will accelerate
refractory erosion.

2. Much manganese will be oxidized to slag or evaporated due to its high vapor pressure
under high temperature, which leads to very low yield of Mn [11,12].

An innovative method was proposed wherein the temperature of the melt can be
controlled by introducing CO2 to O2 gas in converter by taking advantage of the weak
oxidability of CO2 and its endothermic reaction with C, and several researchers have
studied the possibilities and advantages of this method. Wu et al. [13] studied the CO2
conversion in Fe-C alloys with different initial C content at 1873 K, and found that the
average CO2 conversion rate was more than 80% when the carbon content was 4.0–1.0 wt%.
Yin [14] and Ning [15] found that the use of CO2 decreased the temperature of the fire point
and reduced the amount of dust generated in the converter. The introduction of CO2 can
also reduce the loss of beneficial elements in the melt. According to Liu et al.’s study [16], in
the smelting process of Twinning-Induced Plasticity (TWIP) Steel with high Mn content, the
manganese loss due to evaporation decreased from 38.0 kg/t to 4.4 kg/t when the CO2 ratio
increased from 0 to 40 vol%. The results obtained by Bi [17], who studied the application
of CO2-O2 mixture in the production of stainless steel in the laboratory, also showed that
this process can reduce the loss of chromium and nickel. In addition, the introduction of a
certain amount of CO2 can also achieve the purpose of controlling the melt temperature;
according to the thermal balance calculated by Xie et al. [18], every 50 Nm3 of oxygen is
replaced by 100 Nm3 of CO2 for decarburization, which can reduce the temperature of the
melt by about 9.4 ◦C.

The studies mentioned above have demonstrated the reliability of introducing CO2
gas into the converter process for M-LCFeMn production and inspired us to use CO2 to
solve the problems of the high temperature of the bath and the serious manganese loss that
exist in the conventional converter process. The investigation of the reaction mechanism of
this process will help this method to be industrialized in China. At the same time, exploring
the method of reuse of CO2 resource in the metallurgical industry not only has economic
benefits, but also has important significance to the environment, which is in line with the
requirement of carbon neutral. For these reasons, a preliminary exploration was carried
out in the current study.

Experiments were performed to observe the influence of CO2-O2 mixtures in different
ratios on the refining of M-LCFeMn in the converter. The oxidation behaviors of Mn as well
as the decarburization behavior during the whole process were analyzed by tracing the
variation in the elements as a function of time, and the optimal ratio of CO2 for practical
M-LCFeMn production was determined. At the same time, the kinetics mechanism of the
decarburization process and the effect of CO2 on the process were studied.

2. Experiment
2.1. Apparatus and Materials

The experiments were conducted in an induction furnace with a schematic diagram as
shown in Figure 1.
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Figure 1. Schematic diagram of the experimental apparatus (1. CO2 gas bottle; 2. O2 gas bottle;
3. pressure reducing valve; 4. flowmeter; 5. gas tube; 6. top lance; 7. dust hood; 8. induction furnace;
9. MgO crucible; 10. HCFeMn melt).

CO2 and O2 used in experiment were stored in bottles. Gas passed through the
pressure-reducing valves and flow meters at set rate, were mixed in gas tube, and then
injected into the HCFeMn melt through top lance. HCFeMn was placed in a MgO crucible
(Φ90 mm×180 mm). It is difficult to melt HCFeMn in an induction furnace because of its
weak magnetism; hence, some pig iron was also added into MgO crucible to make it easier
to melt. The main compositions of HCFeMn and pig iron are listed in Table 1. A dust hood
was placed on top of the furnace to reduce the release of dust generated during experiments
and to protect operators.

Table 1. Main compositions of HCFeMn and pig iron used in the experiments (wt%).

Mn Si P S C

HCFeMn 75.00 1.00 0.14 0.01 6.40
Pig iron - - - - 4.00

2.2. Operation Procedure

First, 4 kg of HCFeMn and 1 kg of pig iron were placed in an MgO crucible. Then,
induction furnace was heated to over 1450 ◦C to melt the metal. When all the ingredients
were melted, top lance was ensured to be about 2 cm away from the surface of melt and
started to blow gas. During the refining process, alloy samples were collected by silica
tube every 10 min and detected afterwards to trace the content changes of manganese and
carbon in melt.

