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Transfer of carbon and oxygen between a metal or slag phase and the gas phase con-
taining CO2 and CO is one of the most crucial steelmaking processes. The equilibrium of
those processes, as well as recently, the kinetics was the subject of intensive investigations.
The efforts to obtain the extremely pure steel without increasing the amount of non-metallic
inclusions need the oxidation methods of carbon, silicon, manganese with the help of gaseous
reactants with reduced oxidative properties, such as CO and CO2. Silicon is removing as
a first. Removing large amounts of silicon can lead to an excessive increase in the activity
of silica in the slag phase. It leads to a reduction in the basicity of slag, what is disadvanta-
geous from the viewpoint of the next process i.e. dephosphorisation.
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Possible reactions that occur in the system: metal (Fe-C) 6 slag (CaO-SiO2-FeO) 6 gas
(CO2-CO) are given below. Analysis of the order and scope of the occurrence of these
reactions can be estimated on the basis from the Gibbs free energy data of them. For each
reaction:
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where:
0
TGΔ 6 standard Gibbs enthalpy of reaction (T = 298 K, p = 1 atm),

TGΔ 6 real Gibbs enthalpy of reaction for given temperature, pressure and chemical
activities of reacting components,

ai 6 the thermodynamic activity of reagent i of solid or gas phase,
pi 6 partial pressure of gas reagent i,
νi 6 stoichiometric coefficients of chemical reaction,

m, n 6 number of substrates and products, respectively.

0
TGΔ  data as a function of temperature may be found in the thermodynamic tables.

They refer to the standard conditions , i.e., for gases it is 1 atm pressure while for condensed
matter phase they are pure components (solid or liquid) or the components of the solutions
of the chemical activity equal to 1.

The carbon dissolved in the metal can react with carbon dioxide gas bubbles existing in
metal, according to the reaction:

[C] + CO2 (g) → 2CO (2)

The value of the potential, ΔGT, determines course of this reaction:

2

2
CO

[C] CO
139 200 127.1 8.314 ln [J]T

p
G T T

a p
Δ = − ⋅ + ⋅

⋅

Silicon and manganese may react with blown-in CO2 as follows:

[Si] + CO2 (g) → SiO2 (s) + [C] (3)

2(s)

2

[C] SiO

[Si] CO
409 400 182.2 8.314 ln [J]T

a a
G T T

a p

⋅
Δ = − + ⋅ + ⋅

⋅

[Si] + 2CO2 (g) → SiO2 (s) + 2CO (4)

2
2(s)

2
[Si] 2

SiO [CO]

CO

270 030 55.18 8.314 ln [J]T

a p
G T T

a p

⋅
Δ = − + ⋅ + ⋅

⋅

2[Mn] + CO2 (g) → 2MnO(l) + [C] (5)

2

(l)

2
2

[C] MnO

CO[Mn]

304 100 169.46 8.314 ln [J]T

a a
G T T

a p

⋅
Δ = − + ⋅ + ⋅

⋅
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[Mn] + CO2 (g) → MnO(l) + CO (6)

(l)

2

MnO [CO]

[Mn] CO
82 350 21.23 8.314 ln [J]T

a p
G T T

a p

⋅
Δ = − + ⋅ + ⋅

⋅

Gibbs energy values for the above reaction at standard conditions and for 1573 and
1773 K are presented in Table 1.
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With increasing temperature the reaction (2) there is a faster, while reactions (3)–(6)
slower. Reaction (5) at a temperature of 1773 K practically ceases to occur.

K. Taguchi et al. [1] have investigated decarbonization and desiliconization of
a Fe-C-Si(S) melt with CO2 and O2. They believe that at saturation conditions: aSiO2

= aC = 1
at the temperature of 1573 K, the silicon should be oxidized firstly, i.e., before the carbon
for Si content above 0.6 mass 9. They experimentally found that at such conditions Si
is only oxidized. For silicon contents between 0.1 mass 9 and 0.6 mass 9, a simultaneous
oxidation of carbon and silicon occurs. They also determined the kinetics rates for the
considered reactions. The rate for desiliconization is of one order higher than the rate for
decarbonization. No hampering effect of sulphur presence on the course of those reactions
was noted.

In electric arc furnace some consumption of graphite electrode takes place effected by
oxidation of the side surface by oxygen of the air as well as by erosion action of the arc on
the top of the electrode. When the gas phase contains CO2 to much extent, another reaction
might be the one with the electrode graphite:

Cgraphite (electrode) + CO2 → 2CO (7)

When the electrode carbon reacts with oxygen or carbon di-oxide, the very structure of
the electrode surface may be deformed or destroyed, for instance, as a result of various rates

Reaction 0
1573 [kJ]GΔ  0

1773 [kJ]Δ  

(2) –60.73 –86.15 

(3) –122.80 –86.36 

(4) –183.23 –172.20 

(5) –37.53 –3.65 

(6) –48.96 –44.71 
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of reactions of the carbon grains when compared to the reactions of the coal-tar pitch, i.e.,
the binder. It may cause a slide of the electrode and carbonization of the metal or slag:

Cgraphite (electrode) → [C] (8)

Also some dissociation of CO2 in electric arc is possible:

CO2 → C + O2 (9)

Thus formed carbon could participate in reduction of slag or dissolve in metal. The
oxygen coming from decomposition of CO2 might oxidize the metal.