The temperature measuring instrument used in this experiment was infrared tempera-
ture measuring gun. When all the materials were melted, the temperature of the melt was
measured at the mouth of induction furnace with an infrared temperature measuring gun.
In addition, the temperature of the melt was measured in the same way every 10 min when
blowing gases.

2.3. Preliminary Experiments for Decarburization of HCFeMn

Since the utilization rate of gas is unknown in the experiment, it is difficult to know the
proper gas flow rate for the decarburization of HCFeMn. O2 was blown into the melt with
different flow rates in the preliminary experiment. In the preliminary experiments, three
different gas flow rates of 6, 12, and 18 L/min, respectively, were set, and the blowing time
for all three experiments was set as 70 min. The scheme for the preliminary experiments is
shown in Table 2.
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Table 2. The scheme for preliminary experiments.

No. Gas Flow Rate/L × min−1 Time/min Weight of HCFeMn/kg Weight of Pig Iron/kg Weight of Melt/kg

1 O2 6 70 4.00 1.00 5.00
2 O2 12 70 4.00 1.00 5.00
3 O2 18 70 4.00 1.00 5.00

The contents of C and Mn of samples were detected, and the results are shown in
Figure 2. Because the reaction was intensively fierce when flow rate of O2 was 18 L/min,
and the experiment at 40 min had to be terminated, there are less experimental data under
this condition.
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Figure 2. Variations of carbon and manganese contents in melt with time by blowing O2 in different
flow rates: (a) carbon; (b) manganese.

It can be observed in Figure 2a that LCFeMn with carbon content lower than 0.30 wt%
can be obtained by blowing O2 at any flow rate set in the scheme within 60 min. It is also
indicated that 70 min is too long for the experiments. Hence, it is reasonable to adjust the
experiment time to 60 min in the following steps. As can be seen from Figure 2b, when
the O2 flow rate is 6 L/min, the decrease in Mn content in the melt is not obvious during
the whole blowing process. However, when the O2 flow rates were 12 and 18 L/min,
respectively, the Mn content decreased rapidly after gas blowing for 20 min. Considering
the variations of carbon and manganese, and the complexity of operation, gas flow rate in
the subsequent formal experiments was determined as 6 L/min.

2.4. Formal Experiments for Decarburization of HCFeMn

Formal experiments were conducted with 25% gradient of CO2 ratio in mixed gas to
obtain the optimal ratio of CO2 in current study. According to the results of preliminary ex-
periments, gas flow rate of 6 L/min and time of 60 min were applied in formal experiments.
Experimental scheme is presented in Table 3.

Table 3. Experimental scheme of formal experiments.

No. Time/min Ratio of CO2 Ratio of O2
Weight of

HCFeMn/kg
Weight of Pig

Iron/kg
Weight of HCFeMn

Melt/kg

4 60 25% 75% 4.00 1.00 5.00
5 60 50% 50% 4.00 1.00 5.00
6 60 75% 25% 4.00 1.00 5.00
7 60 100% 0% 4.00 1.00 5.00
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3. Results and Discussion

Samples were taken during experiments and sent for examination. The results will be
analyzed and subsequently discussed.

3.1. Effect of CO2 on Decarburization and Mn Preservation
3.1.1. Effect of CO2 Ratio on the Variation in C Content in Melt

The variation in carbon content in the melt during the process is shown in Figure 3.
For the sake of comparing the effect of decarburization and manganese preservation during
the process of blowing pure O2, the data of experiment 1 (displayed in the preliminary
experiments) are also placed in Figure 3. It can be seen that the carbon content decreases re-
gardless of the injection gas, which means it is feasible to introduce CO2 for decarburization
of HCFeMn. In addition, MCFeMn could be obtained when varying the ratio of CO2 from
25% to 75% in the mixed gas, as it can be observed that the carbon content drops to less
than 3.0 wt% at 60 min. When blowing pure O2, the carbon content can drop to LCFeMn,
which is lower than 0.5 wt%, within 60 min; conversely, it was difficult to obtain MCFeMn
after 60 min when blowing pure CO2 in the current experiments. It is also obvious that
the decarburization ability of mixed gas is worse than that of pure O2. The reasonable
explanation for this is that the oxidability of CO2 is poorer than that of O2.
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Figure 3. Variation in carbon content with time by blowing different CO2-O2 mixtures.

3.1.2. Effect of CO2 Ratio on the Variation in Mn Content in Melt

Manganese retention is another important target of the M-LCFeMn refining process.
The variation in manganese content in melt was also detected in order to study the role of
CO2 on the preservation of manganese, and the results are presented in Figure 4.

Due to the oxidation and evaporation of Mn during the refining process of M-LFeMn,
it is impossible to avoid manganese loss. This is consistent with the decrease in manganese
content in Figure 4. It can be seen in the figure that manganese content at the endpoint is
lower than that at the start point when melt was blown by mixture gas, while the situation
is the opposite when the blown gas was pure O2, with the terminal Mn content being
slightly higher than the initial Mn content. It seems that the manganese loss increased and
the manganese yield decreased when blowing CO2-O2 mixtures at first glance. However,
the reaction was found to be extremely violent during the experiments, and the splash
was severe; furthermore, the weight change of the melt should also be taken into account
when discussing the manganese yield. The manganese yield in every experiment was
calculated on the basis of data including the weights of the melt and manganese content at
the beginning and endpoint of refining, and the results are shown in Table 4. It can be seen
in the table that, when the proportion of CO2 increases from 0% to 50%, the manganese
yield increases from 56% to 76%, and with a continuously increasing proportion of CO2,
manganese yield decreases slightly at 75% CO2 introduction, before reaching its maximum
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value of 86% when blowing pure CO2. These results indicate that the introduction of CO2
has a positive effect on manganese retention during the converter refining process.
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Figure 4. Variation in manganese content with time when blowing different CO2-O2 mixtures.

Table 4. The manganese yield of formal experiments.

No. Ratio of CO2
Weight of Melt
at Beginning/kg

Weight of Melt
at Endpoint/kg

Content of Mn at
Beginning/wt%

Content of Mn at
Endpoint/wt% Yield of Mn

1 0 5.00 2.78 59.52 60.15 56%
4 25% 5.00 3.81 63.02 59.42 72%
5 50% 5.00 4.03 61.02 58.19 76%
6 75% 5.00 4.16 54.84 48.57 74%
7 100% 5.00 4.48 64.74 61.99 86%

3.1.3. Optimum CO2 Ratio for Decarburization and Mn Preservation

The results presented above show that, as the ratio of CO2 increases in the gas mixture,
the manganese yield increases, but the decarburization efficiency decreases gradually.
Therefore, it is necessary to find an optimal CO2 ratio that can balance these two effects. For
this purpose, the variation in manganese content with changing C content was investigated,
and the results are shown in Figure 5.
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As shown in Figure 5, when the melt is blown with pure O2, the Mn content increases
slightly when the carbon content in the melt is above 5.00 wt%. Then, it decreases until the
carbon content decreases to 3.00 wt%, and finally increases again when the carbon content
reaches a value lower than 0.50 wt%. Meanwhile, when the melt is blown with CO2-O2
mixtures, the manganese content in the melt decreases constantly with decreasing carbon
content, which is different from the situation when blown with pure O2.