By CO2 blow, as well slag’s oxidation may occur:

2(FeO) + CO2 → (Fe2O3) +CO (10)

 � !	�������!!������	��� ����������������!�	����

During the production of carbon steel in the electric arc furnace it is possible to obtain:
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By using CO2 recycling in stainless steel making process in the electric arc furnace it is
possible to obtain the following metallurgical benefits:
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M. Lv et al. [2] as a results of research on mixed blowing CO2 in converter steelmaking
process, found that using CO2 on top and bottom blowing can reduce the amounts of dust,
smoke and iron loss, helps to remove nitrogen and phosphorus in molten steel and can redu-
ce oxygen consumption in process.

Figure 1 shows the method of blast furnace top gas recycling. This process is techni-
cally efficient if it is accompanied by separation of CO2 from the gas. Gained CO2 can be
used in steelmaking processes. Apart from using CO2 recycling technology in the steel-
making process in the electric arc furnaces, there are also other technologies of CO2 used
in oxygen converters. Figure 2 shows CO2 recycling technologies in oxygen converters.
The obtained effects are similar to those from electric arc furnaces 6 Figure 3.
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Carbon dioxide is a gas that is produced during metallurgical processes as a result of
carbon burning or so called afterburning of carbon monoxide. At the same time CO2 can
react with carbon according to the so called Boudouard’s reaction:

CO2 + C = 2CO (11)

It is an endothermic reaction in +����	Δ�298 = –172,5 kJ/kg. Such a reaction apart
from having other functions in metallurgical processes can also be used to decarburize the
metal bath. This function is not used in practice. That is why the aim of this research was to
verify the possibility of its application using carbon dissolved in the iron solution.

The research was conducted on the basis of the following assumptions:
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Ten heats were conducted in a 20 kg induction furnace. In order to obtain the carbon
content in molten metal bath ranging from 0.19 to approx. 2.09, the metal charge was
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made of pig iron 0–8 kg/20 kg of the metal charge and low-alloy steel (0.49 carbon and
0.99 chromium). Lime (0.5 kg) and mill scale (0.1 kg) were also added to the charge. In the
last heat was used 20 kg of pig iron.

After the charge had been heated, the temperature of the metal bath was measured.
Depending on the type of the charge the temperature ranged from 1420–1559 oC. Metal
samples for chemical analysis were also collected.

The next technological operation consisted in injecting CO2 into the metal bath. The
gas was blown into the metal bath using a steel pipe. The intensity of the blow amounted to
10 dm3/min. Depending on the temperature of the metal bath there was one continuous blow
or there were several interrupted blows. The latter case accompanied by temperature measu-
rements and sample collection made it possible to analyze the kinetics of the process.

#� �������������
�

The obtained results are shown in Figures 468. Figure 4 shows the influence of the
initial amount of carbon in the metal bath on the kinetics of the decarburization process.
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If one analyzes the results in Figures 5 and 6, one can observe a severe decrease in
carbon and silicon content in metal bath during the CO2 injection. In the case of higher
initial amounts of carbon in the metal bath, the decrease is even more significant. Figure 6
shows the results of oxidation of silicon using CO2. It shows that the effectiveness of desili-
conization metal increases with increasing silicon content in the metal bath. At low contents
of silicon, less than 0.19, metal desiliconization was low.
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Higher carbon content causes the kinetics of the decarburization process to increase. It
can be calculated as a quotient of the decrease in carbon content and time.

Figures 7 and 8 show the influence of the CO2 injection and initial content of carbon on
the efficiency of decarburization. The efficiency of decarburization tends to increase when
the CO2 content increases. The statistical correlation, however, seems to be irrelevant.

$� �		���

The experiments conducted in laboratory conditions brought important results. These
results will help to develop further the decarburization technology based on blowing CO2

into the metal bath in industrial conditions i.e. ferroalloys refining. The problem of global
warming inspires researchers to look for “clean” technologies and new ways to use CO2 in
industrial conditions. As part of the European ULCOS project 48 companies are coopera-
ting in order to develop CO2 recycling technologies in metallurgical processes.

�%&'()��*+�,�'-.

This work was carried out with financial support through statutory funds of AGH-UST
No. 11.11.110.930.

����������

F7G �������� !"#�	
�$%������� &"#� '�����"#� (�������� !�	 ����������0�����	 ���	 �����-"��0�����	 -�������	 ��
'�����	!�$&$
�;$
<	�����	+���	&A:	���	A:�	�������	������	������	H�	>?H	;:88><�	EC76ECD

F:G )��("#�*���+"#�,���-"#�,�
��&"#����-"	I�������	��	��(	���	-����'	-��+�� 	&A:	��	���������	�����'�*�� 
(�������	
����	I�������	%����	E>	;:87:<	7�	7767@

I�������
J���'-��	:87:



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /PLK ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