It is worth noting that each line of the experiments employing blown mixer gas has
an inflection point. Before the inflection point, the C content in the melt changes slowly,
while the Mn content decreases rapidly; conversely, after the inflection point, the C content
decreases rapidly while the Mn content remains almost unchanged. The reason for this
phenomenon might be explained as follows: the introduction of CO2 changes the oxidized
order of elements. When mixed gas is injected, silicon and manganese in the melt react in
preference to carbon, so the manganese content decreases quickly when the carbon content
is relatively high (like the trend of the initial period of the lines in Figure 5). On the one
hand, during the refining process, the MnO in the slag is reduced by the carbon in the melt,
generating CO, which could stir the melt to extend the area of the contact surface between
slag and melt, consequently accelerating the reaction rate of MnO and carbon and reducing
manganese loss due to oxidation. On the other hand, the introduction of CO2 results in
the temperature being lower than in the case blown with pure O2, effectively reducing the
manganese loss due to evaporation. The Mn content in the melt decreases less than that
when blowing 100% O2 for these two reasons, and this is consistent with Figure 5, which
shows that the change rate becomes slower after the inflection point.

To clarify how changing the injection gas influences the manganese loss, the degrees of
manganese loss and decarburization in the melt at the beginning and end of the experiment
were calculated and set as ∆Mn and ∆C, respectively. Define A = ∆Mn/∆C, which repre-
sents the amount of manganese loss when carbon removal is 1.0 wt%. The results of the
calculation are listed in Table 5. According to Table 5, the value of ‘A’ under different gas
mixtures can be ranked in the following order: 100%CO2 < 75%O2 + 25%CO2 = 50%O2 +
50%CO2 < 25%O2 + 75%CO2 < 100%O2; this indicates that 100% CO2 has the best Mn reten-
tion effect, followed by 75%O2 + 25%CO2 and 50%O2 + 50%CO2. However, the degree of
decarburization is only 39% when blowing pure CO2, and too much CO2 might lead to low
melt temperature, which may lead to the potential risk of M-LCFeMn production. Although
the experiments performed when blowing 75%O2 + 25%CO2 and 50%O2 + 50%CO2 have
the same value of ‘A’, the degree of decarburization is higher when the CO2 ratio is 25%,
reaching about 76%. Therefore, it is considered that the optimal proportion of CO2 in the
mixed gas is 25% under the current experimental conditions, and that this can effectively
reduce manganese loss while at the same time efficiently performing decarburization.

Table 5. Degree of manganese loss (∆Mn) and decarburization (∆C) in the melt, as well as A
(∆Mn/∆C), at the start and endpoint of the different experiments.

Number of Experiment 1 4 5 6 7

Ratio of CO2 0 25% 50% 75% 100%
Weight of melt at beginning/kg 5.00 5.00 5.00 5.00 5.00
Weight of melt at endpoint/kg 2.78 3.81 4.03 4.16 4.48

Content of Mn at beginning/wt% 59.52 63.02 61.02 54.84 64.74
Content of Mn at endpoint/wt% 60.15 59.42 58.19 48.57 61.99

∆Mn 44% 28% 24% 26% 14%
Content of C at beginning/wt% 5.97 5.86 5.69 4.75 6.16
Content of C at endpoint/wt% 0.33 1.82 2.47 1.96 4.18

∆C 94% 76% 65% 65% 39%
A(∆Mn/∆C) 0.47 0.37 0.37 0.40 0.36
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3.2. Hypothesis 1 on the Kinetics of Decarburization with CO2-O2 Mixtures

Compared with the decarburization of HCFeMn by O2, the kinetics mechanism is
more complex for the decarburization process of HCFeMn with CO2-O2 mixtures. In this
section, two hypotheses are proposed to analyze the decarburization rate during the process
of blowing 100% O2 and CO2-O2 mixed gases, respectively. In addition, on the basis of this,
the influence of CO2 on the decarburization kinetics mechanism is discussed.

3.2.1. Effect of CO2 Ratio on the Decarburization Rate of HCFeMn

The experimental data regarding decarburization of HCFeMn with pure O2, different
proportions of CO2-O2 mixtures, and pure CO2 were analyzed. The change curves for
carbon content in the melt within 60 min can be seen in Figure 3 (found in Section 3.1.1).
It can be seen from Figure 3 that the carbon content in the melt shows an approximately
linear downward trend. On the basis of this phenomenon, we hypothesized that the whole
decarburization process was controlled by chemical reaction. We performed curve fitting
on the basis of this hypothesis, as shown in Figure 6. The fitting equations for the variation
in C content with time under different CO2-O2 mixtures were also obtained, and are shown
in Table 6.
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Table 6. Fitting equations for the carbon content variation with time by blowing different
CO2-O2 mixtures.

Gas Equation Precision Decarburization
Rate/wt%/min

100%O2 [%C] =−0.10064t + 6.03929 0.99195 0.10064
75%O2 + 25%CO2 [%C] =−0.07179t + 6.17500 0.97779 0.07179
50%O2 + 50%CO2 [%C] =−0.05282t + 5.96179 0.95096 0.05282
25%O2 + 75%CO2 [%C] =−0.04579t + 4.62929 0.98311 0.04579

100%CO2 [%C] =−0.03282t + 6.37321 0.93289 0.03282

The slope of each straight line is the decarburization rate when using the corresponding
mixed gas. As can be seen from Table 6, the decarburization rate decreases with increasing
CO2 proportion, which is in accordance with the thermodynamic analysis. It is assumed
that the rate of decarburization when using CO2-O2 mixed gas is a superposition of the
decarburization rate when blowing 100%CO2 and when blowing 100%O2, respectively.
Taking this assumption into account, the decarburization rates with different proportions
of CO2-O2 mixtures were calculated, and the results are shown in Table 7.
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Table 7. Comparison between results of linear superposition and results of fitting.

Proportion of
CO2

Component of
O2 Rate

Component of
CO2 Rate

Results of
Superposition

Results of
Fitting

25% 0.07548 0.008205 0.083685 0.07179
50% 0.05032 0.01641 0.06673 0.05282
75% 0.02516 0.024615 0.049775 0.04579

It can be seen from Table 7 that the rates of decarburization calculated by linear
superposition are higher than those obtained by fitting the results of the three groups of
experiments. We speculate that the introduction of CO2 might reduce the activity of O
involved in the decarburization process, or that the endothermic reaction of CO2 and C
lowers the temperature of the melt during this process.

3.2.2. Kinetics of Decarburization of HCFeMn with 100%O2

In the process of decarburization with 100%O2, the C content in the melt decreases
linearly with time. Hence, it is considered that the whole decarburization process is
controlled by the chemical reaction of C and O2 in the melt at the gas–liquid interface. The
reaction equation according to this hypothesis is:

[C] + 1/2O2 = CO(g) (1)

Ignoring the reverse reaction, the reaction order of C and O2 is 1; therefore, the
expression of the reaction rate is:

− dCC
dt

= k1·CC (2)

where

CC—concentration of C in the melt, mol/L;
t—time, min;
k1—rate constant, 1/min.

Suppose that the mass fraction of carbon in the melt is ωC, the melt density is ρ, and
the relative atomic mass of carbon is MC.

CC =
ωC·ρ
MC

(3)

Substituting Equation (3) into Equation (2), and assuming that the melt density ρ is a
constant value, the following equation can be obtained after simplification:

− dωC
dt

= k1 · ωC (4)

where
dωC

dt —decarbonization rate, wt%/min;
ωC—mass fraction of C in the melt at time t, wt%.

When the blowing gas is 100% O2, it can be seen from Table 6 that the corresponding
decarbonization rate is 0.10064 wt%/min.

By substituting the corresponding carbon content in the melt at different times (as
shown in Table 8) into Equation (4), the rate constant k1 corresponding to different carbon
contents can be calculated. The carbon content of the melt at different times and the
calculated rate constants k1 and lnk1 are shown in Table 8.

The Arrhenius equation shows that the rate constant k1 changes with temperature T.
Therefore, taking lnk1 as the ordinate and (1/T) × 104 as the abscess, plots are drawn and
fitted as shown in Figure 7.
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Table 8. The C content in the melt at different times and the calculated rate constants k1 and lnk1.

Time/min 0 10 20 30 40 50 60

C content/wt% 5.97 5.19 4.21 2.85 1.78 0.88 0.26
k1 0.0169 0.0194 0.0239 0.0353 0.0565 0.1143 0.3871

lnk1 −0.408 −3.942 −3.734 −3.344 −2.874 −2.169 −0.949
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The relational expression between lnk1 and 1/T obtained by fitting experiment data is:

lnk1 = 8.82196 − 22750.56534/T (5)

As can be seen from Figure 7, the correlation between experimental data and the fitted
lines is not accurate enough. This may be caused by the amount of smoke involved in the
blowing process, which blocks the use of infrared temperature measurements, leading to
low accuracy in the temperature measurement results. It is also suspected that the process
of blowing is not controlled by chemical reaction homogeneously, or that the order of
the chemical reaction equation changes in the later smelting period. Therefore, another
hypothesis regarding the kinetics mechanism was put forward.

3.3. Hypothesis 2 on the Kinetics of Decarburization with CO2-O2 Mixtures

The variation in C content in the melt with time during the decarburization of HCFeMn
when blowing pure O2 is displayed in Figure 8a, where it can be seen that the slope of the
line increases gradually in the first 30 min and decreases gradually from 30 min to 60 min.
Therefore, it is considered that the decarburization process can be divided into two parts.
The experimental data were fitted by polynomial fitting, and the function image is shown
in Figure 8b.

In order to show the variation in decarburization rate with time in an intuitive manner,
this was derived from the polynomial fitted curve in Figure 8b and the result is shown in
Figure 9a. At the same time, the decarburization rates were correlated with the C content
in the melt at each moment, so as to obtain the relationship between the decarburization
rate and the C content in the melt, as shown in Figure 9b.

As shown in Figure 9b, the curve appears to rise first and then fall, indicating that the
decarburization process can be divided into two stages: the process with the C content in the
range of around 6.00 wt% to 2.85 wt% can be regarded as the first stage. During this period,
the decarburization rate increases with decreasing C content in the melt. The C content in
this stage is relatively high, and the reaction speed is controlled by the chemical reaction
between C and O2 at the interface. The process with carbon content lower than 2.85 wt%



Metals 2022, 12, 682 11 of 16

comprises the second stage. The C content is relatively low, and the decarburization rate
decreases with decreasing C content in the melt; it is speculated that the reaction speed is
controlled by the mass transfer of C from the melt to the reaction interface.
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3.3.1. Kinetics of Decarburization of HCFeMn with Pure O2 during the First Stage

As mentioned above, the first stage of the decarburization process consists of the first
30 min, with carbon content decreasing from 5.97 wt% to 2.85 wt%. The speed is controlled
by the chemical reaction of C and O2. According to the same calculation method and
steps for acquiring the rate constant k1 and lnk1, as mentioned in the kinetic analysis of the
decarburization process when blowing 100%O2 (discussed in Section 3.2.2), the relationship
between the reaction rate constant k1 and (1/T) × 104 was calculated, plotted and fitted, as
shown in Figure 10.

After fitting, the relation between k1 and temperature T was obtained, which can be
represented as shown in Equation (6):

lnk1= 5.44588 − 17061.64843/T (6)

By comparing Figure 10 with Figure 7, it can be seen that the lnk1 obtained on the
basis of hypothesis 2 is more accurate and closer to the reality.
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3.3.2. Kinetics of Decarburization of HCFeMn with Pure O2 during the Second Stage

The speed of decarburization during the second stage is controlled by the mass transfer
of C from the melt to the reaction interface, so the decarburization rate should be equal to
the mass transfer rate. The formula is as follows:

− dωC
dt

= Ak3
ρ

W
(ωC−ωCe) (7)

where

(dωC)/dt—decarburization rate, wt%/min;
A—gas–liquid interface area, m2;
k3—mass transfer coefficient of C in melt;
ρ—density of ferromanganese melt, kg/m3;
ωC—mass fraction of C in the melt at time t, wt%;
ωCe—the equilibrium mass fraction of C at the gas–liquid interface, wt%.

A and ρ show little change and are set as constants; ωCe is close to zero, and can be
regarded as negligible. Equation (7) can be simplified to Equation (8):

− dωC
dt

= kωC (8)

k—proportionality coefficient, Ak3
ρ

W .
By integrating Equation (8), the relationship between the carbon content in the melt

and time during the second stage can be obtained as follows:

lnωC = − kt + C (9)

where

ωC—carbon content of melt, wt%;
k—proportional coefficient, Ak3

ρ
W .

t—experiment time, min;
C—the integral constant.

The experimental data were put into the formula, and the results were linearly fitted,
so as to obtain the fitted curve, which is shown in Figure 11.
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By fitting the experimental data, the following equations can be obtained:

lnωC = 0.07888t + 1.2204 (10)

k = 0.07888 min−1 (11)

3.3.3. Influence of CO2 on the Decarburization Kinetics of HCFeMn Melt

Compared with the decarburization reaction with 100%O2, the introduction of CO2
changes the temperature and composition of the system. To obtain the new process to be
industrialized, the kinetics of the decarburization of HCFeMn melt with CO2-O2 mixture is
worth studying. The results obtained in Section 3.1.3 show that the target of decarburization
can be effectively achieved when the ratio of CO2 in the mixture is 25%; hence, the influence
of CO2 on the decarburization kinetics of HCFeMn melt was analyzed under this situation.
Figure 12 shows the change in C content and its polynomial fitting curve when blowing
25%CO2 + 75%O2 (Experiment 4), as well as pure O2 (Experiment 1) gases, respectively.

Metals 2022, 12, x FOR PEER REVIEW  14  of  16 
 

when blowing 25%CO2 + 75%O2 (Experiment 4), as well as pure O2 (Experiment 1) gases, 

respectively. 

(a)  (b) 

Figure 12. Variation in carbon content in melt when blowing 25%CO2 + 75%O2 and pure %O2: (a) 

variation in C content with time; (b) fitted curve of variation in C content with time. 

It can be seen from Figure 12 that, as the blowing process continues, the C content in 

the melt decreases gradually in both experiments. However, compared with decarburiza‐

tion of HCFeMn using pure O2, the rate of C content decrease  is slower when blowing 

25%CO2 + 75%O2; in addition, the turning point that marks the transition into the down‐

ward trend appears comparatively later (Figure 13a). The variation in decarburization rate 

as a function of time was determined, and is presented in Figure13a, on the basis of the 

derivative  of  the  curves  representing  variation  in C  content  presented  in  Figure  12b. 

Meanwhile, the curve for change in decarburization rate as a function of the C content in 

the melt was generated, and is shown in Figure 13b. 

(a)  (b) 

Figure 13. Variation in decarburization rate when blowing 25%CO2 + 75%O2 and 100%O2: (a) varia‐

tion in decarburization rate with time; (b) variation in decarburization rate with C content  in the 

melt. 

As can be seen from Figure 13a, the decarburization rate decreases at the beginning 

of the experiment when the CO2‐O2 gas is applied. Then, it increases between 10 and 40 

min, before decreasing rapidly after reaching its highest point. Meanwhile, the decarburi‐

zation rate first increases and then decreases when pure oxygen is blown. According to 

Figure 13b, the decarburization rate when blowing 25%CO2 + 75%O2 is always lower than 

that when blowing pure O2 at  the  same C  content. There  is  little difference  in  carbon 

Figure 12. Variation in carbon content in melt when blowing 25%CO2 + 75%O2 and pure %O2:
(a) variation in C content with time; (b) fitted curve of variation in C content with time.

It can be seen from Figure 12 that, as the blowing process continues, the C content in the
melt decreases gradually in both experiments. However, compared with decarburization
of HCFeMn using pure O2, the rate of C content decrease is slower when blowing 25%CO2
+ 75%O2; in addition, the turning point that marks the transition into the downward trend
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appears comparatively later (Figure 13a). The variation in decarburization rate as a function
of time was determined, and is presented in Figure 13a, on the basis of the derivative of the
curves representing variation in C content presented in Figure 12b. Meanwhile, the curve
for change in decarburization rate as a function of the C content in the melt was generated,
and is shown in Figure 13b.
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As can be seen from Figure 13a, the decarburization rate decreases at the beginning of
the experiment when the CO2-O2 gas is applied. Then, it increases between 10 and 40 min,
before decreasing rapidly after reaching its highest point. Meanwhile, the decarburization
rate first increases and then decreases when pure oxygen is blown. According to Figure 13b,
the decarburization rate when blowing 25%CO2 + 75%O2 is always lower than that when
blowing pure O2 at the same C content. There is little difference in carbon content when
the decarburization rate starts to decline under the two conditions, but the slope in the
deceleration stage of the decarburization rate when blowing pure O2 is larger than that
with mixed gas.

It can also be concluded from Figure 13 that the decarburization of HCFeMn with
CO2-O2 mixture can be divided into three stages, as distinct from the two stages of pure
O2. The range of C content from 6.0 wt% to 5.5 wt% is the first stage, during which the
decarburization rate decreases with decreasing carbon content. In the second stage, the
carbon content decreases from 5.5 wt% to 3.0 wt%, and the decarburization rate increases
with decreasing C content. The reaction speed is controlled by the chemical reaction
between the C in the melt and the CO2-O2 mixer gas at the interface. The period with C
content lower than 3.0 wt% is regarded as the third stage, during which the decarburization
rate decreases with decreasing carbon content. The mass transfer rate of carbon from the
melt to the reaction interface controls the whole reaction speed of decarburization. As
for the kinetics of the decarburization of HCFeMn when blowing CO2-O2 during the first
stage, the mechanism of rate limitation for the decrease in decarburization rate is not clear,
and may arise from complex conditions, such as the decomposited reaction of CO2, the
influence of CO2 on the activity of O, the variation in temperature in the melt, etc.

The rate change during the second and third stages when blowing CO2-O2 mixture is
the same as during the first and second stages of the refining process with pure O2, with
the decarburization rate being controlled firstly by the chemical reaction at the interface,
before gradually transitioning to being controlled by the mass transfer of the carbon in the
melt. However, due to the complexity of the reaction mechanism when blowing mixed gas
in thecurrent system, the rate equation for its decarburization was difficult to obtain in the
current investigation, and the specific impact mechanism still needs further study.
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4. Conclusions

The effects of CO2 on decarburization and manganese preservation during the refining
process of HCFeMn melt were studied using CO2-O2 mixtures of different proportions. On
the basis of two different hypotheses, the kinetics mechanism of decarburization with pure
O2 was explored; meanwhile, the effect of CO2-O2 mixture on the decarburization kinetics
was also analyzed. The following primary conclusions were obtained:

1. It is feasible to introduce CO2 as a partial oxidant for decarburizing HCFeMn. The
manganese yield can be increased by introducing a certain amount of CO2 into O2 as
the react gas. In the current study, the optimal proportion of CO2 in the mixed gas
was found to be 25%.

2. Two hypotheses were proposed to analyze the kinetics of decarburization rate in the
process of blowing pure O2. Hypothesis 1 holds that the decarburization is a one-stage
process and is controlled by the interface reaction between C in the melt and O2. In
hypothesis 2, the decarburization process can be divided into two stages, where the
speed of the first stage is controlled by the interface reaction while the reaction rate
during the second stage is controlled by the mass transfer of carbon.

3. In hypothesis 1, the expression of the reaction rate constant for the decarburization
process when blowing pure O2 is lnk1 = 8.82196 – 22750.56534/T. The introduction of
CO2 to O2 has no essential effect on the kinetics mechanism of decarburization.

4. According to hypothesis 2, the expression of the reaction rate constant for the decar-
burization process when blowing pure O2 during the first stage is lnk1 = 5.44588 −
17061.64843/T, and this expression of K1 is more accurate than that found on the basis of
hypothesis 1. The second stage’s reaction rate constant expression is K = 0.09618 min−1.
In contrast, the decarburization of HCFeMn with CO2-O2 mixed gas can preliminarily
be divided into three stages on the basis of the results in the current study, as distinct
from the two stages found when blowing pure O2. However, the details and precision
of these conclusions require further study.
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